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Summary 

Carbohydrates are renewable, inexpensive and available organic raw materials. Only 3–5% of 

carbohydrates have industrial use, the rest decays and recycles along natural pathways. One 

interesting finding in this field has been the recognition that aldonic and aldaric acids, sugar acids, 

have potential uses in fine chemistry. The carboxylic group is, in fact, able to react selectively with 

different amines, alcohols and vinyl derivatives forming products with new application profiles 

like aldonolactones, which are used in the preparation of N-alkyl aldonamide surfactants. 

However, the reasons for the limited use of carbohydrates as raw materials in fine chemistry are 

related to their over functionalization and also their poor solubility in most of the commonly used 

organic solvents. The challenge is to achieve a direct and region-selective oxidation of saccharides 

in aqueous media, which is difficult by classical chemical methods without a preliminary 

protection strategy. Electroorganic approaches have currently fascinated academicians and 

industrial researchers because of their high potential prospects for industrial ventures. 

Electrocatalytic organic synthesis provides a powerful tool to control the reaction rate and 

selectivity through electrode potential and current. Furthermore, electrosynthesis is naturally 

suited to obey the principles of Green Chemistry, owning to several environmentally favorable 

features: i.e., reduced energy consumption, use of renewable raw materials, decreased emission of 

pollutants or toxic raw materials. For this reason, the use of electrochemical organic synthesis 

represents a promising alternative to the traditional industrial methods.  

Despite its sustainable nature and its potential to electrify the industry, as such replacing 

traditional, non-sustainable production processes of a broad range of fine chemicals, 

electrochemical synthesis methods are still very underdeveloped as compared to their traditional 

alternatives. More research is needed to better understand electrochemical processes and address 

the main challenges that prevent their application at industrial scale: i.e., the still unsatisfactory 

selectivity and/or productivity, the electrodes’ limited lifetime and the insufficient know-how on 

up-scaling towards industrial scale.   

This PhD thesis is specifically dedicated to the study of electrocatalytic routes for the selective 

oxidation of glucose to gluconic and glucaric acid (both of which are commercially relevant 

carbohydrates). To achieve this, it is of crucial importance that the exact reaction mechanism is 

understood. The aim here is thus to investigate the factors that determine the selectivity of the 

reaction towards the two products of interest, including the choice of the catalyst and the reaction 

conditions, and, as such, unravel the reaction mechanism beyond it. To this end, a combination of 

electrochemical and analytical techniques is used where microscopical surface analysis, used for 

the morphological characterization, is linked to its electrocatalytic performance. 

This research starts with the investigation of the electrocatalytic activity of MnO2-based catalysts 

towards glucose oxidation, to understand the underlying mechanism and its potential application 

for the production of gluconic and glucaric acid. MnO2 films are first synthesized by 

electrodeposition and chemical impregnation methods on various supports and then tested in a 

batch cell for glucose electrooxidation at various reaction conditions. Electrochemical evaluation 

reveals that the catalyst with the smallest porosity (average pore size 45 nm), also results in the 

highest electrocatalytic activity in presence of glucose (~10.5 mA cm-2), but it does not yield the 

desired products in significant quantities, as shown by chromatographic analysis, and is therefore 

discarded for further studies. Next, the mechanism of three noble metals (Cu, Pt and Au) towards 

glucose electrooxidation is investigated using rotating disk electrodes in a batch cell.  For all three, 
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a strong relationship is found between potential and reactivity of the functional groups in the 

glucose molecule. The Au electrode shows the highest activity (2 to 4 mA cm-2) and selectivity to 

gluconic (86.6 %) and glucaric acid (13.5 %), owning to two distinct oxidation peaks, one, at low 

potential (0.55 VRHE), for the oxidation of the aldehyde group on C1, the other, at higher potential 

(1.34 VRHE), for the oxidation of the hydroxymethyl group on C6. These experiments thus suggest 

that the reaction takes place in two separate steps: first, the oxidation of glucose to gluconic acid 

and, then, the further oxidation to glucaric acid. Given its promising electrochemical performance, 

Au is selected for further studies.  

In the second part of this work, to help unravel the glucose electrooxidation mechanism on Au, we 

systematically investigate the influence of different operational parameters, i.e., pH, initial 

substrate concentration, applied potential, reaction temperature and time, for both oxidation steps. 

To this purpose long-term electrolysis experiments are conducted in a batch cell at different 

reaction conditions after which the products are analyzed by liquid chromatography. Results show 

that, in the first oxidation step, glucose to gluconic acid, the maximum selectivity (97.6 %) is 

achieved at moderately high pH, low temperature and low initial concentration of glucose, and is 

mainly limited due to the presence of competitive, base-catalyzed, chemical reactions. In the 

second electrooxidation, gluconic to glucaric acid, these parameters do not have a significant 

impact on the selectivity, that reaches a maximum of 89.5 % at 1.1 VRHE, but only limited 

concentrations of glucaric acid are obtained due to early deactivation of the Au electrode possibly 

caused by fouling by glucaric acid itself. This is established as the most likely cause for 

deactivation after discarding all potential other options including e.g., Au leaching, which is 

investigated by analyzing the reaction solution after operation.  

In the final section of this work, a novel electrocatalyst is developed with a higher electroactive 

surface area, 39.5 cm2 compared to the 0.702 cm2 of the bulk electrode, and a gold loading of 9.3 

%, to be feasible for larger scale applications. To this aim, an Au-based catalyst consisting of Au 

nanoparticles deposited over a porous activated carbon is synthesized using a straightforward 

chemical impregnation method. The final material is characterized electrochemically and analyzed 

by various physical characterization techniques. Its electrocatalytic activity is determined by the 

EASA and tested for gluconic acid oxidation by electrolysis in batch and flow cell. While further 

optimization of the catalyst is needed for its effective application for glucose and gluconic acid 

electrooxidation, results suggest that this catalyst could have a potential use for a broad range of 

applications, including reactions of small gas molecules such as O2, CO2, CH4 and N2.  

In conclusion, in this work, a promising electrocatalytic route for the selective oxidation of glucose 

to glucaric acid is developed and the electrochemical process explained. Much research is still 

needed to make this process possible at a large scale. 
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Overzicht 

Koolhydraten zijn goedkope, hernieuwbare en beschikbare organische ruwe materialen. Slechts 3-

5% van de koolhydraten worden industrieel gebruikt de rest verdwijnt en recycleert op  natuurlijke 

wijze. Een van de belangrijkste, recente bevindingen in dit domein is de vaststelling dat aldonische 

en aldarische zuren en suikerzuren mogelijke toepassingen hebben in de fijnchemie. De groep van 

de carboxylicen is namelijk in staat om selectief te reageren met verschillende amines, alcohols en 

vinyl derivaten, om producten te vormen met nieuwe toepassingen zoals aldonolactonen die 

gebruikt worden in de bereiding van N-alkyl aldonamide oppervlakteactieve stoffen De redenen 

voor het beperkt gebruik van koolhydraten als ruwe materialen in de fijnchemie zijn echter de over 

functionalizatie en ook hun slechte oplosbaarheid in de meest gangbare organische solventen. De 

uitdaging is om een directe en zone-selectieve oxidatie van saccharides? in een waterig milieu te 

bekomen. Dit is moeilijk met de klassieke chemische methodes zonder een preliminaire 

beschermingsstrategie. Electro-organische benaderingen fascineren momenteel academici en 

industriële onderzoekers wegens hun hoog potentieel voor industriële toepassingen. 

Electrocatalytische organische synthese is een krachtig instrument om de reactiesnelheid en 

selectiviteit te controleren door de elektrode potentiaal en de stroomsterkte. Verder voldoet 

electrosynthese op natuurlijke wijze aan de principes van Groene Chemie en dit ten gevolge van 

verschillende omgevingsvriendelijke kenmerken: verminderd energie verbruik, gebruik van 

hernieuwbare ruwe materialen, verminderde emissie van polluenten en toxische ruwe materialen. 

Om deze reden is het gebruik van electrochemische organische synthese een veelbelovend 

alternatief voor de traditionele industriële methodes. Ondanks hun hernieuwbare karakter en hun 

potentieel om de industrie te elektrifiëren en zo de traditionele, niet-hernieuwbare productie 

processen van een breed gamma van basischemicaliën te vervangen, zijn electrochemische 

synthese methodes nog steeds sterk onderontwikkeld in vergelijking met de traditionele 

alternatieven. Er is bijkomend onderzoek nodig om de electrochemische processen beter te 

begrijpen en de belangrijkste uitdagingen aan te pakken die hun toepassing op industriële schaal 

in de weg staan, zoals de nog steeds onvoldoende selectiviteit en/of productiviteit, de beperkte 

levensduur van de elektroden  en de onvoldoende know-how om op te schalen naar een industriële 

niveau. 

Deze doctoraatsthesis is specifiek gericht naar de studie van electrocatalytische manieren voor de 

selectieve oxidatie van glucose naar gluconzuur en glucarinezuur (die beide commercieel relevante 

koolhydraten zijn). Om dit te bereiken is het essentieel dat men het exacte reactiemechanisme 

begrijpt. Het doel hier is dus om de factoren te onderzoeken die de selectiviteit bepalen van de 

reactie naar de twee producten van belang  met inbegrip van de keuze van de katalysator en de 

reactie condities, en, alzo, het achterliggende reactie mechanisme te onthullen. Om dit te bereiken 

wordt een combinatie van electrochemische en analytische technieken gebruikt, waarbij 

microscopische oppervlakte analyse, gebruikt voor de morphologische karakterisatie, gekoppeld 

wordt aan haar electrocatalytische performantie. Dit werk start met het onderzoek naar de 

electrocatalytische activiteit van MnO2-gebaseerde katalysatoren voor glucose oxidatie, om het 

onderliggend mechanisme te begrijpen en de mogelijke toepassing voor de productie van 

gluconzuur en glucarinezuur. MnO2-films worden eerst gesynthetiseerd door elektrodepositie en 

chemische impregnatiemethoden op verschillende dragers en vervolgens getest in een batchcel op 

glucose-elektro-oxidatie bij verschillende reactieomstandigheden. MnO2-films worden eerst 

gesynthetiseerd door elektrodepositie en chemische impregnatiemethoden op verschillende 

dragers en vervolgens getest in een batchcel op glucose-elektro-oxidatie bij verschillende 
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reactieomstandigheden Elektrochemische evaluatie toont dat de katalysator met de grootste 

specifieke oppervlakte en de kleinste porositeit (gemiddelde poriegrootte 45 nm), de meeste 

elektrocatalytische activiteit vertoont in de aanwezigheid van glucose (~10.5 mA cm-2). Het levert 

echter niet de gewenste producten in significante hoeveelheden, zoals blijkt uit chromatografische 

analyse, en wordt daarom niet verder onderzocht. Vervolgens, wordt het mechanisme van drie 

edele metalen (Cu, Pt en Au) onderzocht voor glucose elektro-oxidatie onderzocht gebruikmakend 

van een roterende schijfellektrode in een batchcel. Voor alle drie is er een sterk verband tussen de 

spanning en de reactiviteit van de functionele groepen in de glucose molecule. De Au elektrode 

vertoont de hoogste activiteit (2 tot 4 mA cm-2) en selectiviteit voor glucon- (86,6 %) en 

glucarinezuur (13.5 %) bezit twee verschillende oxidatiepieken, één met een laag potentiaal (0.55 

VRHE) voor de oxidatie van de aldehydegroep op C1, de andere met een hoger potentiaal (1.34 

VRHE) voor de oxidatie van de hydroxymethylgroep op C6. Deze experimenten laten dus zien dat 

de reactie plaatsvindt in twee afzonderlijke stappen: eerst de oxidatie van glucose tot gluconzuur 

en daarna de verdere oxidatie tot glucarinezuur. Gezien zijn veelbelovende elektrochemische 

prestaties, wordt Au geselecteerd voor verdere studies.  

In het tweede deel van dit werk, om het glucose-elektro-oxidatiemechanisme op Au te helpen 

ontrafelen, onderzoeken we systematisch de invloed van verschillende operationele parameters, 

d.w.z. pH, initiële substraatconcentratie, toegepast potentieel, reactietemperatuur en tijd, voor 

beide oxidatiestappen. Hiertoe worden langdurige elektrolyse-experimenten uitgevoerd in een 

batchcel onder verschillende reactiecondities, waarna de producten worden geanalyseerd met 

vloeistofchromatografie. De resultaten tonen aan dat in de eerste oxidatiestap (glucose naar 

gluconzuur) de maximale selectiviteit (97.6 %) wordt bereikt bij een matig hoge pH, lage 

temperatuur en lage initiële glucoseconcentratie, en voornamelijk beperkt is door de aanwezigheid 

van competitieve, base-gekatalyseerde, chemische reacties. Bij de tweede elektro-oxidatie 

(gluconzuur naar glucarinezuur) hebben deze parameters geen significante invloed op de 

selectiviteit, die een maximum van 89.5 % bereikt bij 1.1 VRHE, maar er worden slechts beperkte 

concentraties glucarinezuur verkregen vanwege de vroege deactivering van de Au-elektrode 

veroorzaakt door de blokkering van de actieve sites door onomkeerbare adsorptie van 

glucarinezuur zelf. Dit is vastgesteld als de meest waarschijnlijke oorzaak voor deactivering na het 

negeren van alle mogelijke andere opties, waaronder bijvoorbeeld Au-uitloging, wat wordt 

onderzocht door de reactieoplossing na gebruik te analyseren. In het laatste deel van dit werk wordt 

een nieuwe elektrokatalysator ontwikkeld met een veel hoger elektroactief oppervlak 39.5 cm2 

vergeleken met de 0.702 cm2 van de bulkelektrode, en een goudlading van 9.3 %, om haalbaar te 

zijn voor toepassingen op grotere schaal. Voor dit doel wordt een op Au gebaseerde katalysator 

bestaande uit Au-nanodeeltjes afgezet op een poreuze actieve kool gesynthetiseerd met behulp van 

een eenvoudige chemische impregnatiemethode. Het uiteindelijke materiaal wordt 

elektrochemisch gekarakteriseerd en geanalyseerd met verschillende fysische 

karakteriseringstechnieken. De elektrokatalytische activiteit wordt bepaald door het EASA en 

getest op gluconzuuroxidatie door elektrolyse in batch- en flowcellen. Hoewel verdere 

optimalisatie van de katalysator nodig is voor een effectieve toepassing ervan voor elektro-oxidatie 

van glucose en gluconzuur, suggereren de resultaten dat deze katalysator potentieel kan worden 

gebruikt voor een breed scala aan toepassingen, waaronder reacties van kleine gasmoleculen zoals 

O2, CO2, CH4 en N2.Concluderend wordt in dit werk een veelbelovende elektrokatalytische route 

voor de selectieve oxidatie van glucose tot glucarinezuur ontwikkeld en wordt het 

elektrochemische proces uitgelegd. Er is nog veel onderzoek nodig om dit proces op grote schaal 

mogelijk te maken. 
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1.1 Climate change 

Research on future scenarios predict climate change will have a dramatic effect on natural 

environments, plants and animals, leading to acceleration in biodiversity loss in some areas. The 

impacts will have knock-on effects for many communities and sectors that depend on natural 

resources, including agriculture, fisheries, energy, tourism and water [1]. Nowadays the main 

environmental challenges include: the problem of disposal of the ever-growing amount of wastes 

produced by human activity (e.g. industrial, civil, agricultural), the emission of CO2 which 

accumulates into the atmosphere causing Global warming and the depletion of natural resources 

(water depletion, deforestation, mining for fossil fuels, soil erosion, etc…)  [2]. To overcome these 

challenges, the European Union has set targets with the ambition to achieve: net zero emissions of 

greenhouse gases by 2050, economic growth decoupled from resource use, reducing inequalities 

(European Green Deal) [3]. This set of proposals aim to make the EU's climate, energy, transport 

and taxation policies fit for reducing net greenhouse gas emissions by at least 55% by 2030, 

compared to 1990 levels. 

The main strategy that has been identified to overcome this challenge is the electrification of the 

economy and the better and larger exploitation of renewable energy, which is expected to lead 

to a third industrial revolution [4]. Specifically, the energy sector is expected to rely 40% more on 

renewable energy by 2030.  

Electrification means switching away from fossil fuels towards the use of clean and renewable 

electricity as the main source of energy for all our applications in society (Fig. 1.1): for transport, 

heating and cooling of buildings, but also in Industry. First and foremost, transport, which has to 

be made more sustainable, with a drastic reduction of the CO2 emissions of vehicles: 55% 

reduction of emissions from cars by 2030, 0% emissions from new cars by 2035 (with electric 

vehicles). Also, the use of renewable energy in heating and cooling in the buildings, expected to 

achieve +1.1 % each year, until 2030. 

In this context, industry (especially the chemical branch) is one of the most difficult sectors to 

decarbonize through electrification [5] because it involves huge capital investments and know-

how to switch from combustion-based technologies to electricity. Nevertheless, economically 

competitive electrified industrial processes coupled with zero-carbon electricity sources can 

sharply reduce greenhouse gas emissions (GHG) compared to manufacturing processes that rely 

on fossil fuels as they are sustainable and environmentally benign in nature. 

 

 

Figure 1.1. Electricity as the main source of energy for all our applications in society [6, 7]. 
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On top of this, another objective of the European Green deal is, to restore Europe’s forests, soils, 

wetlands and peatlands, as such increasing absorption of CO2 and make the environment more 

resilient to climate change (natural carbon removal: -268 Mt current vs. -310 Mt future). This also 

includes reducing the consumption of natural supplies by finding alternative sources like waste 

materials and biomass, fitting in the concept of a circular economy (Fig 1.2).  

 

Figure 1.2. Schematic representation of a circular economy [8]. 

1.2 Electrochemistry as green alternative to traditional processes 

Green chemistry has been defined as the utilization of a series of principles that reduce or eliminate 

the use or generation of dangerous substances during the design, fabrication, or application of 

chemical products [9, 10]. The Green chemistry's 12 principles are [11]: 

1. Prevent waste: Design chemical syntheses to prevent waste. Leave no waste to treat or clean up. 

2. Maximize atom economy: Design syntheses so that the final product contains the maximum 

proportion of the starting materials. Waste few or no atoms. 

3. Design less hazardous chemical syntheses: Design syntheses to use and generate substances 

with little or no toxicity to either humans or the environment. 

4. Design safer chemicals and products: Design chemical products that are fully effective yet have 

little or no toxicity. 

5. Use safer solvents and reaction conditions: Avoid using solvents, separation agents, or other 

auxiliary chemicals. If you must use these chemicals, use safer ones. 

6. Increase energy efficiency: Run chemical reactions at room temperature and pressure whenever 

possible. 

7. Use renewable feedstocks: Use starting materials (also known as feedstocks) that are renewable 

rather than depletable. The source of renewable feedstocks is often agricultural products or the 

wastes of other processes; the source of depletable feedstocks is often fossil fuels (petroleum, 

natural gas, or coal) or mining operations. 

8. Avoid chemical derivatives: Avoid using blocking or protecting groups or any temporary 

modifications if possible. Derivatives use additional reagents and generate waste. 

9. Use catalysts, not stoichiometric reagents: Minimize waste by using catalytic reactions. 

Catalysts are effective in small amounts and can carry out a single reaction many times. They are 

preferable to stoichiometric reagents, which are used in excess and carry out a reaction only once. 

10. Design chemicals and products to degrade after use: Design chemical products to break down 

to innocuous substances after use so that they do not accumulate in the environment. 

11. Analyze in real time to prevent pollution: Include in-process, real-time monitoring and control 

during syntheses to minimize or eliminate the formation of byproducts. 
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12. Minimize the potential for accidents: Design chemicals and their physical forms (solid, liquid, 

or gas) to minimize the potential for chemical accidents including explosions, fires, and releases 

to the environment. 

 

Electrochemistry is naturally suited to obey to most of these principles. There are several 

environmentally favorable features of electrochemical transformations including [12–14] (a) 

electrons are intrinsically clean reagents; (b) most of the reactions may take place in mild 

conditions, which reduces energy consumption, the risk of corrosion, material failure, and the cost 

associated to temperature controls; (c) reactions may occur in low or null volatility solvents, and 

this reduces accidental solvent releases to the atmosphere; (d) electrodes are used as heterogeneous 

catalysts, which are easy to separate from the products; (e) controllability: the selectivity can be 

controlled by adjusting the operating voltage or current density; (f) when the heterogeneous 

electron-transfer is naturally slow, electrochemically active mediator species may help and later 

be electrochemically recovered; (g) flexibility: it can be used to treat neutral, positive, or negatively 

charged species and induce the production of precipitates or gaseous species by pH changes or 

charge neutralization; it can deal with solids, liquids or gases and with inorganic, organic or 

biochemical substances; (h) cost-effectiveness, since the required equipment and operations are 

normally simple and, if properly designed, they can also be made less expensive than other 

techniques.  

 

For all these reasons, the use of electrochemical organic synthesis represents a promising 

alternative to the traditional industrial methods (e.g., heterogeneous and homogeneous catalysis), 

as well as with emerging methods (e.g., enzymatic catalysis, photocatalysis) [12]. While all these 

synthesis methods require application of energy to accomplish the transformation of raw materials, 

the electrochemical synthesis specifically involves application of a potential, in the presence of 

active electrode surfaces, and the resulting flow of current drives the oxidation or reduction and 

subsequent recombination of reactants. Some examples of electroorganic syntheses that use 

renewable raw materials, improve atom efficiency, use less toxic raw materials, or decrease 

emissions compared to their conventional alternatives are: electrochemical reduction of CO2 to 

methanol, synthesis of organic carbamates via O2
·- and CO2, electrochemical activation to replace 

chlorine. These processes are still in development, as further research is needed to enable 

replacement of current ones.   

While some industrial firms such as BASF are well known for commercial utilization of 

electrochemical synthesis, it is not widely practiced in industry [12]. The potential for green 

synthesis is real, but there are still several remaining hurdles to overcome. Electrochemical 

processes do not scale up in the same manner as traditional petrochemical processes, primarily 

because of the mass transfer limitations associated with bulk electrodes, making this a big 

challenge for future research. Coating, corrosion, and deactivation of electrodes are other frequent 

problems, limiting the lifetime of typical electrolyzers and thus their economic potential. 

Additionally, selectivity and productivity of said processes still need to be further improved before 

they can compete with traditional processes. Nevertheless, given its sustainable nature and 

promising advances in the recent past, they still have great potential to electrify the industry of fine 

chemicals in the future.  However, at the moment, it is not possible to justify replacement of 

existing processes (i.e. Fisher-Tropsch) based on marginal or uncertain improvements in new 

technology [12]. For these and other reasons, electrochemistry is currently only being adopted for 
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small-scale syntheses of pharmaceuticals and other high-value, low-volume specialty products [12, 

15].  

1.3 Biomass as feedstock for production of value-added products 

Green chemistry [16] encompasses utilization of renewable feedstocks. The production of 

chemicals has to reduce its dependence on petroleum-based feedstocks, and encourage, instead, 

the use of waste biomass (estimated at up to 138 million tons per year in the European Union alone 

[17]), fitting with the concept of circular economy. The production of value added chemicals from 

biomass represents a key opportunity for the chemical industry [18]. 

Biomass is renewable organic material that comes from plants and animals. Biomass sources 

include [6]: wood and wood processing wastes, black liquor from pulp and paper mills; agricultural 

crops and waste materials (i.e. corn, soybeans, algae, food processing residues); biogenic materials 

in municipal solid waste (i.e. paper, cotton, wool and food wastes); animal manure and human 

sewage (Fig. 1.3). 

 

Figure 1.3. Types of Biomass (adapted from [6]) 

In addition to generating electricity and fuels, biomass can be used to create valuable chemicals 

and materials, known as “bioproducts” [19]. Bio-based chemicals and materials can serve as 

renewable alternatives to many of the products derived from petroleum or natural gas, such as 

plastics, fertilizers, lubricants, and industrial chemicals. Manufacturing bioproducts from biomass 

involves a variety of industrial techniques where biomass is first broken down into relatively stable 

chemical building blocks, which are then converted into a wide range of marketable products using 

a combination of biological, thermal, and chemical processes [19]. A key component in developing 

a diverse, robust, and resilient bioeconomy is the establishment of integrated biorefineries, where 

biomass is converted into chemicals alongside biofuels and power. As refineries, biorefineries can 
provide multiple chemicals by fractioning the initial raw material, biomass, into multiple 

intermediates (carbohydrates, proteins, triglycerides) that can be further converted into value-

added products [20] .  
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Carbohydrates constitute the major part of the total biomass, e.g. 75% of the dry weight of 

herbaceous and woody biomass are carbohydrates [21]. However, despite the low costs and easy 

access, only 3-5% of carbohydrates have industrial use, with the great majority remaining unused 

[22]. This has consequently led to an increase of the research efforts focused on harvesting the 

potential use of carbohydrates derived from lignocellulosic biomass residues resulting from the 

forestry and agricultural activities [22, 23]. Among various carbohydrates, cellulose and glucose 

are of particular interest in green chemistry since they can be used to generate a wide range of 

valuable compounds. Cellulose is a polysaccharide consisting of a linear chain of D-glucose units 

and constitutes 45% of the total annual production of biomass [23]; glucose is the  monosaccharide 

obtained by depolymerization of said cellulose. 

1.4 Glucaric acid: a glucose derivative 

Glucaric acid (Fig. 1.4), molecular formula C6H10O8, also known as glucarate or D-saccharic acid, 

is an acid derivative of glucose belonging to the aldaric acid family, i.e., both the aldehyde group 

in C1 and the hydroxymethyl group in C6 are fully oxidized to carboxylic groups. Glucaric acid 

exists in all living organisms [24]. 

 

Figure 1.4. Chemical structure depiction of D-glucaric acid, the D-enantiomer of glucaric acid (adapted from [25]). 

1.4.1 Applications 

In 2004, the US Department of Energy has classified glucaric acid as one of the 12 “Top Value 

Added Chemical from Biomass” [26] because of its extensive commercial potential. According to 

a market report by Grand View Research, Inc. its global market size was estimated at USD 550.4 

million in 2016 and is expected to reach USD 1.3 billion by 2025 [27]. In fact, thanks to its high 

functionalization, glucaric acid, and its derivatives (Fig. 1.5), constitute building blocks for the 

production of a variety of commodity products (Fig. 1.6) i.e. detergents [28], polymers [29–32], 

including methacrylates [30], hydroxylated nylons [31] and other ester/amide polymers [32].  It is 

also used as food additive, due to its health benefits as a dietary supplement claimed to help 

maintain healthy cholesterol levels [33] and prevent cancer [34–36], in construction as cement and 

concrete additives [37], thanks to its corrosion inhibition properties [38, 39], and as retarding agent 

for metallic mordants in the dyeing of textiles [40]. Of particular interest is the use of glucaric acid 

in the manufacture of detergents. In fact, recent disincentive policies have been adopted in the EU 

and US to ban the use of phosphates in detergents, as they are responsible for a decrease in water 

quality [41–44]. Glucaric acid represents the ideal candidate to replace phosphates due to its 

chelating properties in sequestering cations [45–47]. 
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Figure 1.5. Derivatives of Glucaric acid (adapted from [26]). 

 

Figure 1.6. Scheme of the variety of applications of glucaric acid in different sectors (adapted from [18]). 

Probably the most relevant application of glucaric acid is its use as precursor for the production of 

bio-derived adipic acid [48, 49], which represents a more sustainable alternative to fossil-fuel 

derived adipic acid. Most of the adipic acid produced is employed in the nylon industry, a lower 

amount in the production of plasticizers and polyurethanes, but it is also used in other areas, 

including the food and pharmaceutical industries [50]. The total amount of adipic acid produced 

worldwide per year is nearly 3 million tons, with a market value of almost USD 6 billion, growing 

at a compound annual growth rate of 3–5% [50].  

To conclude, the production of bio-based glucaric acid represents a multi-billion dollar market, 

but the current supply of glucaric acid is very limited and not sufficient for such a large market 

[18]. In addition, current technologies are either highly inefficient or highly polluting. For instance, 

the industrial route of choice utilizes nitric acid as an oxidant causing the release of harmful N2O 

gases. Thus, in order to further exploit the use of glucaric acid a new, environmentally friendly 

production technology is currently being sought after [26]. 

https://www.sciencedirect.com/topics/chemical-engineering/polyurethane
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1.4.2 Current synthesis methods 

1.4.2.1 Nitric acid oxidation 

The preparation of D-glucaric acid from glucose has been first reported by the authors Sohst and 

Tollens in 1888 [51], who isolated it as monopotassium D-glucarate using nitric acid as oxidant 

[52]. In what followed, a method was developed [40, 53] and carried out on a larger scale (a pilot 

plant) in 1954, with the production of 43% yield of 98 to 99% pure potassium acid saccharate [54], 

but it was never commercialized [52]. Despite it being poorly selective, due to the competing side-

reactions, and despite its unsustainable nature (it leads to the formation of 85 kg of waste nitric 

acid (toxic) per 100 kg of glucaric acid produced [18]), the oxidation of glucose with nitric acid 

(Fig. 1.7) still remains an attractive method for commercialization because of its simplicity since 

HNO3 serves as both the solvent and the oxidizing agent [55]. 

 

 

Figure 1.7. Nitric acid oxidation of D-glucose (1) to D-glucaric acid (2) isolated as monopotassium D-glucarate (3) 

(adapted from [52]). 

In an attempt to lower the consumption of nitric acid, this technology has been modified in 2010 

by conducting the reaction under an atmosphere of oxygen in a closed reaction flask in order to 

effect a catalytic oxidation process using oxygen as the terminal oxidant, fostering regeneration of 

spent nitric acid and lowering the required amount [52]. Despite the better control over the highly 

exothermic reaction, allowing the oxidation to occur at relatively low temperatures (25-30 °C), the 

modification did not increase the selectivity of the process, which remained very low, leading to 

modest yields of glucaric acid (ca. 40-45 %). Besides, expensive separation units were required 

for the removal of nitric acid from the product solution, including nanofiltration and diffusion 

dialysis [52]. Despite these limitations, Rivertop Renewables, a Montana-based specialty 

chemicals company, in collaboration with DTI, a custom manufacturer of fine and specialty 

chemical products based in Danville, Virginia, started a first commercial plant using the recycling 

technology claiming to be able to produce 10 million dry pounds of sodium glucarate product per 

year [56]. Nevertheless, the scarce selectivity and limited yield, together with the high risks and 

cost, make this technology extremely unsustainable, thus, for the last fifty years, there has been an 

intensive research effort to find alternative production methods that avoid the release of N2O, 

associated with nitric acid oxidation [18]. This resulted in the study of several other greener and 

more sustainable oxidation methods including catalytic, electrocatalytic and microbiological 

routes. These technologies will be highlighted in the following sections.  

 

1.4.2.2 Catalytic oxidation 

Given the disadvantages of the direct oxidation of glucose (vide supra) and in order to develop a 

Green Chemistry process, first, the use of such toxic and dangerous substances must be abolished 

[57] and second, methods for regioselective, controlled oxidation of glucose are required.  The use 

of a catalyst represents a potential solution to this problem [58], which is the reason of the extensive 
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research, over the last decade, on catalyst-controlled methods for the regioselective oxidation of 

glucose. The catalytic oxidation is carried out using a non-toxic oxidizing agent, a catalyst 

(homogeneus or heterogeneous) and, sometimes, a co-catalyst. 

 

Homogeneous catalysis 

A water soluble oxidation catalyst, 2,2,6,6-tetramethyl-1- piperidinyloxy free radical (TEMPO), 

was first applied by the authors Thaburet et al. for the oxidation of various maltodextrines and 

glucose [59]. The reactive intermediate in the oxidation with TEMPO is the oxoammonium salt 

which is generated in situ under phase-transfer conditions employing an appropriate co-oxidant 

(or terminal oxidant), generally sodium hypochlorite (NaOCl, bleach) in aqueous phase [60]. 

Thaburet et al. employed the system NaOCl-NaBr-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 

under strongly basic conditions (pH>11.5) and at 5°C, to avoid the rapid increase of temperature 

due to the exothermicity of the reaction, and obtained D-glucaric acid in a yield of 90% (isolated 

as sodium glucarate) [59]. In this study the authors evidence that the oxidation of glucose with the 

TEMPO-NaOCl-NaBr system is selective only at high pH (11.5-12), while at lower pH the 

oxidation mainly leads to degradation products like sodium tartrate, oxalate and carbonate, formed 

by oxidative diol cleavage [59, 61]. In a following study, the authors perform the oxidation of 

glucose using 4-acetamido-TEMPO, the acetamido derivative of TEMPO, which is more stable 

and less volatile than TEMPO and is also commercially available [62]. This time the catalyst is 

used in combination with two different oxidants, sodium hypochlorite (bleach) and potassium 

hypochlorite, and sodium or potassium bromide as co-catalysts. The catalytic cycles are shown in 

Fig. 1.8.  

 

Figure 1.8. Redox system for TEMPO-like nitroxide mediated oxidations [62]. 

It was found that the use of 4-acetamido-TEMPO instead of TEMPO as catalyst allows more 

freedom for the reaction conditions because of its greater stability and much lower volatility and 

reduces the price [62]. More than 85% yield of glucaric acid, isolated as the monopotassium salt, 

was obtained at pH values between 11.4 and 11.6 and at temperatures between 0 and 5°C.  

Hypohalites, like sodium hypochlorite (NaOCl), appeared to be essential as they act as terminal 

oxidants in the oxidation of glucose to glucaric acid with 4-acetylamino-2,2,6,6-tetramethyl-1-

piperidinyloxy (4-AcNH-TEMPO). Halogens dissolved in aqueous solutions at high pH 

disproportionate to generate hypohalites and halogenides [63, 64]. In order to gain mechanistic 

insights of the overall reaction, Merbouh et al. investigated the use of elemental chlorine or 

bromine or chlorine gas as the terminal oxidant in the oxidation of D-glucose catalyzed by a 
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nitroxide/bromide catalysts/co-catalyst system at high pH [64]. They report a 70% yield of 

monopotassium glucarate obtained with the bromine oxidation method [64], which was found to 

be best suited for the synthesis at lab scale. On the other hand, the chlorine oxidation method is 

reported to be more suitable for commercial development, because of the use of an economical 

oxidant in aqueous solution and a readily available catalysts/co-catalysts system, [64]. In this case, 

a yield of disodium glucarate of 85% for a conversion of glucose > 97% was obtained when using 

Cl2 gas bubbled into the reaction solution as terminal oxidant [64].  

In all cases, the resulting product was separated from the reaction solution by precipitating the 

corresponding salt after addition of concentrated aqueous HCl, to reach a final pH of ~8 [64]. 

Using GC and NMR, the authors Ibert et al. developed a fast method for the determination of the 

short-chain carboxylic acids produced by the nitroxide-mediated oxidation of glucose to glucaric 

acid using bleach as terminal oxidant and proposed a reaction pathway [61]. They discovered that, 

while the oxidation of glucose to gluconic acid is fast and leads to the formation of few side 

products [64], the N-oxide oxidation of the primary alcohol of the gluconate to carboxylate is much 

slower and accompanied by extensive over-oxidation [61]. In fact, it was found that the 

oxoammonium salt, as well as the terminal oxidant, are capable of over-oxidizing glucaric acid, 

which is the reason why low concentrations of oxidants led to higher selectivities [61]. Fig. 1.9 

shows the degradation products generated when glucaric acid is exposed to the oxidation 

conditions, rationalized by the following steps: C3-C4 cleavage forms tartronic acid, C2-C3 

cleavage produces meso-tartaric acid and C4-C5 produces L-tartaric acid. The low selectivity to 

glucaric acid obtained with this process is due to an uncontrolled reaction leading to over-

oxidation, which, of course, makes it economically unfeasible. 

 

Figure 1.9. Proposed genealogy of the degradation products observed in the nitroxide-mediated oxidation of D-

glucose to D-glucaric acid [61]. 
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The remaining concerns of this oxidation method regard mainly the separation and recovery of 

TEMPO, which is a homogeneous catalyst and, as such, it remains dissolved into the reaction 

mixture. To address this problem, the authors Merbouh et al. mention, in their work, the possibility 

of using solid phase-bound nitroxide catalysts, that can be separated by simple filtration [64]. 

Although, to date, no study has been ever reported on the use of such immobilized TEMPO 

systems, for glucose oxidation to glucaric acid. Moreover, the use of toxic and polluting oxidizing 

agents as chlorine and bleach, make this method unsustainable from a safety and environmental 

point of view.  

Heterogeneous catalysis 

In the last decades, there has been a growing interest in finding an efficient catalytic system for 

glucose oxidation that responded better to the sustainability requirements: 1) the catalyst being in 

a solid phase (heterogeneous catalyst), to allow an easy separation and recovery after reaction; 2) 

the use of non-toxic and highly abundant oxidants. Motivated by these reasons, catalytic aerobic 

oxidation using noble metals as catalysts and O2 from air as oxidant has been studied for many 

years, and has reached already promising results, so that it is currently considered, besides 

electrochemical oxidation, one of the best candidates to replace the unsustainable nitric acid 

oxidation. 

The first mention of glucaric acid synthesis by means of heterogeneous catalysis has been reported 

by the authors Alexander and Mehltretter in a patent in 1949 [18, 65]. They employed a 10% Pt/C 

catalyst to oxidize dextrose with oxygen from air bubbled at atmospheric pressure inside a 

continuously stirred solution containing potassium bicarbonate, to keep the pH alkaline. They 

obtained 54% yield of potassium D-glucosaccharate in 12h at 50°C [65].  

Afterwards, in 1971, Acres and Budd patented another heterogeneous catalytic process to produce 

both gluconic and glucaric acid using 1% Pd/α-Al2O3 for gluconic and 3% Pt/C for glucaric acid 

[66]. The process was conducted in a continuous system, under basic conditions, using 1 M sodium 

bicarbonate for the first oxidation and 0.5 M sodium carbonate for the second [66]. They obtained 

100 and 84.6% conversion of the substrate after, respectively, 6.25 and 3 h, at 50°C and 1500 mL/h 

oxygen [66]. 

In the next years, various catalysts based on transition metals on different supports have been 

developed for base-free aerobic oxidation of glucose to glucaric acid in water by Rennovia Inc., a 

specialty chemicals company based in Santa Clara (CA), focused on novel processes for the 

production of chemicals from renewable feedstocks [18, 67, 68]. In their first patent, from 2010, 

they used a commercial 1.5% Au/TiO2 catalyst promoted by 1.5% Pt and obtained 55% yield of 

glucaric acid after 5 h at 100°C. Even before the patent’s release, the high activity of noble metals 

like Au and Pt in the selective oxidation of glucose was well known in literature [69]. Indeed, to 

date, they are the most effective catalytic systems for this reaction and remain the most studied 

ones [70, 71]. In a second patent, the authors Murphy et al. obtained a yield of glucaric acid up to 

71% at 100% conversion after 3 h reaction at 119°C using pressurized oxygen as oxidant [68]. 

This time they used an optimized catalyst made of AuPt nanoparticles between 8-12 nm deposited 

on TiO2, with a composition 1:1 of Au and Pt and a loading of 4 wt. % of each metal [68]. In 2015, 

Rennovia started, in partnership with Johnson Matthey, a pilot plant for the conversion of glucose 

to glucaric acid using this technology. In this facility, the glucaric acid produced undergoes a 

second catalytic step that transforms it into adipic acid. Nowadays, the technology has been 
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licensed to a third company, Archer Daniels Midland Company, with the intent of 

commercialization. 

Recently, Lee et al. reported 74% selectivity to glucaric acid at >99% glucose conversion obtained 

over a commercial Pt/C catalyst under base-free conditions, at 80°C and 13.8 bar oxygen pressure, 

over 10 h [72].  

Since the best results that can be obtained with mono-metallic systems are not yet satisfactory, 

researchers moved their attention to bimetallic systems, as they typically  result in improved 

performance in terms of activity and selectivity and improved stability (low metal leaching) [73, 

74]. However, to date, this has not yet been achieved for the glucose oxidation (best selectivity 

obtained was 44% using PtPd on TiO2 at 100% conversion after 72 h) [73]) leaving the process 

performance still unsatisfactory for commercialization. 

In conclusion, catalytic oxidation, despite exceeding nitric acid oxidation, still relies on traditional 

driving forces: on heat, to reach the desired temperatures for the reactions (typically above 80˚C) 

and high partial pressure of the oxidant, O2. Moreover, it remains still difficult to control the 

reactions, thus leading to unsatisfactory selectivity. 

1.4.3 Electrochemical methods 

Electrochemical synthesis possesses have major benefits compared to traditional chemical 

synthesis [75]: 1) the driving force is electricity, which can be produced by renewable sources; 2) 

electrons are clean reagents as they do not generate any waste; 3) since reactions occur by a direct 

electron transfer at the electrode, the systems usually do not require any other activation, thus the 

conditions are mild resulting in high selectivities; 4) the atom economy is high compared with 

processes that use moderate- to high-molecular-weight reagents; 5) although the electrochemical 

cells are not simple, due to the extensive history of reactor design in this field, they are surprisingly 

inexpensive. One potential drawback of electrochemical synthesis is that, if the redox potential of 

the substrate is close to that of the solvent, then the process will waste significant amount of energy 

and will partially transform the solvent, which may generate waste.   

Homogeneous electrocatalysis 

Because of their great reactivity in mild conditions, 2,2,6,6-tetramethyl-1-piperidinyl free radical 

(TEMPO) and its derivatives has been extensively used as homogeneous mediators in alcohols’ 

oxidation and, as a consequence have also been applied in the chemical oxidation of glucose 

(Section 1.4.2.2). Following the success of the method, the authors Ibert et al. decided to employ 

TEMPO in the electrooxidation of glucose in alkaline media in an attempt to target glucaric acid 

as main product [76]. Glassy carbon was used as working electrode, with as main function the 

electrocatalytic regeneration of TEMPO, thus eliminating the need of co-oxidants, as it was the 

case in the simple catalytic process (vide supra). The authors analyzed the impact of various 

parameters as the catalyst amount, the temperature and the pH on the current density by cyclic 

voltammetry measurements and demonstrated the central role of the pH in such transformation. 

Once the optimal parameters (0.0005 mol TEMPO at a temperature of 5 ˚C, a pH of 12.2 and 

applied current of 600 mA with 74% Faraday efficiency) were selected, they applied them to 

conduct the oxidation starting from a solution containing 0.1 mol of sodium D-gluconate, the 

sodium salt of D-gluconic acid, instead of glucose, having the hemiacetal function already 

oxidized. In these conditions they obtained a yield of D-glucaric acid of ca 85% after 20 h. In a 
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following study, the authors attempted a TEMPO-mediated electrochemical oxidation of glucose 

targeting glucaric acid, first in an undivided cell, which was unsuccessful due to the lack of control 

over the reaction parameters, then in a jacketed reactor which allowed control over the pH and 

temperature of the mixture [77]. In these conditions, they achieved full conversion of glucose (with 

80% Faraday efficiency) but obtained a poor yield of glucaric acid with the formation of a large 

number of by-products (i.e., oxalic, tartaric and malonic acid). One of these by-products was a 

tricarboxylic acid whose structure was identified for the first time by the authors using a 

combination of NMR and GC analysis and which was named “maribersonic acid” (Fig. 1.10). 

 

Figure 1.10. TEMPO-mediated electro-oxidation of D-glucose (1) to D-glucaric acid (2) and the tricarboxylic acid 

(3) (adapted from [78]). 

Although the electrochemical regeneration of TEMPO eliminates the need of dangerous co-

oxidants as chlorine and bleach, the separation and recovery of TEMPO, which is a homogeneous 

catalyst dissolved into the reaction mixture, remains an unsolved problem that translates into 

exceedingly high costs and difficulty of the downstream processing for industrial applications. 

Moreover, as for the oxidation of glucose to glucaric acid, the poor yield of glucaric acid and the 

low selectivity of the reaction make this technology still not sustainable for larger scale 

applications. 

Heterogeneous electrocatalysis 

The first work addressing the heterogeneous electrooxidation of glucose for the production of both, 

gluconic and glucaric acid, is that of Bin et al., who employed MnO2 deposited on a tubular porous 

Ti support [79]. The authors adopted a reactor configuration that allowed them control over the 

flow rate during the electrolysis to avoid over-oxidation of the products. In contrast with literature, 

they did not note a strong dependence of glucose conversion on the pH: their conversion was 

always >90%, irrespective of the pH (from pH 2 to pH 10) [79] and the selectivity was at a 

maximum at neutral pH. Under the optimized conditions, they obtained a conversion of glucose of 

93% after 19 min reaction time, with 42% yield of  gluconic acid and 44% of glucaric acid,  with 

a current density of 4 mA cm-2 starting from an aqueous glucose solution of 50.5 mmol L-1 [79].  

To date, only two studies have reported relevant values of glucaric acid yield/selectivity at more 

industrially relevant current densities (i.e. 100 mA cm-2 and above) by making use of more 
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complex catalytic systems [80, 81]. The first study, by Liu et al., reports a glucaric acid yield of 

83% after 2 h obtained from glucose electrolysis on NiFeOx and NiFeNx catalytic systems [81]. 

The second, by Zhao et al., reports a glucaric acid selectivity of 97.9 % obtained by 

electrooxidation of sodium gluconate (the sodium salt of gluconic acid) over a Ni3(BTC)2/NiF 

bifunctional catalyst, at 100 % conversion of the substrate after 20 h [80]. In both cases, highly 

concentrated solutions of NaOH have been used as electrolyte, respectively, 1 [81] and 8 [80] M. 

Indeed, a major downside of these methods is the use of such large amounts of hydroxide salt (370 

tons per 1000 tons of glucaric acid produced [57]) that requires specialized equipment for 

corrosion resistance. A summary of the most relevant literature studies on electrocatalytic 

production of glucaric acid and the resulting performances is reported in Table 1.1. From these 

studies it is clear that the electrochemical oxidation of glucose for the production of glucaric acid 

using heterogeneous catalysts, without addition of any mediator or oxidative agent, is not only 

possible but can be economically advantageous [81]. What is also clear is the major role of the 

catalytic system used in determining the overall process performance in terms of selectivity and 

yield, which still needs improvement. 

Despite the growing interest shown recently, the production of glucaric acid by electrocatalytic 

oxidation of glucose still remains an undeveloped research topic, especially when compared to 

other electrocatalytic processes (i.e., CO2 reduction and oxygen reduction reaction, ORR). Indeed, 

further efforts are required to develop new catalytic systems (or improving the old ones) which are 

efficient, long lasting and stable and whose fabrication requires simple materials and synthesis 

methods and are easily up-scalable. Most importantly, the process must operate in sustainable 

working conditions, producing the least amount of waste and avoiding expensive and energy-

consuming downstream processing. 

 
Table 1.1. Summary of the most relevant electrocatalytic systems investigated so far for glucaric acid production and 

resulting performance, reported as selectivity or yield (%). 

Electrocatalyst Reference Substrate Selectivity (%) Yield (%) Time 

TEMPO 

(mediator) 

Ibert et al. (2010) [76] sodium D-gluconate / 85 20 h 

MnO2/Ti Bin et al. (2014) [79] D-glucose / 44 19 min 

NiFeOx, NiFeNx Liu et al. (2020) [81] D-glucose / 83 2 h 

Ni3(BTC)2/NiF Zhao et al. (2019) [80] sodium gluconate 97.9 / 20 h 

 

1.5 Scope and strategy 

The ultimate scope of this PhD is to unravel new environmentally-friendly routes for the selective 

transformation of biomass-derived glucose into one of its most valuable derivatives, glucaric acid, 

which is a very high demand critical raw material used as starting substance in a variety of 

industrial processes.  

The main goals are:  

(1) contributing to the decarbonization of the chemical industry effectively reducing its 

environmental footprint and GHG emissions by leveraging the exploitation of electricity 

from renewable sources to enable economically competitive electrified chemical processes, 
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thus contributing to the electrification and future competitivity of the industry in 

accordance with the latest European policy directives;  

(2) replacing traditional synthesis methods with electrochemical reactions which follow 

the principles of Green Chemistry, with a special attention to: waste reduction, by focusing 

on high selectivity; safer chemical processes based on water as a solvent; real-time 

monitoring and control of the reaction to minimize waste generation;  

(3) enabling circular economy best practices by using second-life biomass-derived glucose 

instead of fossil fuels derivatives as feedstock;  

(4) reducing the overall energy requirements, as the reaction requires mild conditions, and 

the electrodes used are heterogeneous catalysts, which are easy to separate from the 

products;  

(5) contributing to the sustainable increase of the production capacity (within Europe) of a 

critical raw material, that plays a central role as a precursor in a variety of applications 

across a wide range of strategic industries, such as the production of nylon, plasticizers, 

polyurethanes, and pharmaceutical products, and its role as a food preservative. 

While extensive research has been devoted to investigating different metal and metal oxide 

electrodes for their activity towards glucose electrooxidation, mainly for applications such as 

glucose sensors and fuel cells, only a few recent studies are dedicated to the analysis and 

optimization of the reaction products, with an emphasis on the electrosynthesis of gluconic and 

glucaric acid. This space is still very unexplored and much research effort is still needed to unravel 

the potential of an electro organic route to produce glucaric acid from glucose. In fact, to prove 

feasibility of such process for large-scale application, a very high selectivity, an optimal usage of 

the reagent, and low side-products formation must be achieved to avoid energy-demanding and 

expensive downstream separation processes. To this end, the selection and optimization of the 

electrocatalytic system and reaction conditions is critical and it will be the main goal of this Ph.D. 

thesis.  

As a first step in this research, a suitable electrocatalyst has to be found for the electrochemical 

oxidation of glucose to the targeted product. Different types of electrocatalysts are investigated (1) 

manganese dioxide and (2) noble metals. Flat electrodes are tested for their electrocatalytic 

performance using a three-electrode electrochemical setup. The most suitable electrocatalyst is 

determined by the following set of electrochemical parameters: (1) electro-activity and (2) 

selectivity towards the target product. The physicochemical characterization is used to link the 

composition and structure of the electrocatalysts to their electrochemical performance with the aim 

to better understand their behavior and possibly further optimize them. Liquid chromatography 

techniques are used for the identification and quantification of the reaction products, to 

demonstrate the link between electrochemical parameters (i.e. applied potential and current), and 

the selectivity of the studied reaction.  

In the second part, the optimal operational conditions need to be examined to maximize the 

selectivity towards the product of interest and minimize the occurrence of undesired side-reactions. 

The influence of reaction parameters such as pH, initial substrate concentration, reaction 

temperature and time, is investigated on the conversion and selectivity of the reaction using a 

combination of electrochemical and chromatography techniques. 

https://www.sciencedirect.com/topics/chemical-engineering/polyurethane
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The last part of this research work focuses on the optimization of the electrocatalyst morphology 

and EASA to improve its electrocatalytic activity while keeping limited usage of the expensive 

active phase. To this end,  a catalyst made of nanoparticles deposited over a high specific surface 

carbon matrix is developed using a chemical sysnthesis method.  

1.6 Thesis outline 

This thesis describes the development of an electrosynthesis process for the conversion of glucose 

into valuable chemicals. The most suitable electrocatalyst material is identified and its morphology 

and performance optimised; the reaction parameters are analysed and optimised to maximise the 

selectivity.  

In Chapter 2 and 3, the electrocatalytic activity of various catalysts for glucose electrooxidation 

and their selectivity towards the production of gluconic and glucaric acid is investigated. While in 

Chapter 2 the focus is on MnO2-based catalysts, in Chapter 3 we studied the reactivity of three 

noble metals, copper, platinum and gold, as they all had shown electrocatalytic activity in presence 

of glucose. Amongst these, gold shows the best activity and selectivity to gluconic and glucaric 

acid. These first positive results motivated us to continue the investigations focusing on gold, with 

the intent to optimize selectivity and productivity of glucaric acid. 

Chapter 4 builds on the results obtained on Chapter 3. In this chapter, we investigate the influence 

of and optimize different operational parameters, i.e., pH, initial substrate concentration, applied 

potential, reaction temperature and reaction time, for the efficient oxidation of glucose to gluconic 

acid and for the further oxidation of gluconic acid to glucaric acid. 

In Chapter 5, a method to synthesize a Au-based catalyst with very high electroactive surface area 

and at the same time, low Au loading is developed and the resulting material is tested for gluconic 

acid electrooxidation. After describing the synthesis method, the AuNP/C composite is phisically 

characterized and its electrocatalytic activity determined by calculation of the EASA. Finally, the 

as-developed system is tested for the desired reaction in batch and flow-reactors, to also see the 

impact of the flow conditions on the electroreactivity of the AuNP/C catalyst towards this reaction.  

Conclusions and future developments are discussed in Chapter 6. 
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2.1 Introduction 

Gluconic acid and glucaric acid are two high value-added chemicals obtained from the oxidation 

of glucose [31, 82–85]. Currently, the main production method is still nitric acid oxidation, despite 

it being poorly selective and unsustainable [57]. Many other approaches have been investigated, 

including fermentation and catalytic oxidation [26, 58]. Recently, much attention has been paid to 

electrocatalytic methods because they allow a high degree of controllability over the reaction 

process, which results in selective reactions and fast kinetics [75]. In electrochemistry, an 

important role is played by the electrocatalyst as it has a big impact on the overall performance. 

For the glucose electrooxidation, the most studied catalytic systems are noble metals, since they 

showed high selectivity and good kinetics [86–91]. Nevertheless, their high-cost pushes scientists 

to find alternative, cheaper options, more suitable for industrial applications. In this respect, metal 

oxide electrodes are likely to be suitable for carbohydrate oxidation as they potentially speed up 

the carbohydrate adsorption through formation of hydrogen bonds with the oxide layer via their 

OH groups, as such facilitating the electron transfer [79, 81]. Amongst all metal oxides, MnO2 is 

expected to be a promising electrocatalyst owing to the fact that it possesses a number of higher 

valent oxo-manganese species such as Mn(IV) and Mn(V), which are generally strong chemical 

oxidants [92–97]. This catalyst has attracted considerable attention due to its high energy density, 

low cost, natural abundance and environmentally friendly nature. Moreover, Bin et al. obtained a 

glucaric acid yield of 44% over MnO2/Ti catalysts in a tubular flow reactor, which is of particular 

interest to us as this was the first study to specifically target glucaric acid as a glucose 

electrooxidation product [79]. Indeed, many previous works had investigated different metal and 

metal oxide electrodes for glucose electrooxidation, but without specific focus on the reaction 

products [98–102]. In their study, Bin et al. [79] not only analyze the reaction products, but they 

also propose a reactor configuration that, according to their findings, leads to the highest 

productivity of the two main products: gluconic and glucaric acid, albeit without unraveling the 

reaction mechanism. Our main purpose here was thus to understand the underlying mechanism 

and understand the potential application of MnO2 for the production of glucaric acid. To this end, 

we synthesized MnO2 catalysts by electrodeposition and chemical deposition methods on various 

supports and tested them in a batch cell for glucose electrooxidation at various reaction conditions. 

In order to identify and quantify the reaction products, we developed an analytical method using 

high performance liquid chromatography (HPLC) specifically tailored to complex mixtures of 

sugars and sugar-derivatives. 

2.2 Experimental 

2.2.1 Chemicals and reagents 

The synthesis baths for the anodic deposition were prepared using Manganese (II) sulfate hydrate, 

MnSO4 · xH2O (Sigma-Aldrich, ≥ 99.99%), Sodium sulfate anhydrous, Na2SO4 (Sigma-Aldrich, 

Merck) and ultrapure water (Synergy UV system). The solutions for the cathodic deposition were 

prepared using Manganese (II) chloride, MnCl₂ (Sigma Aldrich, ≥ 99.99%) and NaCl (≥99.0% 

ACS, VWR Chemicals BDH®). The supporting electrolytes for the electrochemical tests in batch 

were prepared with ultrapure water (Synergy UV system), sodium carbonate (Sigma-Aldrich, 

98%) and sodium hydroxide (Sigma-Aldrich, 98%). For the sol-gel chemical deposition, the 

following chemicals were used: oxalic acid anhydrous for synthesis (Sigma-Aldrich) and 

Manganese (II) nitrate tetrahydrate, Mn(NO3)2 · 4H2O (Sigma-Aldrich). Anhydrous D-glucose 
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(VWR, 99.5%) and Sodium sulfate anhydrous, Na2SO4 (Sigma-Aldrich) were used for the 

electrochemical tests in batch.  All chemicals were used without further modifications. Platinum 

(Pt), gold (Au), glassy carbon (GC), stainless steel (SS) RDE electrodes (AISI 304, Goodfellow) 

were used for the anodic and cathodic depositions. A 3D-printed Ti rod (2x2x0.5 cm) was used for 

the chemical deposition. A Pt plate (9x10x0.5 mm) where MnO2 was anodically deposited was 

employed for the long-term electrolysis. 

 

2.2.2 Preparation and physical characterization of MnO2 catalysts 

The catalysts were prepared using various deposition techniques (electrodeposition, anodic and 

cathodic, and chemical deposition) and employing different supporting materials (i.e., Pt, Au, GC, 

SS, Ti). For the anodic deposition, the bath consisted of a solution of 0.01 M MnSO4 and 0.5 M 

Na2SO4. A layer of MnO2 was deposited over Pt, Au, GC and SS RDEs by chronoamperometry, 

applying a constant voltage of 1.91 VRHE for 20 min [103]. A cathodic electrodeposition method 

developed by Nguyen et al. [104] was also applied in order to induce homogeneously distributed 

macro-holes and crumpled nanosheets in the structure of the film to increase its surface area. This 

method consisted of 2-steps: in the first step, hydrogen bubbling was used as dynamic template for 

the catalyst deposition at a potential of -0.7 VRHE for 10 min, in a solution with 0.1 M MnCl2 and 

0.1 M NaCl; in the second step, the films were stabilized by potential cycling in the range 0.6 -1.6 

VRHE in 0.1 M Na2SO4 for 10 cycles at 10 mV s-1. For this method, SS and Pt RDEs were used as 

support electrodes. Finally, a sol-gel method was used for the chemical deposition of a MnO2 thin 

film over the surface of a 3D-printed Ti rod, following the procedure exemplified by Bin et al. [79, 

92, 105]. The sol-gel approach i.e. thermal decomposition of manganese (II) nitrate on the Ti 

electrode, is briefly described as follows [105]: the Ti electrode was first pretreated in 10 wt% 

boiled oxalic acid solution for 1 h, cleaned with large amounts of deionized water and dried at 

room temperature; then, for the deposition itself, the electrode was dipped for 30 min into 50 wt% 

Mn(NO3)2 solution, dried at room temperature, and then placed in a muffle furnace for calcination 

at 200-250 °C for 30 min. Finally, the electrode was cooled to room temperature naturally. This 

deposition could not be performed on the RDEs as it comprises thermal steps that would have 

damaged the resin of the electrode casing. 

 

The morphology and pore structure of MnO2 films was imaged by scanning electron microscopy 

(SEM). The chemical composition of the MnO2 electrode was evaluated by energy dispersive 

spectrum (EDS) and X-ray diffraction (XRD). The microscope used was a Quanta 250 FEI 

operated at an acceleration voltage of 5kV and equipped with a Super-X EDX detector. XRD 

patterns were obtained using a Huber X-ray diffractometer equipped with a G670 Guinier camera 

(Huber GmbH&Co, Germany) using the Cu Kα1 radiation (λ=1.5405981Å). 

 

2.2.3 Electrochemical characterization of the catalysts 

A thermostated three-electrode glass cell was used for both, the electrodeposition and the 

electrochemical characterization of the deposited catalysts. A silver-silver chloride electrode 

(Ag/AgCl) and a platinum wire were used as reference and counter electrodes, respectively. The 

working electrodes used in this study consisted of Pt, Au, GC and SS RDEs, and a Ti rod, where 

the MnO2 film was deposited as described in 2.2. A two-compartment glass cell separated by a 

cation-exchange membrane (Nafion 117) was employed for the long-term electrolysis. The 

electrochemical instrumentation consisted of a Bio-Logic VSP-300 Potentiostat. All the electrode 
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activities are represented as current densities, utilizing the geometric area as active area and with 

respect to the reversible hydrogen electrode (VRHE). The tested potential vs. Ag/AgCl was 

converted into potential vs. RHE using the Nernst equation (Eq. 1): 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + ln⁡(10) ∙
𝑅𝑇

𝐹
∙ ⁡𝑝𝐻 + 0.197                                                                                                 [1]                                                                       

 

With R being the universal gas constant (8.314472 J K-1 mol-1), F the Faraday constant (96485.332 

C mol-1) and T the temperature. 

Before every deposition, the working electrodes’ surface was carefully polished with aluminum 

(Φ 1 μm) slurry on a polishing cloth and then sonicated in MilliQ water for 5 min. Finally, the 

electrode was dried with high purity N₂ (99.999%). All the voltammograms shown correspond to 

the cycle once a stable state was reached. 

 

2.2.4 Long-term electrolysis 

To study the reaction products, long-term electrolysis experiments were performed on the 

MnO2@Pt electrode, obtained by anodic deposition. A two-compartment batch cell separated by 

a cation-exchange membrane (Nafion 117) was employed for the electrolysis. A silver-silver 

chloride electrode (Ag/AgCl) and a platinum rod were used as reference and counter electrodes, 

respectively. The electrochemical instrumentation consisted of a Bio-Logic VSP-300 Potentiostat. 

The long-term electrolysis experiments were performed in solutions containing 0.4 M of glucose 

and 0.5 M Na2SO4, for neutral pH (7), and 0.4 M glucose and 0.1 M NaOH for alkaline pH (13). 

A CV was performed before each electrolysis to select the exact potential corresponding to the 

oxidation peak. The analysis of the reaction products was performed by high performance liquid 

chromatography (HPLC) using an ion-exclusion column (Shodex KC-811). A photodiode array 

(PDA) detector set to 210 nm was used to detect organic acids while a refractive index (RI) detector 

thermostated at 30°C was used to detect glucose. The aqueous solutions of HPLC references were 

prepared from standard products >99% of pure glucose, gluconic, glucaric, formic and oxalic acid. 

2.3 Results and discussion 

2.3.1 MnO2 layer deposition and impact of morphology on the electrode 

surface area 

It is believed that surface morphology, which depends on the preparation method and processing 

parameters, significantly affects the capacitive behavior of electrode materials. Therefore, the 

fabrication of materials with appropriate morphology has become an important strategy to enhance 

the electrochemical performance of electrode materials [97]. 

One-dimensional (1D) nanomaterials such as nanowires [106], nanorods [107], nanotubes [108] 

and two-dimensional (2D) nanosheets [109] are reported to exhibit outstanding charge storage 

properties, because they have large surface areas for charge storage and fast redox reactions. 

Manganese dioxide has attracted considerable attention due to its high energy density, low cost, 

natural abundance and environmentally friendly nature. There are many synthesis techniques for 

the  fabrication of MnO2 catalysts: wet chemical reaction [110], thermal decomposition [111], 

modified hydrothermal or water-bathing method [112, 113], sol-gel method [114] and redox 

https://www.sciencedirect.com/science/article/pii/S0013468621001420?via%3Dihub#eqn0001
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reaction with a strong reducing agent (i.e. (NH4)2C2O4) [115]. In recent years, electrodeposition 

techniques [116–122] have been increasingly explored  to produce novel electroactive materials 

due to their relatively easy and accurate control of the surface microstructure of deposited films. 

Indeed, by changing deposition variables, such as the electrolyte, deposition potential and bath 

temperature the final structure can be precisely tuned [123, 124]. Many investigations have 

attributed the capacity of manganese dioxides to their structural, morphological and compositional 

characteristics [125, 126]. Generally, most important physicochemical properties of manganese 

dioxide deposits depend on electrokinetic phenomena during the synthesis process. [127–132]. 

 

Babakhani and Ivey studied the effects of the morphology and crystal structure of electrodeposited 

manganese oxide on its supercapacitive behavior [97]. The electrochemical analysis of manganese 

oxide electrodes revealed that oriented structures, such as manganese oxide rods and thin sheets, 

exhibited superior capacitive behavior relative to continuous coatings. An in-depth study of 

morphology-controlled growth of manganese oxide porous structures from acetate-containing 

aqueous solutions was conducted by varying the deposition parameters, including solution 

composition, pH value, deposition temperature and current density. As a result, a series of 

manganese oxide porous structures, including continuous coatings with equiaxed and fibrous 

features, petal- and flower-like morphologies, discrete oxide clusters, columnar structures and 

interconnected nanosheets, were anodically deposited on Au-coated glass [103]. The results 

showed that manganese oxide electrodes with oriented nanostructures, such as interconnected 

nanosheet architectures, exhibited superior performance (specific capacitance, rate capacity and 

electrochemical impedance response), when compared with electrodes with a continuous coating 

morphology (Fig. 2.1). In fact, porous electrode materials have become highly interesting for 

applications associated with energy conversion and storage due to their exceptional charge storage 

capacity. The latter property is measured by the capacitance of the electrode, which is believed to 

be mainly dependent on the nature of the material and on its geometry, primarily the specific 

surface area [133–135].  

 

 
Figure 2.1. Schematic diagram to correlate deposition parameters change (decrease of Mn2+ concentration, 

temperature, current density and pH) with manganese oxide morphology, anodically deposited on Au-coated glass 

(adapted from [103]) 

 

Based on this, we chose to use synthesis methods that allowed the deposition of MnO2 layers with 

interconnected nanosheet architectures in the attempt to optimize the electrochemical properties 

of the developed materials. The overall reaction in the electrochemical deposition of MnO2 from 

an electrolyte containing Mn2+ ions is given by Eq. 2.  

𝑀𝑛2+ + 4𝑂𝐻− →⁡𝑀𝑛𝑂2 +⁡2𝐻2𝑂 +⁡2𝑒−                                                                                                    [2] 
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However, the reaction does not take place in a single step [132, 136–139], as will be shown in the 

next paragraphs. 

2.3.1.1 Anodic deposition of MnO2 over Pt, Au and GC electrodes 

Das et al. have reported the use of MnO2 prepared electrochemically by potentiostatic techniques 

and chemically from aqueous media as an anode catalyst for the oxidation of carbohydrates [93, 

94, 96]. The authors studied the mechanism of potentiostatic (anodic) deposition of MnO2 on Pt, 

the redox behavior of the resulting deposit and its electrocatalytic activity towards the oxidation 

of glucose and fructose, by using cyclic voltammetry, chronoamperometry, chrono-potentiometry 

and steady state polarization measurements. Fig. 2.2 shows the cyclic voltametric response during 

the deposition of Mn2+ on a Pt working electrode from a solution, consisting of the precursor, i.e., 

0.01 M MnSO4, and the electrolyte, 0.5 M Na2SO4.  In accordance with the observations of Das et 

al. [94], the anodic peak obtained at ca. 0.8 VRHE is related to the oxidation of Mn2+ to a higher 

oxidation state, i.e. Mn3+, in a one-electron transfer process (Eq. 3). Mn3+ subsequently 

disproportionates to Mn2+ and Mn4+, at low acid concentration (Eq. 4) or hydrolyses to form an 

intermediate and insulating product, i.e., MnOOH, at high acid concentration (Eq. 5). Mn4+ can 

then hydrolyze to yield MnO2, the final product, which forms a deposit on Pt (Eq. 6). Additionally, 

MnOOH will disproportionate to also produce MnO2 deposits, while releasing a proton and an 

electron (oxidation step occurring at 1.60 VRHE, Eq. 7). The cathodic peaks at 0.70 and 1.45 VRHE, 

obtained during the reverse sweep and pointing to reverse process (reduction), are quite small. 

Additionally, upon increasing the Mn2+ concentration in the deposition solution, they do not 

increase while the corresponding anodic peaks do increase. Both observations suggest that the as-

produced MnO2 layer is rather stable [94].  

𝑀𝑛2+ →⁡𝑀𝑛3+ +⁡𝑒−                                                                                                                                         [3] 
2𝑀𝑛3+ →⁡𝑀𝑛2+ +⁡𝑀𝑛4+                                                                                                                           [4] 
𝑀𝑛3+ + 2𝐻2𝑂 → 𝑀𝑛𝑂𝑂𝐻 + 3𝐻+                                                                                                              [5] 
𝑀𝑛4+ + 2𝐻2𝑂 → 𝑀𝑛𝑂2 + 4𝐻+                                                                                                                       [6] 
𝑀𝑛𝑂𝑂𝐻 → 𝑀𝑛𝑂2 + 𝐻+ + 𝑒−                                                                                                                          [7] 
 

 

Figure 2.2. Cyclic voltammetric study of Pt in 0.01M MnSO4 and 0.5M Na2SO4 solution recorded at a scan rate of 5 

mV s-1. 

 

Next, we investigated the mechanism of the electrochemical deposition of MnO2 over a glassy 

carbon electrode. Fig. 2.3 shows the cyclic voltammetry study of Mn2+ recorded in the deposition 
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solution consisting of the precursor, 0.01 M MnSO4, and the electrolyte, 0.5 M Na2SO4. on a GC 

working electrode at 5 mV s-1. 

 

Figure 2.3. Cyclic voltammetric study of GC in 0.01 M MnSO4 and 0.5 M Na2SO4 solution recorded at a scan rate 

of 5 mV s-1. 

 

In accordance with what was observed by the authors Wen-Zhi et al., there are two redox peaks, 

A1 and A2 in the cyclic voltammograms [140]. The anodic peak A2, which appears in the first 

cycle, is attributed to the two distinct oxidation mechanisms represented by Eqs. 3, 5, 7 (ECE 

mechanism) and Eqs. 3, 4, 6 (disproportionation mechanism) [141]. According to literature, the 

cathodic peak in the C1 region may be due to the reduction of MnO2 to MnOOH, which is further 

reduced to Mn (II) in C2 [142]. In the second cyclic voltammogram, an additional anodic peak 

appears, namely A1, at around 1.0 VRHE, with a broad right shoulder, which did not appear in the 

first cycle, indicating that its appearance resulted from the formation of MnO2 at A2. A1 is 

attributed to the oxidation reaction of Mn (III)/ Mn (IV) and Mn (II)/Mn (IV) species, respectively. 

Also, the other peaks (A2, C1, and C2) all increased in the second cycle, indicating that the MnO2 

film can successfully and continuously grow on the GC surface by further potential scanning [143]. 

The morphology and nature of the MnO2 deposit was studied after deposition at a constant 

potential of 1.91 VRHE for 20 min from a solution of 0.01M Mn2+ in 0.5 M Na2SO4 and on different 

substrates including Pt, Au and GC. This potential was chosen on the basis of literature results, 

where it was found to result in the maximum deposition charge density (120 mC cm-2), smaller 

porosity of the deposit and higher specific surface  [93, 94, 96]. The MnO2@Pt electrode was 

characterized by SEM. Fig. 2.4 (a) and (b) show a deposit characterized by a petal-shaped, 

interconnected nanosheet structure, with pores with an average size of 300 nm. Fig. 2.4 (c) shows 

the energy dispersive X-ray (EDX) spectra of the synthesized MnO2@Pt electrode, confirming the 

deposit is made up of Mn and O. Similar results were obtained for the system MnO2@Au (Fig. 

2.10 in SI) and MnO2@GC (Fig. 2.11 in SI), showing that the anodic deposition of MnO2 from 

Mn2+ solution is independent of the substrate. 
 

 

d) 



24 
 

 
Figure 2.4. SEM images, (a) and (b), and c) EDX spectra of the MnO2 inter-connected nanosheet layer deposited 

over the Pt electrode by anodic deposition at 1.91 VRHE for 20 min from a 0.01M Mn2+ in 0.5M Na2SO4 solution. 
 

2.3.1.2 Cathodic deposition of MnO2 over a Pt electrode 

Cathodic electrodeposition involving hydrogen evolution has been often used to create metallic 

foams of Ni, Cu, Pd, Ag, Pt, and Au [133, 144]. The hydrogen bubbles that continuously evolve 

from the substrate prevent the deposition of the metal on these sites, therefore, acting as a dynamic 

negative template that leads to the formation of porous metallic foams with controlled macro-pores 

[145]. It has been reported that the macro-pores created by hydrogen bubbling, together with other 

nanostructured features of oxide films formed by electrodeposition, can result in novel hierarchical 

electrodes and display improved capacitance linked to the surface-to-volume ratio [133–135]. For 

this reason, we followed a deposition procedure developed by Nguyen et al. [104],  which consisted 

of using hydrogen bubbling as dynamic template to electrodeposit macroporous manganese oxide 

films onto Pt and SS RDEs, later to be applied for the electrochemical oxidation of glucose. The 

deposition was conducted in two steps: step 1 is the hydrogen bubbling, achieved in a solution 

containing 0.1M MnCl₂ and 0.1M NaCl for 10 min at constant potential of -0.7 VRHE. During this 

step, hydroxyl ions (OH-) and hydrogen bubbles are generated via water electrolysis (Eq. 8) under 

a cathodic regime. 
 

2𝐻2𝑂⁡ + 2𝑒− → 𝐻2(𝑔𝑎𝑠) + 2𝑂𝐻−                                                                                                                     [8] 
 
This is followed by the reaction of 𝑀𝑛2+ ions with generated 𝑂H− to form 𝑀𝑛(𝑂𝐻)2 deposited on 

the substrates, according to: 
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𝑀𝑛2+ + 2𝑂𝐻− → 𝑀𝑛(𝑂𝐻)2(𝑠𝑜𝑙𝑖𝑑)                                                                                                                  [9] 
 

It must be noted that, by applying cathodic potentials, the undesired reduction reaction of 𝑀n2+ to 

𝑀𝑛 can also take place: 
 

𝑀𝑛2+ + 2𝑒− → 𝑀𝑛(𝑠𝑜𝑙𝑖𝑑)                                                                                                                                  [10] 
 

However, the standard electrode potential (SEP) of water electrolysis is lower than that of Mn2+ 

reduction, thus thermodynamically more favorable resulting in only minor metallic Mn formation 

[104].  

In step 2, the oxidation of the as-deposited Mn(OH)2 to form MnO2 was performed by carrying 

out 10 voltammetry cycles in a 0.1 M Na2SO4 solution at 10 mV s-1, in the potential range E={0.6, 

1.6}VRHE, allowing also the stabilization of the electrodeposited electrode [104].  

The resulting MnO2@Pt electrode was characterized by SEM. Fig. 2.5 (a) and (b) show that, using 

hydrogen bubbling as dynamic template, it was possible to fabricate a multi-scale macro 

(hierarchical) porous manganese oxide film with pores of average size around 120 nm. Fig. 2.5 (c) 

shows the energy dispersive X-ray (EDX) spectra of the synthesized MnO2@Pt electrode, 

confirming the composition of the deposit. Similar results were obtained for the system MnO2@SS 

(Fig. 2.12 in SI), again showing that electrodeposition synthesis techniques do not undergo an 

influence of the substrate.  It is thus clear that the hydrogen bubbling generates macroporous MnO2 

films characterized by well-distributed macro-pores with smaller size compared with those 

generated during anodic deposition, which possibly results in a higher surface-to-volume ratio. It 

is reported  by the authors by Nguyen et al. that the macro-pores created by the hydrogen bubbling, 

together with other nanostructured features of oxide films formed by electrodeposition, result in 

highly hierarchical electrodes that display improved capacitance performance and surface area 

available for electrochemical reaction [104, 133, 146]. 
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Figure 2.5. SEM images, (a) and (b), and c) EDX spectra of the multi-scale macroporous MnO2 film fabricated by 

cathodic deposition using hydrogen bubbling as dynamic template over the Pt RDE. 

 

2.3.1.3 Chemical deposition of MnO2 over a Ti electrode 

Finally, a chemical deposition method following the sol-gel approach developed by Mette et al. 

[147] was also applied for comparison.  This method consists of the thermal decomposition of 

manganese (II) nitrate on the Ti electrode. This technique is well-established and typically results 

in loadings of only a few weight percent of the active component [147]. Such low loadings enable 

a high dispersion of the transition metal oxide and, thus, its efficient use thanks to a high surface-

to-bulk ratio. Moreover, the increased presence of defects and strains leads to a further 

improvement of the intrinsic catalytic properties of electrodes, enhancing the electrode 

performance. SEM images indicated that the resulting porous MnO2@Ti electrode consisted of a 

meso/macro-porous structure with average pores size of 45 nm, as shown in Fig. 2.6. The EDS 

result in Fig. 2.6 also clearly shows the presence of Mn, O, Ti and various other elements like Ca, 

Na, K derived from contamination during the synthesis. 
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Figure 2.6. SEM image, left, and EDX spectra, right, of the meso/macro-porous MnO2 film fabricated by sol-gel 

chemical deposition over a Ti rod electrode. 

 

2.3.2 Electrochemical characterization in a batch cell 

To understand the electrocatalytic activity of the as-synthesized MnO2@Pt electrode towards 

glucose oxidation, a cyclic voltammogram was recorded at ambient temperature, in 0.5M Na₂SO₄ 

solution (blank) with increasing amount of glucose (Fig. 2.7 (a)). The enhancement of the 

Mn(IV)→Mn(V) oxidation peak current at 1.8 VRHE upon addition of glucose in the electrolyte 

indicates the reactivity of the electrode towards glucose oxidation.  

As proof of concept, the same study was also conducted on the Pt electrode alone, which shows 

absence of oxidation peaks when glucose is added to the blank solution, confirming that MnO2 is 

the active compound and not Pt (Fig. 2.7 (b)). 
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Figure 2.7. a) Cyclic voltammetric study of MnO2@Pt in blank solution, 0.5 M Na2SO4, (blue line) and with 

increasing concentration of glucose (lines green, 0.04 M, and red, 0.4 M) recorded at 100 mV s-1; b) cyclic 

voltammetry study of Pt in blank solution, 0.5 M Na2SO4, (grey line) and in a solution 0.4 M glucose (light blue 

line). 

 

The electro-oxidation of glucose was found to proceed via an electrochemical and catalytic (EC) 

mechanism in which Mn(V) is generated electrochemically ( Eq. 11) and consumed chemically in 

succession (Eq. 12), for both chemically and electrochemically prepared MnO2@Pt electrodes 

[94–96, 148].  

𝑀𝑛(𝐼𝑉) → 𝑀𝑛(𝑉) + 𝑒−                                                                                                                                         [11] 
𝑀𝑛(𝑉)⁡+ ⁡𝑔𝑙𝑢𝑐𝑜𝑠𝑒⁡ → 𝑀𝑛(𝐼𝑉) + 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒                                                                              [12] 
 

However, the mechanism behind the oxidation of the carbohydrate by Mn(V) species, Eq. 12, 

remains to be unraveled. It is postulated that Mn(V) is continuously generated electrochemically 

and consumed chemically and that gluconolactone is the product formed by the oxidation of 

glucose, but the latter has never been verified [94–96, 148]. 

Fig. 2.8 shows the difference in electrocatalytic activity between the MnO2@Pt electrodes obtained 

by anodic deposition (20 min) and the cathodic deposition through hydrogen bubbling (10 min), 

and the MnO2@Ti electrode obtained by chemical deposition (30 min). 
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Figure 2.8. Cyclic voltammetric study in a solution 0.5 M Na2SO4 and 0.4 M glucose of MnO2@ Pt obtained by 

anodic deposition (red line) and with cathodic deposition (green line), and MnO2@ Ti obtained by chemical 

deposition (blue line), recorded at 100 mV s-1. 

 
It is evidenced that the chemically deposited MnO2, characterized by an average pore size of 45 

nm, shows the best electrocatalytic performance (~10.5 mA cm-2), followed by the cathodically 

deposited MnO2, with an average pores size of 120 nm (~8.0 mA cm-2), and, finally, the anodically 

deposited one, with pores size of 300 nm (~3.0 mA cm-2). This suggests a possible correlation 

between porosity and reactivity of the catalyst. 

 

2.3.3 Long-term electrolysis 

In order to determine the electrooxidation products, long-term electrolysis experiments were 

conducted on MnO2 @Pt electrodes deposited with anodic and cathodic deposition methods and 

on the MnO2 @Ti electrode deposited by chemical deposition.  

The long-term electrolysis of D-glucose (0.4 M) was carried out at room temperature (20 °C) first, 

in neutral medium, 0.5 M Na2SO4 (pH 7), and then in alkaline medium, 0.1 M NaOH (pH 13) (for 

comparison with the reference work [79]).  After electrolysis, samples from the electrolyzed 

solutions were analyzed by HPLC. Despite the aging conditions of the applied HPLC column and 

the well-known difficulties encountered in the chromatographic analysis of sugar solutions [149–

151], we were able to identify the chromatograms of standard solutions of the expected reaction 

products, gluconic and glucaric acid (Fig. 2.13 in SI). Surprisingly, even after 18 h of electrolysis, 

neither gluconic nor glucaric acid were detected under neutral conditions in the solutions resulting 

from the long-term electrolysis (Fig. 2.14 in SI). Only a very small peak appears at a retention time 

of 9.2 min, already after 1 h reaction time when conducting the electrolysis at 2.0 VRHE and has 

been identified as formic acid (Fig. 2.15 in SI). This result is in contrast with what was found by 

the authors Bin et al., who report a total selectivity of 93% to gluconic and glucaric acid and a 

glucose conversion of 93% after 24 min reaction at a pH of 7, using a similar MnO2 system. The 

authors have claimed that their exceptional results are a consequence of the flow reactor 

configuration used, since it ensures the systematic separation of the products from the reaction 

compartment into a permeate tank, thus avoiding over-oxidation. However, if oxidation of glucose 

to gluconic and glucaric occurred at the MnO2 catalyst, we should be able to detect them at an 

early stage of the reaction, even when working in a batch system. In other words, if over-oxidation 

occurs in an un-controlled process as is for the batch system, we should, indeed, observe high 

levels of over-oxidation products (i.e., formic acid), but also, in part, the intermediates, gluconic 
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and glucaric acid. Similarly, if over-oxidation of gluconic and glucaric acid to formic acid and 

other, lower molecular mass, products does occur on MnO2 catalysts, the authors should also 

detect, at least in part, these products, especially at the highest residence times. Unfortunately, we 

have thus far not found any explanation for the large difference in performance between our work 

and that performed by Bin et al., other than the addition of flow, which we believe cannot be the 

sole explanation.  

Different results were obtained when the reaction was conducted in alkaline medium. In fact, in 

the solutions resulting from the electrolysis of 0.4 M glucose in 0.1 M NaOH (pH 13) on the same, 

anodically deposited MnO2@Pt catalyst at 2 VRHE, gluconic acid was detected (around 1000 ppm, 

which is still on the low side), as shown in the chromatogram in Fig. 2.16 in SI. A temperature of 

5 ˚C was chosen in this case to inhibit chemical side-reactions that occur at ambient temperature 

and that are catalyzed by bases [152].  

 

These observations seem to confirm the important role of the pH in the glucose oxidation reaction, 

as evident from literature [153–156]. Indeed, D-glucose exists in two anomeric forms, α and β-D-

glucopyranose (Fig. 2.9), as well as, in minor part, in the free linear aldehyde form. Largeaud et 

al. investigated the stability of α- and β-D-glucose in acidic, neutral and basic media by using 

polarimetric measurements and their reactivity by cyclic voltammetry [157]. The authors attributed 

the enhanced performances of glucose oxidation in alkaline conditions to the shift of the 

equilibrium of D-glucopyranose to the β-anomeric form, which was found to be more reactive. In 

fact, the β-conformation allows a planar approach of the molecule to the surface of the catalyst, 

favoring a rapid interaction, explaining the improved performance shown here in alkaline medium 

for MnO2@Pt [157]. 

 

 
Figure 2.9. The two anomeric forms of D-glucopyranose: the difference between the two anomers lies on the 

position of the OH functional group on the anomeric carbon C1, axial in the α form and equatorial in the β form 

(adapted from [157]). 

In conclusion, the mechanism of glucose electrooxidation on MnO2 electrodes remains unclear 

even after our investigations. It has been postulated that the oxidation of Mn (IV) to Mn (V) (Eq. 

11), corresponding to the oxidation peak appearing at 1.70-1.80 VRHE in the voltammogram of 

MnO2 in presence of glucose in neutral media (Fig. 2.8(a)), is followed by the chemical 

regeneration of Mn (IV) by a chemical reaction that converts glucose to gluconolactone (Eq. 12). 

However, the analysis of the solutions resulting from long-term electrolysis conducted in this 

work, does not reveal such species nor any other sugar derivative, in a relevant amount. In order 

to unravel the reaction mechanism, further studies are needed to identify the actual products 

formed during glucose electrooxidation on MnO2 in neutral conditions, that seem to not be detected 

by HPLC. Given its very small concentration, even the gluconic acid detected after long-term 

electrolysis in alkaline media could be the result of the chemical, base-catalyzed degradation of 
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glucose rather than electrooxidation on MnO2 [152]. Further investigations will be conducted to 

confirm this hypothesis. Given the evidences collected with this work and as the objective of this 

thesis was to find an electrocatalytic system for the selective oxidation of glucose to glucaric acid, 

we decided to not investigate MnO2 systems further. On the contrary, we turned our attention to 

noble metal catalysts, that have been proven very promising for glucose oxidation and for which 

there is extensive literature on their reaction mechanism [86–91, 101, 157–164]. 

2.4 Conclusions 

In this work we synthesized nanostructured MnO2 porous films over various supports using anodic 

deposition (Pt, Au, GC), cathodic deposition (Pt, SS) and a chemical impregnation method (Ti). 

The morphology and elemental composition of the deposits was investigated by SEM and EDX. 

The analysis revealed, in all cases, a porous structure constituted of interconnected nanosheets. 

Different size of the pores was obtained with the different deposition methods, but independently 

of the nature of the support electrode. Pores with an average size of 300 nm were obtained when 

using anodic deposition, while an average pore size of 120 nm was obtained with cathodic 

deposition using hydrogen bubbling as dynamic template, and 45 nm was obtained with the 

chemical deposition (impregnation method). In this context, the best electrocatalytic system was 

obtained by chemical deposition (impregnation method), as it showed the highest electrocatalytic 

activity (~10.5 mA cm-2). However, the anodic deposition method has the advantage of being 

simpler and faster to implement, as it involves only 1 step, requires ambient conditions and it does 

not make use of strong reagents. Long-term electrolysis performed in neutral media at the potential 

of 2 VRHE, did not result in the formation of gluconic nor glucaric acid. The formation of 

gluconolactone in this potential range had been hypothesized in previous literature, but not proven. 

Apparently, some other oxidation product is being formed that cannot be detected by liquid 

chromatography. Gluconic acid appears, instead, in very small concentration, in the chromatogram 

of the solution resulting from long-term electrolysis in alkaline media. However, the latter could 

have also been generated by the base-catalyzed reactions that take place in alkaline media and 

involving sugars [152]. As the evidences collected with this work prove that MnO2 is not an ideal 

catalyst for the selective oxidation of glucose to glucaric acid, we decided to move away from it 

and turn our attention to noble metal catalysts, that have been proven very promising for glucose 

oxidation. 
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2.5 Supporting information 

 

 

Figure 2.10. a) and b) show the SEM images of the MnO2@Au electrode obtained by anodic deposition at a 

constant potential of 1.91 VRHE, for 20 min at 50 mV s-1 from a 0.01M Mn2+ in 0.5M Na2SO4 solution. 

 

 

Figure 2.11. a) and b) show the SEM images of the MnO2@GC electrode obtained by anodic deposition at a 

constant potential of 1.91 VRHE, for 20 min at 50 mV s-1 from a 0.01M Mn2+ in 0.5M Na2SO4 solution. 
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Figure 2.12. a) and b) show the SEM images of the MnO2@SS electrode obtained by cathodic deposition: 10 min at 

-0.7 VRHE and 10 mV s-1 in 0.1M MnCl2 and 0.1M NaCl (hydrogen bubbling, step 1); 10 cycles between 0.6 and 1.6 

VRHE in a solution: 0.1M Na2SO4 (electrooxidation, step 2). 

 

 

 
 

 

Figure 2.13. Chromatogram (a) and corresponding PDA spectrum (b) of gluconic (black line in a) and blue line in 

b)) and glucaric acid (red line). 

Sample preparation: 1 mL of filtered sample (0.2 μm syringe filter) is added to 100 μL of 1.2 M HClO4 solution in a 

sample vial and sonicated for at least 30 seconds until no bubbles are observed. Method parameters: eluent was for 

80% a solution 0.1% HClO4 in Milli-Q water and the remaining 20% ACN in Milli-Q water; 1 mL/min flow rate; 

column temperature 30°C; injection Volume 10 μL. 
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Figure 2.14. Chromatogram of the resulting solution of 18 h electrolysis of 0.4 M Glucose in 0.5M Na2SO4 at 

neutral pH on anodically deposited MnO2@Pt at 20 ˚C and oxidation potential 1.61 VRHE (black line) and 1.80 VRHE 

(red line). All peaks visible in the chromatogram are smaller than the injection peak (at around 4.6 min), thus 

neglectable. None of them corresponds to gluconic (retention time 5.156 min) or glucaric acid (retention time 

5.663). 

 

 

Figure 2.15. a) Chromatograms of the resulting solutions of the electrolysis of 0.4 M Glucose in 0.5M Na2SO4 at 

neutral pH on anodically deposited MnO2@Pt at 20 ˚C and oxidation potential 2.0 VRHE. a) is the chromatogram of 

the products after 1 h electrolysis (red line) compared with the chromatogram of the reaction solution before 

electrolysis (black line), obtained using an injection volume of 100 μL, in an attempt to better identify the products’ 

peaks; b) is the chromatogram of the product solution at increasing electrolysis times, from 0 to 5 h, obtained using 
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an injection volume of 10 μL. All peaks visible in the chromatograms are smaller than the injection peak (4.6 min). 

None of them corresponds to gluconic (retention time 5.156 min) or glucaric acid (retention time 5.663). 

 

Figure 2.16. Chromatogram of the resulting solution of 65 h electrolysis of 0.4 M Glucose in 0.1M NaOH at pH 13 

on anodically deposited MnO2@Pt at 5 ˚C and oxidation potential 2.0 VRHE (blue line), compared to that of the 

starting solution (black line). One peak in the chromatogram is considered relevant as higher than the injection peak: 

the peak at ca. 5.8 min retention time, which corresponds to gluconic acid, as confirmed by overlapping the 

chromatogram with that of pure gluconic acid (light blue line). The other, smaller peaks remained unidentified but 

are sufficiently small to be neglectable. 
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Chapter 3 

 

 

Role of oxidation potential and chemical side-reactions 

on the selectivity to D-gluconic and D-glucaric acid 

 

 

 

 

 

 

 

 

 

This chapter has been published as a research paper: G. Moggia, T. Kenis, N. Daems, T. 

Breugelmans, “Electrochemical Oxidation of d -Glucose in Alkaline Medium : Impact of Oxidation 

Potential and Chemical Side Reactions on the Selectivity to D-Gluconic and D-Glucaric Acid”, 

ChemElectroChem, vol. 7 (2020) issue 1, pages 86-95. 
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3.1 Introduction 

The first challenge encountered during the electrocatalytic oxidation of D-glucose in alkaline 

media is the low selectivity of the overall process which results in several reaction products 

including D-fructose and low molar mass carboxylic acids where the structure of the glucose 

molecule is disrupted [88, 159]. It has been reported in literature that, in alkaline conditions, D-

glucose is consumed by two chemical reactions [152]: the isomerization of D-glucose to D-

fructose and its thermal oxidative degradation. The former is a reaction controlled by a 

thermodynamic equilibrium and for which bases are common homogenous catalysts. The latter is 

a set of irreversible temperature-catalyzed reactions (aldolization/retroaldolization, β-elimination, 

and benzylic rearrangement) that take place simultaneously to isomerization and lead to several 

by-products (i.e. formic, oxalic, tartaric, glycolic acid) [152]. In this chapter, we preliminary 

investigate the stability of the reaction solution to find the operating conditions less favorable for 

these side-reactions in an attempt to limit their impact on the process (i. e. low temperature and 

concentration of the base). The oxidation of glucose to glucaric acid invloves the oxidation of only 

the two terminal anomeric carbons in the glucose molecule, while keeping the six-atom structure 

unaltered. This overall process passes through the formation of an intermediate product, gluconic 

acid, by oxidation of the C1 group (aldehyde) to carboxylic group. For the further reaction to D-

glucaric acid, also the C6 group (hydroxymethyl) needs to be fully oxidised to a carboxylic group. 

In an uncontrolled process, i. e., at high temperatures or in presence of high concentration of 

strongly reactive oxidants (radicals, ions), any carbon atom in the glucose backbone becomes a 

reactive site, leading to the cleavage of C-C bonds and formation of low molar mass carboxylic 

acids like formic and oxalic acid. Our objective is to develop an electrochemical method, using 

only heterogeneous catalysts, that allows a controlled oxidation with high selectivity towards the 

desired products (gluconic and glucaric acid) while at the same time preventing the formation of 

undesired side-products. Here, we want to demonstrate that, by adjusting an electrochemical 

parameter (applied potential), it is possible to achieve a region-selective oxidation of glucose to 

gluconic and glucaric acid. To this end, the electro-reactivity of the two terminal functional groups 

of D-glucose is investigated in this chapter by cyclic voltammetry in alkaline medium for three 

different metal electrodes (copper, platinum and gold), in order to find a relationship between 

potential and reactivity of the functional group. Once the optimal reaction conditions, maximally 

inhibiting undesired chemical side-reactions, are selected, this relationship is verified by analyzing 

the products of long-term electrolysis. 

3.2 Experimental 

3.2.1 Chemicals and reagents 

The supporting electrolytes were prepared with ultrapure water (Synergy UV system) and sodium 

hydroxide (Sigma-Aldrich, 98%). Anhydrous d-glucose was purchased from VWR (99.5 %), 

gluconic acid potassium salt (98%) and D-saccharic acid potassium salt (98%) from Sigma 

Aldrich, and D-glucuronic acid sodium salt (99%) from Acros Organics. All chemicals were used 

without further modifications. 

 

3.2.2 Electrochemical setup 
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Figure 3.1. Electrochemical set-up designed for the long-term electrolysis: (1) Pt counter electrode (CE), in the 

cathodic compartment; (2) Nafion membrane; (3) reference electrode (RE) and (4) working electrode (WE), both in 

the anodic compartment. 

A thermostated three-electrode glass cell was used during the voltammetry study, while a two-

compartment glass cell separated by a cation-exchange membrane (Nafion 117) was employed for 

the electrolysis (Fig. 3.1). A cation-exchange membrane was used to allow only protons to move 

between compartments. A silver-silver chloride electrode (Ag/AgCl) and a platinum rod were used 

as reference and counter electrodes, respectively. Copper (0.32 cm2), platinum (0.13 cm2) and gold 

(0.08 cm2) working electrodes used for the cyclic voltammetry experiments were purchased from 

AISI 304, Goodfellow. A copper rod (3.85 cm2), a platinum plate (2.91 cm2) and the gold (0.08 

cm2) working electrode were used for the long-term electrolysis. The electrochemical 

instrumentation consisted of a Bio-Logic VSP-300 Potentiostat. All the electrode activities are 

represented as current densities, utilizing the geometric area as active area and with respect to the 

reversible hydrogen electrode (VRHE). Before every electrochemical measurement, the working 

electrodes’ surface was carefully polished with aluminum (Φ 1 μm) slurry on a polishing cloth and 

then sonicated in MilliQ water for 5 min. Finally, the electrode was dried with high purity N2 

(99.999 %). The cyclic voltammetry studies were conducted between 0 and 2 VRHE at 10 mV s-1 

at ambient temperature, while the long-term electrolysis experiments were performed for 65 hours 

at 5°C, in order to inhibit the thermal degradation of glucose in alkaline solution [152]. Solutions 

containing 0.04 M of glucose, gluconic acid, glucuronic acid and glucaric acid in 0.1 M aqueous 

NaOH were used for the cyclic voltammetry studies. All the voltammograms shown correspond 

to the cycle once a stable state was reached. An initial solution containing 0.04 M of glucose in 

0.1 M NaOH (pH 13) was used for the electrolysis. A CV was performed before each electrolysis 

to select the exact potential corresponding to the oxidation peak. 

 

3.2.3 Product Analysis 

The identification of reaction products was carried out by gas chromatography coupled with mass 

spectrometry (GC-MS) using a RXI-1 ms (Restek) capillary (30 m, 0.32 mm i.d. and 0.25 μm film 

thickness). The electrolytic solutions were treated before analysis according to the following 

procedure. The water was removed by lyophilization to leave dry samples of electrolyzed material. 

This material was trimethylsilylated using Supelco hexamethyldisilazane and 
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trimethylchlorosilane (HMDS+TMCS) + pyridine, 3:1:9 (Sylon HTP) Kit, as described in [165]. 

Authentic samples of the expected reaction products were also trimethylsilylated and their 

chromatographic data were used for the product identification. The quantitative analysis of the 

reaction products was performed by high performance liquid chromatography (HPLC) using an 

ionexclusion column (Shodex KC-811). A photodiode array (PDA) detector set to 210 nm was 

used to detect organic acids while a refractive index (RI) detector thermostated at 30°C was used 

to detect glucose and fructose. Gluconic acid and glucose peaks overlapped in the chromatograms 

obtained using the RI detector, however, it was possible to perform a quantitative analysis of 

glucose, by subtracting the gluconic acid concentration obtained with the PDA detector from the 

total gluconic acid and glucose concentrations obtained with the RI detector, as already done by 

Solmi et al. [50]. The aqueous solutions of HPLC references were prepared from standard products 

>99% of pure gluconic, glucaric, lactic, tartaric, formic and oxalic acid. The selectivity (mol%) 

was calculated as the number of moles of product formed per number of moles of glucose 

consumed taking into account the stoichiometry (Eq. 13): 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦⁡[𝑚𝑜𝑙%] = 100 ·
[𝑚𝑜𝑙⁡𝑜𝑓⁡𝑝𝑟𝑜𝑑𝑢𝑐𝑡⁡𝑓𝑜𝑟𝑚𝑒𝑑]

[𝑚𝑜𝑙⁡𝑜𝑓⁡𝑔𝑙𝑢𝑐𝑜𝑠𝑒⁡𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑]
·
[𝜇]

[𝜈]
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡[13] 

For the results of the electrolysis, the selectivity refers only to the contributions of the 

electrochemical reaction. All the measurements were performed two times and the errors measured 

on the values of selectivity of the products were, in all cases, lower than 3%. The analysis of the 

gas phase was performed by Gas Chromatography (GC): no gaseous product was formed during 

the electrolysis. 

 

3.3 Results and discussion 

3.3.1 Oxidation of D-glucose at copper, platinum and gold electrodes 
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Figure 3.2. Voltammograms of a) copper, b) platinum and c) gold electrodes in alkaline medium (0.1 M NaOH) 

recorded at 10 mVs-1, at 20 °C without (dashed lines) and with (solid lines) 0.04 M D-glucose. 

 
The cyclic voltammograms of copper, platinum and gold recorded at ambient temperature in 0.1 

M NaOH in the absence and presence of glucose (0.04 M) are given in Figure 3.2. For copper, four 

oxidation peaks can be observed during the positive potential sweep, at 0.61 (peak A), 0.84 (peak 

B), 1.11 (peak C) and 1.80 VRHE (peak D) (Figure 3.2(a)). The oxidation at peak A has been 

reported by Kano et al. [166] to correspond to a one-electron transfer reaction between Cu and 

OH- ions in solution with the formation of a Cu2O monolayer as a result. Peak B has been mainly 

attributed to a two-electron transfer reaction directly from Cu, in combination with (to a smaller 

extent however) a one-electron transfer reaction from Cu2O, resulting in the formation of CuO 

[166]. This species, in which copper has oxidation state +2, appears to be reactive towards glucose 

oxidation since the current density corresponding to its peak, in presence of glucose, is slightly 

higher than in the blank solution. Peak C has been found to increase with the solution alkalinity 

(up to 0.1 M NaOH) [166]; at higher NaOH concentrations it appears at less anodic potentials and 

eventually overlaps with B. Kano et al. did not attribute a specific reaction to this peak, but they 
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hypothesized the formation of a soluble product, either chemically or electrochemically, which 

diffuses away from the electrode surface and hence is not recovered in the cathodic sweep [166]. 

In our case, peak C is slightly more pronounced in presence of glucose and shows a reactivity 

similar to that of peak B, pointing us in direction of the formation of a soluble product from CuO. 

Finally, Peak D has been attributed to the formation of soluble reaction products, namely cuprite 

CuO2
2- , from either Cu, through an (electro)chemical reaction from CuO, which diffuse away 

from the electrode surface, and hence are not recovered in the cathodic half-cycle [166]. We found 

that these species show the highest current density in presence of glucose and are thus the most 

interesting Cu species to perform the oxidation of glucose, which we believe results in the cleavage 

of the C-C bonds and formation of low molar mass carboxylic acids, i. e. formic acid, as was 

confirmed by HPLC analysis (vide infra). The two reduction peaks in the cathodic scan represent 

the reduction of, respectively, Cu(II) to Cu(I) and Cu(I) to Cu(0), which can be observed both in 

presence and in absence of glucose. Three oxidation peaks are visible on the platinum electrode 

during the positive potential sweep, at 0.26 (peak A), 0.70 (peak B) and 1.10 VRHE (peak C) (Figure 

3.2(b)) all in the presence of glucose. The presence of shoulders (which affect peak B especially) 

suggests that the peaks are complex and result from different contributions. Yei et al. [164] 

thoroughly studied the mechanism of glucose electrooxidation on platinum in alkaline medium. 

They concluded that: peak A corresponds to the oxidation of the adsorbed hydrogen produced by 

chemisorption of the glucose molecule, without poisoning of the surface and peak B corresponds 

to the direct oxidation of glucose from the bulk. Finally, for peak C it is more difficult to determine 

the involved reaction. This peak was hypothesized to correspond to the oxidation of the adsorbed 

species resulting from the chemisorption of glucose in the range of peak A [164]. The reduction 

peak in the cathodic half-cycle corresponds to the reduction of the oxidized Pt. Finally, the CV 

curve of the gold electrode in glucose alkaline solution shows three clear electrochemical processes 

during the anodic sweep and two during the cathodic return scan (Figure 3.2(c)). Pasta et al.[90] 

concluded that glucose electrooxidation on gold follows the same mechanism as on platinum. 

According to the authors: peak A (around 0.55 VRHE) corresponds to the dehydrogenation of 

anomeric carbon under adsorption control; peak B at 1.34 VRHE, with a large left shoulder has been 

attributed to several oxidative processes taking place in the potential range from 1 VRHE to 1.34 

VRHE that lead to gluconate as oxidation product [90]; at 1.50 VRHE (peak C) gold surface oxidation 

occurs, as demonstrated by Xiang et al. [167]. The oxidative peak around 1.00 VRHE in the cathodic 

scan (peak D) is obtained as soon as the oxide layer is reduced to generate free O2 
- anions which 

react with glucose and then the Au surface undergoes re-oxidation by OH- in solution [90]. Pasta 

et al. didn’t give an explanation for the oxidation process taking place at E, 0.55 VRHE, in the 

cathodic scan. It might be attributed, as further explained in the following paragraph, to the same 

oxidation process taking place at A. From these studies, it is clear that the electrocatalytic glucose 

oxidation is strongly influenced by the nature of the applied catalyst. For each examined metal, 

the different potential windows correspond with different oxidation processes. In some cases the 

metal is itself involved in the oxidation reaction (i. e. at peak B on Pt or at peak A and B on Au) 

in some other cases it is an oxide species of the metal that acts as catalytic mediator (i. e. the two 

oxides of Cu formed at peaks B and C or the platinum oxide at peak C) and, finally, soluble species 

can be generated at certain potentials that react with glucose in solution (namely the species cuprite 

CuO2
2- at peak D on Cu or the free O2- anions generated by the reduction of the gold oxide layers 

at peak D). 
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3.3.2 Voltammetry study on glucose derivatives 

 

 
Figure 3.3. Structural formulas of D-glucose and its three derivatives. 

The structural formulas of D-glucose (for simplicity we show the open-chain form) and its three 

derivatives, gluconic, glucuronic and glucaric acid, are shown in Figure 3.3. Gluconic acid is the 

glucose derivative resulting from the oxidation of the aldehyde group on C1, so it only has one 

remaining oxidizable functional group, on C6: the hydroxymethyl group; glucuronic acid is the 

glucose derivative that would result from the oxidation of the hydroxymethyl group on C6, so it 

also only has one remaining functional group, on C1: the aldehyde group; finally, glucaric acid is 

the derivative resulting from the complete oxidation of both groups, on C1 and C6, to carboxyl 

groups, leaving it without directly accessible and oxidizable sites. In the next paragraph, the 

reactivity of the glucose derivatives was examined by cyclic voltammetry on each of the three 

electrodes under investigation to understand the reactivity of the single functial groups of glucose 

in function of the oxidation potential.  

Figure 3.4 shows the cyclic voltammograms of copper in the presence of glucose (Figure 3.4(a)), 

glucuronic acid (Figure 3.4(b)), gluconic acid (Figure 3.4(c)) and glucaric acid (Figure 3.4(d)). 
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Figure 3.4. Voltammograms of copper electrode in 0.04 M a) glucose, b) glucuronic acid, c) gluconic acid and d) 

glucaric acid (solid lines) in alkaline medium (0.1 M NaOH) recorded at 10 mVs-1, at 20°C, compared with the 

blank solution (dashed lines). 

 

Peaks A and B appear in all the voltammograms of the four solutions, as well as in the blank 

solution, and correspond to the oxidation of Cu(0) to Cu(I) and Cu(II), respectively [166]. Peak B 

was already found to increase upon addition of glucose, and the same is true in presence of 

glucuronic acid. On the other hand, no increase is visible when gluconic and glucaric acids are 

added to the solution. This could signify that Cu(II), which is formed at this oxidation potential, is 

able to predominantly oxidize the aldehyde group at C1, which is absent for gluconic and glucaric 

acid. The same explanation can be given for Peak C that can only be observed in the 

voltammograms of glucose and glucuronic acid, and is thus expected to originate from the 

oxidation of the aldehyde group by a soluble species of copper similar to CuO. Based on these first 

observations, we believe that at peaks B and C, a reaction involving a two-electrons transfer takes 

place, leading to the oxidation of the C1 aldehyde group into a carboxyl group, generating gluconic 

acid. Finally, peak D, characterized by a much higher current density, is present in the 

voltammograms of all the four carbohydrates and thus clearly does not depend on the nature of the 

available functional groups present in the molecules. This can be explained by assigning this peak 

to the (undesired) cleavage of the C-C bond, which can possibly take place at this high 

overpotentials and is independent of the available functional groups. This ultimately leads to the 

formation of lower carboxylic acids, i. e. formic acid and is therefore undesirable. In conclusion, 

the oxidation of the hydroxymethyl group on C6 is not visible in the cyclic voltammogram, so we 

expect copper to selectively oxidize the C1 aldehyde group at low potentials (0.8 -1.2 VRHE). 
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Figure 3.5. Voltammograms of platinum electrode in 0.04 M a) glucose, b) glucuronic acid, c) gluconic acid and d) 

glucaric acid (solid lines) in alkaline medium (0.1 M NaOH) recorded at 10 mVs-1, at 20°C, compared with the 

blank solution (dashed lines). 

 

The same study was then performed on platinum (Figure 3.5). None of the glucose oxidation peaks 

appear in the solution containing glucaric acid, meaning that neither oxidation processes nor 

cleavage of the C-C bond takes place on the Pt electrode. On the contrary, both peak B and C are 

present in the solution containing glucuronic acid and a more pronounced peak B appears in the 

solution containing gluconic acid. This might be explained by stating that peak C, that was 

assigned by Yei at al. [164] to the oxidation of adsorbed glucose on an already oxidized platinum 

surface, corresponds mainly to the oxidation of the aldehyde group, present in the glucuronic acid 

molecule but not in the gluconic one. Peak B, which is present in the voltammograms of both 

hydrocarbons, and that had been attributed by Yei at al. to the direct oxidation of glucose from the 

bulk, might be assigned to both oxidations, of the aldehyde and of the hydroxymethyl groups. In 

conclusion, both the oxidation of the hydroxymethyl group on C6 and of the aldehyde group on 

C1 are visible in the cyclic voltammogram of platinum that can therefore oxidize C6 at lower 

overpotentials and C1 at higher overpotentials.  
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Figure 3.6. Voltammograms of gold electrode in 0.04 M a) glucose, b) glucuronic acid, c) gluconic acid and d) 

glucaric acid (solid lines) in alkaline medium (0.1 M NaOH) recorded at 10 mVs-1, at 20°C, compared with the 

blank solution (dashed lines). 

 

Finally, the electrocatalytic activity of gold was also studied in the solutions of the three glucose 

derivatives (Figure 3.6). Gold, in addition to exhibiting the highest electro-activity (excluding the 

undesired C-C cleavage at 1.8 VRHE, which is more pronounced on copper), also shows distinct 

oxidation peaks for the aldehyde and for the hydroxymethyl groups. It is easy to see that the 

oxidation processes at 0.55 VRHE, both in the anodic and in the cathodic scan (peaks A and E, 

respectively) only take place in the glucose and glucuronic acid solutions. For this reason we 

believe that they correspond exclusively to the oxidation of the aldehyde group. Peaks B and D, 

instead, are present in all the solutions. Nevertheless, peak B is significantly higher in the gluconic 

acid solution, and might thus be related to the oxidation of the hydroxymethyl group. Peak D, 

which was attributed to the reaction between free O2
- anions and glucose from the bulk, is slightly 

less pronounced in the gluconic acid solution, so might be attributed predominantly to the 

oxidation of the aldehyde group, and in a lesser extent to the hydroxymethyl functional group. In 

conclusion, as for platinum, both the oxidation of the hydroxymethyl group on C6 and of the 

aldehyde group on C1 are visible in the cyclic voltammogram of gold that can therefore oxidize 

C1 at lower overpotentials and C6 at higher overpotentials. 
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3.3.3 Long-term electrolysis 

In order to find the reaction conditions that inhibit the base-catalyzed isomerization of d-glucose 

to d-fructose and oxidative degradation to lower molar mass carboxylic acids, preliminary 

experiments were performed in absence of the catalysts at two different temperatures, 5 and 20°C. 

In absence of the base, glucose conversion did not occur, but in 0.1 M NaOH the sugar was quickly 

converted into a variety of products, mainly fructose but also gluconic acid, glycolic acid, tartaric 

acid glucaric acid, oxalic acid and formic acid. Except for one minor product that remained 

unidentified, the carboxylic acids were analyzed by HPLC: the selectivity and the conversion of 

glucose after 65 h of reaction in absence of the catalyst are presented in Table 3.1. The products 

whose concentration were below 100 ppm are indicated as “traces”. 

 
Table 3.1. Chromatographic analyses of the solutions of D-glucose after 65 h of reaction in absence of the catalyst at 

5 and 20°C. 

Product Selectivity (%) 

 5°C 20°C 

Glucaric acid traces traces 

Gluconic acid 10.7 4.6 

Formic acid traces traces 

Oxalic acid traces traces 

Tartaric acid traces 2.6 

Glycolic acid traces 6.0 

Fructose 79.8 84.5 

Glucose conversion (%) 18.4 46.3 

 
In the absence of the catalyst, the predominant product is D-fructose, as a consequence of the 

NaOH-catalyzed isomerization of d-glucose, and the conversion to this product increases with the 

reaction temperature. Besides, in accordance with previous studies [152], the aldose-ketose 

isomerization is accompanied by sugar degradation reactions, which lead to the production of low 

molar mass carboxylic acids (i. e. formic, oxalic, tartaric and glycolic acids) [152]. The authors 

[152] reported that the rate and extent of these side reactions are controlled mainly by the type of 

base cation, base concentration, and temperature. In particular, they indicate alkali and alkaline 

earth hydroxides as very active catalysts towards the isomerization reaction, but also unselective, 

promoting the oxidative degradations of glucose, especially when used at high concentration or 

for increased time and reaction temperature. In accordance with these previous studies, our 

experiments demonstrate that, at high concentration of the base and ambient temperature, the base-

catalyzed isomerization reaction, together with the (thermal) oxidative degradation of glucose, 

dramatically affect the performance of the electrocatalytic process since they consume almost 50% 

of the glucose in the solution. Therefore, mild reaction conditions and a low alkali concentration 

are advisable to limit these undesired side-reactions, which is why all following experiments were 

performed at 5 °C. In order to determine the electrooxidation products, D-glucose (0.04 M) was 

oxidized at copper, platinum and gold electrodes in 0.1 M NaOH medium (pH 13) by means of 

longterm electrolysis (65 h) at a temperature of 5 °C. After electrolysis, samples from the 
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electrolyzed solutions were analyzed by HPLC (Fig. 3.7 in SI). In all the experiments, the 

identified products were the same as the ones obtained in absence of the catalyst. The long-term 

electrolysis of D-glucose on copper was carried out at 0.84, 1.11, and 1.80 VRHE. The selectivity 

% of the products in the liquid phase after 65 h of reaction at 5°C is given in table 3.2. The products 

whose concentration is below 100 ppm are indicated as “traces”. 

 
Table 3.2 Chromatographic analyses of the solutions of D-glucose after 65 h electrolysis on Cu at 0.84 VRHE, 1.11 

VRHE and 1.80 VRHE at 5°C.  

Product Selectivity (%) 

 Eox=0.84 VRHE Eox=1.11 VRHE Eox= 1.80 VRHE 

Glucaric acid 38.4 26.8 12.2 

Gluconic acid 30.4 44.5 17.8 

Formic acid 13.9 15.2 54.2 

Oxalic acid traces traces traces 

Tartaric acid traces traces traces 

Glycolic acid traces traces traces 

 
Although a good selectivity to glucaric acid is achieved at the lower potentials, 0.84 and 1.11 VRHE, 

the catalyst activity is too low (i.e. limited current density of 0.1 mA cm-²) to achieve acceptable 

conversions (6.4% obtained at 0.84 VRHE and 7.5% at 1.11 VRHE). From the Cyclic Voltammetry 

study it was concluded that copper, at these potentials, corresponding to peak B and C in Figure 

3.2(a), oxidizes the C1 aldehyde group, which is confirmed by the results of the electrolysis. 

Moreover, the percentage of glucaric acid suggests that, at these potentials, also the C6 

hydroxymethyl group is able to complete its oxidation to carboxyl, which was not easily deducible 

from the CV. Finally, our hypothesis (based on CV combined with a literature study) that cuprite 

species, formed at 1.80 VRHE, are responsible for the cleavage of the C-C bonds and thus the 

formation of mainly formic acid is confirmed by the obtained high selectivity (> 50%) to this 

product at this potential. For gold and platinum a constant decrease of current density was observed 

during the electrolysis process, which was ascribed to active surface poisoning during the 

oxidation process. To avoid this poisoning, the electrolysis experiments were carried out using an 

optimized program of potential which included three potential plateaus, in order to maintain the 

electrode activity at a sufficient level [88, 159]. The oxidation plateau over 30 s was followed by 

a reactivation procedure consisting of two short potential pulses (1 s): one at 2.40 VRHE, that 

allowed to reactivate the electrode by clearing out the poisoning species, and the second at 0 VRHE 

that served to reduce the metal surface and allowed the adsorption of the organic molecule. These 

steps were repeated at the length of the experiments until 65 h passed. The electrolysis experiments 

of D-glucose on platinum were carried out at two oxidation potentials: 0.70 and 1.10 VRHE. The 

selectivity of the products in the liquid phase after 65 h of reaction at 5°C are given in table 3.3. 

The products whose concentration is below 100 ppm are indicated as “traces”.  
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Table 3.3. Chromatographic analyses of the solutions of D-glucose after 65 h electrolysis on Pt at 0.70 VRHE (Potential 

program 1) and 1.10 VRHE (Potential program 2) at 5°C. 

 

Product Selectivity (%) 

 Potential program 1 [a] Potential program 2 [b] 

Glucaric acid 12.6 6.3 

Gluconic acid 68.0 78.4 

Formic acid 12.0 7.8 

Oxalic acid traces traces 

Tartaric acid traces traces 

Glycolic acid traces traces 

[a] Potential program 1: 0.70 VRHE for 30 s, 2.40 VRHE for 1 s, 0 VRHE for 1 s. Initial conditions: 0.04 M D-

glucose in 0.1 M NaOH.  

[b] Potential program 2: 1.10 VRHE for 30 s, 2.40 VRHE for 1 s, 0 VRHE for 1 s. Initial conditions: 0.04 M D-

glucose in 0.1 M NaOH. 

For both oxidation potentials, gluconic acid is the main product of the electrochemical reaction as 

expected based on previous literature. Nevertheless, at the end of the electrolysis at 0.70 VRHE, a 

higher amount of glucaric acid and a lower amount of gluconic acid were detected, while the total 

amount of lower molar mass products remained the same. This confirms the results obtained from 

the cyclic voltammetry study: at this potential, corresponding to peak B in the voltammogram of 

platinum electrode (Figure 3.5(b)), both oxidations, of the aldehyde and of the hydroxymethyl 

groups, are promoted so that the intermediate product, d-gluconic acid, is able to further convert 

into the corresponding aldaric acid more effectively than at higher overpotentials (1.10 VRHE, peak 

C). The electrolysis of D-glucose on gold were carried out at two oxidation potentials: 0.55 and 

1.34 VRHE. The selectivity % of the products in the liquid phase after 65 h of reaction at 5 °C is 

given in Table 3.4. The products whose concentration is below 100 ppm are indicated as “traces”. 
 
Table 3.4 Chromatographic analyses of the solutions of D-glucose after 65 h electrolysis on Au at 0.55 VRHE (potential 

program 3) and 1.34 VRHE (potential program 4) at 5°C. 

Product Selectivity (%) 

 Potential program 3 [a] Potential program 4 [b] 

Glucaric acid traces 13.5 

Gluconic acid 86.6 65.8 

Formic acid 6.0 8.8 

Oxalic acid traces traces 

Tartaric acid traces traces 

Glycolic acid traces traces 

[a] Potential program 3: 0.55 VRHE for 30 s, 2.40 VRHE for 1 s, 0 VRHE for 1 s. Initial conditions: 0.04 M D-

glucose in 0.1 M NaOH.  
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[b] Potential program 4: 1.34 VRHE for 30 s, 2.40 VRHE for 1 s, 0 VRHE for 1 s. Initial conditions: 0.04 M D-

glucose in 0.1 M NaOH  

At lower oxidation potential, 0.55 VRHE, glucose converts exclusively to gluconic acid, while at 

higher potential, 1.34 VRHE, part of the glucose further converts into glucaric acid through 

oxidation of both, the aldehyde and the hydroxymethyl group. Again, the results of the electrolysis 

confirm our hypothesis based on the cyclic voltammogram of gold that can therefore oxidize C1 

at lower overpotentials, and C1 and C6 at higher overpotentials. As expected, for both oxidation 

potentials, gluconic acid is the main product of the electrochemical reaction. The electrolysis of 

D-glucose on Pt and Au over 65 h at 5°C was selective towards D-gluconic acid. The further 

oxidation of the latter to D-glucaric acid in these conditions was promoted at lower potentials on 

Pt (0.70 VRHE) and at higher potentials on Au (1.34 VRHE) and, in both cases, was accompanied by 

the formation of lower molar mass carboxylic acids (mainly formic acid). We suspect that the 

formation of products in which the molecular structure of d-glucose is disrupted (tartaric, glycolic, 

formic and oxalic acids), in all the experiments, might also occur due to the formation of small 

quantities of d-fructose in the reaction system. Indeed, despite minimalizing the chemical side-

reactions by optimizing the reaction conditions, 10 to 15% of the total glucose is still isomerized 

to d-fructose  at 5°, which is a reversible process. For this reason, we reported only the products 

of the electrochemical reaction. A participation of the ketose in the electrochemical reaction, could, 

indeed, have an impact on the product distribution. Our results demonstrate that the sole 

electrochemical reaction, performed in a simple H-cell on bare (unmodified) metal electrodes, i.e. 

platinum and gold, effectively yields gluconic and glucaric acid (more than 80% of the glucose  

reacted is converted to gluconic and glucaric acid) and that the selectivity towards one product or 

the other can be controlled by adjusting the electrochemical parameters. 

3.4 Conclusions 

The results of the cyclic voltammetry study performed in the three solutions containing 0.04 M of 

gluconic acid, glucuronic acid and glucaric acid in 0.1 M aqueous NaOH are confirmed by the 

electrolysis: the selectivity of the electrooxidation of D-glucose on copper, platinum and gold is 

potential-dependent. The potential-reactivity relationship of the functional group is verified for the 

three catalysts examined in this work. Gold is the catalyst with the highest activity and selectivity 

to gluconic and glucaric acid. In fact, for this electrode, at low potential, i.e. 0.55 VRHE, a current 

density of ~2 mA cm-2 is observed in the CV of glucose, and D-gluconic acid is the main product 

of long term electrolysis (with a selectivity of 86.6 % at 5 °C after 65 h). At higher potentials, i.e. 

1.34 VRHE, a current density of ~4 mA cm-2 is observed in the CV of glucose and D-gluconic acid 

is still the main product but a selectivity of 13.5% of D-glucaric acid shows that the produced 

gluconic acid undergoes further oxidation. An important impact of the applied potential was also 

found for the oxidation on platinum. As for gold, the main oxidation product is the intermediate 

d-gluconic acid, but, in this case, it is at lower potentials, i.e. 0.70 VRHE that it further oxidizes to 

D-glucaric acid (with a 12.6% of selectivity after 65 h). Copper is the least active catalyst of the 

ones examined in this work: even though the selectivity to d-glucaric acid is quite high at low 

potentials (38.4% at 0.84 VRHE and 26.8% at 1.11 VRHE), its activity (current density) is too low 

and the formation of C- C cleavage products too high. At the highest potential, i. e. 1.80 VRHE, the 

current density is high but here formic acid becomes the main oxidation product and the selectivity 

to d-gluconic acid and d-glucaric acid is very low. In conclusion, in this work we developed a 

method that allows a controlled, selective, oxidation of a highly functionalized compound as D-
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glucose, into two value-added products, D-gluconic acid and D-glucaric acid, in batch, using bare 

metals as heterogeneous catalysts and without making use of any mediator/oxidizing agent/co-

oxidant. The relationship between oxidation potential and reactivity of the functional groups 

demonstrated in this work, together with the findings on the role of the chemical side-reactions 

competing with the electrochemical process, open the doors to further developments, which are 

the subject of the next chapters: 1) the optimization of the operating conditions to maximize the 

selectivity to D-glucaric acid (chapter 4); 2) the up-scaling of the process through catalyst and 

reactor design (chapter 5). 

3.5 Supporting information 

HPLC graphs of the solutions of D-glucose after 65h electrolysis on copper, platinum and gold at 

each oxidation potentials examined in our study.  
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Figure 3.7. HPLC graphs of the reaction solutions after 65h electrolysis on (A) copper, (B) platinum and (C) gold. 
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Chapter 4 

 

 

 

Two-steps synthesis of D-glucaric acid via D-gluconic 

acid on gold electrode: influence of operational 

parameters 

 

 

 

 

 

 

 

This chapter has been published as a research paper: G. Moggia, J. Schalck, N. Daems, T. Breugelmans 

“Two-steps synthesis of D-glucaric acid via D-gluconic acid by electrocatalytic oxidation of D-glucose on 

gold electrode: Influence of operational parameters”, Electrochimica Acta, vol. 374 (2021) special issue: 

“Electrochemistry towards Excellence (ISE 2020)”, article number: 137852.  
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4.1 Introduction 

It is well known that gold is the most efficient electrocatalyst for glucose oxidation because of its 

high activity and stability in alkaline media [78]. In the previous chapter, we showed the 

correlation between oxidation potential and reactivity of the functional groups of the glucose 

molecule and highlight its role in the determination of the selectivity to gluconic and glucaric acid 

[168]. It is found that, in all cases, the predominant product is gluconic acid, which could indicate 

that the formation of glucaric acid is the rate-determining step [86, 88, 158, 159, 169–172]. 

However, it was also found that, while at low oxidation potential (~0.6 VRHE) the formation of D-

gluconic acid is predominant through the oxidation of the aldehyde group on C1, at higher potential 

(~1.3 VRHE) the oxidation of the hydroxymethyl group on C6, allows the further oxidation to D-

glucaric acid [168]. Based on these results, Au appears to be able to oxidize glucose to glucaric 

acid in two consecutive oxidation steps, each characterized by an oxidation potential: the first step 

allowing the oxidation of D-glucose to the intermediate D-gluconic acid and the second step 

completing the oxidation to D-glucaric acid.  

Besides the type of metal, the reaction conditions also play an important role in determining the 

efficiency of this process. In fact, it has been pointed out recently that the kinetics of glucose 

oxidation are strongly affected by the experimental conditions such as temperature, pH and glucose 

concentration [173, 174]. First of all, because glucose is consumed by two chemical reactions in 

alkaline media: i.e. the isomerization of D-glucose into D-fructose and its subsequent thermal 

oxidative degradation [152], whose kinetics are controlled by thermodynamic parameters and, for 

which, bases are common homogeneous catalysts [152]. Secondly, the presence of these chemical 

side-reactions, competing with the electrochemical one, has a dramatic impact on the selectivity 

of the process. Therefore, in this chapter, we systematically investigate the influence of different 

operational parameters, i.e., pH, initial substrate concentration, applied potential, reaction 

temperature and time, on both oxidation steps, to gain a better understanding of the reaction 

mechanism. Once the optimal operational parameters are selected, the two steps are carried out in 

cascade, to prove the ability of gold to oxidize glucose to gluconic acid and promote its further 

oxidation to glucaric acid. A final parameter, often overlooked, is the stability of the catalyst, 

which needs to be high in order for the catalyst to be effective.  This parameter is investigated here 

by measuring the quantity of Au leaching in the reaction solution and following the eventual loss 

of electrocatalytic activity during the long-term electrolysis. 

4.2 Experimental 

4.2.1 Chemicals and reagents 

The supporting electrolytes were prepared with ultrapure water (Synergy UV system), sodium 

carbonate (Sigma-Aldrich, 98%) and sodium hydroxide (Sigma-Aldrich, 98%). Anhydrous D-

glucose was purchased from VWR (99.5%), D-gluconic acid potassium salt (98%) and D-

saccharic acid potassium salt (98%) from Sigma Aldrich and D-gluconic acid sodium salt (99%) 

from Acros Organics. All chemicals were used without further modifications. 

4.2.2 Electrochemical setup 

Electrolysis measurements were conducted in an in-house designed and developed two-

compartment thermostated batch cell with a volume of 50 mL at the cathode side and 3.5 mL at 
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the anode, separated by a Nafion 117 cation-exchange membrane (Fig. 4.1). A cation-exchange 

membrane was used to allow only protons to move between compartments. Unless otherwise 

stated, the temperature was set at 20°C. 

 

Figure 4.1. Electrochemical set-up designed for the long-term electrolysis: (1) Pt counter electrode (CE), in the 

cathodic compartment; (2) Nafion membrane; (3) reference electrode (RE) and (4) working electrode (WE), both in 

the anodic compartment. 

A silver-silver chloride electrode (Ag/AgCl) and a platinum plate were used as reference and 

counter electrode, respectively. A gold (0.08 cm²) RDE purchased from AISI 304, Goodfellow 

was used as working electrode. The electrochemical instrumentation consisted of a Bio-Logic 

VSP-300 Potentiostat. All the electrode activities reported are represented with current densities 

(measured at the beginning of every electrolysis), utilizing the geometric area as active area and 

with respect to the reversible hydrogen electrode (RHE). The tested potential vs. Ag/AgCl was 

converted into potential vs. RHE using the Nernst equation (Eq. 14): 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + ln⁡(10) ∙
𝑅𝑇

𝐹
∙ ⁡𝑝𝐻 + 0.197                                                                              [14]                                                                       

 

With R being the universal gas constant (8.314472 J K-1 mol-1), F the Faraday constant (96485.332 

C mol-1) and T the temperature. 

Before every electrochemical measurement, the working electrode surface was carefully polished 

with aluminum (Φ 1 μm) slurry on a polishing cloth and then sonicated in MilliQ water for 5 min. 

Finally, the electrode was dried with high purity N2 (99.999%).    

 

4.2.3 Reaction procedure 

The long-term experiments (24 h) were carried out using a technique of potential-programmed 

electrolysis first developed by the authors Belgsir et al. and intended to keep the activity of the Au 

electrode high for long periods, by avoiding the blockage of the active sites by poisoning species 

[86]. The optimized potential program included three potential plateaus, in order to ensure an 

optimal electrocatalytic activity throughout the course of the experiment [88, 159, 168]. The 

oxidation plateau (30 s) was followed by a reactivation procedure consisting of two short potential 

pulses (1 s): one at 2.40 VRHE, that allowed to reactivate the electrode by clearing out the poisoning 

https://www.sciencedirect.com/topics/chemistry/working-electrode
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species, and the second at 0 VRHE that served to reduce the metal surface and allowed the adsorption 

of the organic molecule (Fig. 4.2). These steps were repeated over the whole course of the 

experiments. A CV was performed before each electrolysis to select the exact potential 

corresponding to the oxidation peak. The identification of reaction products was carried out by gas 

chromatography coupled with mass spectrometry (GC-MS) using an RXI-1ms (Restek) capillary 

(30 m, 0.32 mm i.d. and 0.25 µm film thickness). The electrolytic solutions were treated before 

analysis according to the following procedure: (1) the water was removed by lyophilization to 

leave dry samples of electrolyzed material. (2) This material was then trimethylsilylated using 

Supelco HMDS+TMCS+pyridine, 3:1:9 (Sylon HTP) Kit, as described in [165]. (3) The resulting 

materials were then analyzed by GC-MS. Authentic samples of the expected reaction products 

were also trimethylsilylated and their chromatographic data were used for the product 

identification. Moreover, to have an additional confirmation of the formation of gluconic and 

glucaric acid, we performed liquid chromatography mass spectrometry (LC-MS) analysis using an 

Acquity Arc UHPLC (Waters) fitted with a KC811 Ion-exclusion column (Shodex) and coupled 

to a QDa single quad mass spectrometer (Waters). Detailed procedure and results of this analysis 

are reported in the SI (Fig. 4.9 and 4.10), from which it can be concluded that gluconic and glucaric 

acid are indeed produced. 

 

Figure 4.2. The optimized potential program used for the long-term electrolysis (adapted from [86]). 
 

The quantification of the reaction products was performed by HPLC (Alliance 2695, Waters, USA) 

fitted with a Waters IC-Pak Ion Exclusion column (IC-Pak, Waters, USA) and equipped with a 

UV detector set at λ=210 nm and a refractive index (RI) detector. A solution with 0.1% v/v 

perchloric acid was used as the mobile phase at 1 mL min-1 flow rate. The instrument was 

calibrated with high purity standards purchased from Sigma Aldrich prior to product analysis. 

Authentic samples of D-glucose and of the expected reaction products were analyzed and their 

chromatographic data were used for the identification of the products present after reaction. The 

aqueous solutions of HPLC references were prepared from standard products >99% pure for 

gluconic, glucaric, glycolic, tartaric, formic and oxalic acids. The conversion (XG), productivity 

(Pi) and selectivity (Si) were calculated using the following equations (Eqs. 15-17): 
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𝑋𝐺(%) =
𝑛𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁡𝑖𝑛𝑖𝑡𝑖𝑎𝑙⁡−𝑛𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁡𝑓𝑖𝑛𝑎𝑙

𝑛𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁡𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∙ 100                                                                                                    [15]                                                                               

𝑃𝑖(%) =
𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡⁡⁡𝑖

𝑆𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡∙𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
∙ 100                                                                                                                       [16]                                                                                         

𝑆𝑖(%) =
𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡⁡𝑖

𝑛𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁡𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
∙
𝜇

𝜗
∙ 100                                                                                                                     [17]                                                                              

Where Scatalyst and telectrolysis are, respectively, the geometrical area of the catalyst (in cm2) and the 

electrolysis time (in h). The symbols µ and δ in Eq. 4 represent the stoichiometric coefficients of 

the reaction. All the measurements were performed three times and the errors measured on the 

values of conversion, selectivity and productivity were, in all cases, lower than 3%. The analysis 

of the gas phase was performed by Gas Chromatography (GC): no gaseous product was formed 

during the electrolysis. The pH was measured at the end of each electrolysis to check its possible 

development: in all experiments, no evident pH change was detected. 

 

4.2.4 Catalyst stability 

For the study of the catalyst stability, two deactivation parameters were analyzed in this work: 

dissolution and loss in current response. To determine the quantity of catalyst leaching, samples 

of the reaction solution, taken after prolonged electrolysis time (24h) were analyzed using an 

Agilent 7500 series inductively coupled plasma mass spectrometry (ICP-MS). The samples were 

diluted to a 1:20 ratio in a 2% HCl matrix and a calibration curve was fitted from 1 to 1000 ppb to 

determine the sample Au contents. Standards for gold were purchased from Alfa Aesar. In 

addition, the current density was monitored during the course of all the chronoamperometry 

experiments to detect any signs of activity loss. The results of cyclic voltammetry performed in a 

fresh solution before and after the prolonged electrolysis were compared to detect possible losses 

in catalyst activity. 

4.3 Results and discussion 

The anodic reactions taking place at the Au working electrode, leading to the formation of D-

gluconic acid (first reaction) and D-glucaric acid (second reaction) are illustrated in Fig. 4.3 and 

reported in Eq. 18-19 in SI. In the cathodic compartment, at the Pt counter electrode, the hydrogen 

evolution reaction (HER) takes place (Eq. 20 in SI) [175]. 
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Figure 4.3. The oxidation of D-glucose to D-glucaric acid in two-steps (for simplicity D-glucose is represented in 

the open-chain form). 

 

In the following paragraphs, we analyze single-variably the influence of pH, substrate 

concentration, applied potential, temperature and reaction time on the selectivity to D-gluconic 

acid (first process) and to D-glucaric acid (second process) by measuring the products of long-

term electrolysis. To do so, long-term electrolysis measurements were carried out under different 

operating conditions (i.e., pH, substrate concentration, cell voltage, temperature and reaction time) 

in the 3.5 mL anodic compartment. 
 

4.3.1 The oxidation of glucose to gluconic acid: impact of the operational 

parameters 

pH 

The D-glucose oxidation was studied under alkaline conditions, in a pH range between 11 and 13. 

In fact, it is well established that alkaline conditions are required for glucose electrooxidation 

since, at high pH, D-glucose is transformed into β-D-glucopyranose, its most active anomeric form 

[88, 159]. For this reason, only alkaline pH conditions were considered in this work. However, 

strong bases (like alkali bases, such as NaOH) also initiate glucose isomerization (production of 

D-fructose) and oxidative degradation reactions (production of low molar mass carboxylic acids 

i.e. formic and oxalic acid), which would result in a reduced glucose availability for the 

electrochemical oxidation [152]. For this reason, a weaker base, Na2CO3, was also used in the pH 

range between 11 and 12 and the results were compared with those obtained at higher pH using 

NaOH as electrolyte.  

The influence of the pH (11-13) on the 2-electron oxidation of glucose is represented in Fig. 4.4 

(selectivity) and Table 4.1 (conversion and productivity). The results confirm our initial idea that 

the pH has a strong impact on the products’ distribution: electrochemical product (gluconic acid) 

vs. chemical degradation products (fructose and small molar mass carboxylic acids). When a 

strong alkaline solution (high pH) is used as electrolyte, the selectivity to gluconic acid remains 

below 50%, while the selectivity to fructose goes up to 50% (Fig. 4.4). On the contrary, when a 

less strong base as Na2CO3 is used as electrolyte (lower pH), D-gluconic acid becomes the main 

product, reaching a selectivity up to 90% for pH 11.3 (Fig. 4.4). At the lowest concentration of 

Na2CO3 (0.01 M, pH 11.0), glucose conversion is very low due to both the poor conductivity of 

the solution and the small amount of glucose that is converted into active β-D-glucopyranose at 

this “low” pH (Table 4.1). Increasing the concentration of the base, Na2CO3, from 0.01 M (pH 
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11.0) to 0.1 M (pH 11.3), results in a higher amount of D-glucose that is converted into D-gluconic 

acid, as evidenced by the increase of glucose conversion and gluconic acid productivity (Table 

4.1). However, a further increase to 1.0 M Na2CO3 (pH 11.4) causes a decrease of the selectivity 

to D-gluconic acid until a value of 53.6%, indicating that isomerization and degradation reactions 

are taking over due to the high concentration of the base, which is a catalyst for these reactions. 

Furthermore, it is interesting to note that, while initially D-glucose conversion and D-gluconic acid 

productivity increase with the concentration of Na2CO3 (from, respectively, 5.7% and 1.1 mmol 

cm-2 h-1 at 0.01 M, to 23.3% and 4.7 mmol cm-2 h-1 at 0.1 M), for concentrations >0.5 M, both 

parameters drop to lower values (Table 1). The same trend is followed by the current density (Fig. 

4.11 in SI). One possible explanation is that  higher concentrations of electrolyte (Na2CO3 or 

NaOH) provide more reacting hydroxyl (OH-) species, which are essential for glucose oxidation 

[89, 99, 173, 176, 177], thus enhancing the reaction kinetic. But, as pointed out by the authors 

Holade et al., a too high concentration of electrolyte might decrease the number of active sites 

available for glucose adsorption, thus diminishing the cell performance [173]. This behavior of the 

current density with the electrolyte concentration (pH) had also been observed by the authors Tung 

et al. who attributed it to the passivation of the electrode by gold oxides [178]. From this analysis, 

we could conclude that, for this reaction step, Na2CO3 in concentrations of ca. 0.1 M, 

corresponding to a pH of ca 11.3, yields the highest selectivity and productivity (Table 4.1). All 

further experiments starting from glucose have been, therefore, conducted using 0.1 M Na2CO3 as 

electrolyte.  

 

Figure 4.4. Influence of the pH on the selectivity to D-gluconic acid (orange), D-fructose (green) and by-products 

(violet) for the oxidation of 0.04 M D-glucose on Au at 20°C after 24 h using the optimized potential program as 

described in 4.2.3. 
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Table 4.1. Summary of the results obtained in the glucose electrooxidation to gluconic acid in function of the pH. 

Operating conditions  Catalytic results 

ta  

(h) 

CG
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

 XG
e 

(%) 

SGO
f  

(%) 

PGO
g  

(mmol cm-2 h-1) 

24 0.04 Na2CO3 0.01 11.0 20  5.7 86.6 1.1 

24 0.04 Na2CO3 0.1 11.3 20  23.3 90.8 4.7 

24 0.04 Na2CO3 0.5 11.4 20  22.0 76.5 3.6 

24 0.04 Na2CO3 1.0 11.4 20  17.2 53.6 1.9 

24 0.04 NaOH 0.025 12.5 20  16.7 45.0 1.6 

24 0.04 NaOH 0.1 13.0 20  45.6 44.4 4.5 

a Reaction time, h; b Substrate (glucose) initial concentration, M; c Electrolyte concentration, M; d Reaction 

temperature, °C; e Glucose conversion, %; f Selectivity to gluconic acid, %; g Productivity of gluconic acid, mmol cm-

2 h-1. 

D-glucose initial concentration 

The initial D-glucose concentration was varied in the range 0.01-0.16 M. Fig. 4.5 shows the current 

density response to the variation of glucose concentration from 0.01 M to 0.16 M as derived from 

the peak potentials in the respective CV curves. The electrocatalytic activity values strongly 

increased with the initial D-glucose concentration up to 0.1 M, where the further increments get 

smaller and smaller, until a plateau is reached for concentrations >0.1 M (Fig. 4.5). The initial 

activity enhancement can simply be attributed to the presence of an increased reactant availability 

at the active surface and thus a decrease in the mass transfer limitations [178]. After the maximum 

performance is reached, further increase of the reactant concentration becomes ineffective. This 

saturation effect has been previously observed by the authors Kokoh et al. who studied the 

influence of the concentration of glucose (from 1 mM to 50 mM) on the reaction mechanism and 

kinetic on a pure gold anode by cyclic voltammetry [88]. Indeed, they found that, at low initial 

concentration of glucose, the reaction had order 1, while, at higher concentration, a saturation 

mechanism takes place, dropping the order to 0 [88]. There are simply not enough Au sites 

available to accommodate the growing number of glucose molecules, explaining this stagnation. 

The results of 24 h electrolysis experiments at various D-glucose initial concentrations are shown 

in Fig. 4.6 (selectivity) and Table 4.2 (conversion and productivity). It is observed that, at low 

initial concentration of glucose (0.01 M), the productivity of the electrochemical product, D-

gluconic acid, is low due to the mass transfer limitation (Table 4.2) and so is its selectivity. Due to 

the presence, in this system, of homogeneous side-reactions that compete with the electrochemical 

(heterogeneous) process, when increasing the initial concentration of glucose, a greater amount of 

reactant reaches the electrode surface, thus increasing the selectivity towards gluconic acid (Fig. 

4.6). Nevertheless, as for the current density, after a maximum value of 92.0% is reached at 0.07 

M initial D-glucose, a decrease in cell performance is observed for concentrations >0.1 M, until a 

selectivity as low as 60.7% is obtained at 0.16 M (Fig. 4.6). At the same time, glucose conversion 

and gluconic acid productivity also decrease, while the amount of fructose formed keeps increasing 

with the available amount of glucose in the solution (Table 4.2). Three possible explanations have 

been given for this behavior: 1) at high concentration of glucose, the coverage rate of the electrode 

surface is so high that the catalyst surface rapidly becomes saturated. 
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Figure 4.5. Current density response to the variation of initial glucose concentration derived from the respective 

cyclic voltammogram at 10 mVs-1 (Na2CO3 0.1 M). 

 

Under these conditions, the hydroxyl species cannot adsorb on the active sites, which diminishes 

the kinetics of the electrochemical reaction [173]; 2)  the second explanation is based on the fact 

that an increase of glucose concentration increases the viscosity of the solution, which hinders the 

mass transfer towards the Au active sites, required for the heterogeneous, electrochemical reaction. 

It must be pointed out that a decrease in cell performance at high concentrations has been observed 

for a wide range of systems of other organic molecules even when a flow cell is used [179–182]. 

Glucose, in particular, has a rather low diffusivity (D=6.9x10-10 m2 s-1) compared to other, smaller, 

organic molecules like, for example, formic acid, which has a diffusion coefficient of ca 14.7x10-

10 m2 s-1 [183–185]. So, especially in batch, it becomes clear why the system is subjected to such 

mass transfer limitations; 3) the third, and last, explanation is based on the fact that more fructose 

is also formed at higher glucose concentrations, which may occupy the Au active sites as such 

impeding adsorption of glucose [164]. 

From this section we could conclude that the initial glucose concentration is best taken in between 

0.04-0.1 M, as this yields the best performance in terms of selectivity (>90%) and productivity 

(>4.7 mmol cm-2 h-1) (Table 4.2). For this reason, we chose an initial concentration of glucose of 

0.04 M for all remaining experiments. 
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Figure 4.6. Selectivity to D-gluconic acid (orange), D-fructose (green) and by-products (violet) in dependence of 

initial amount of glucose. Reaction conditions: 0.1 M Na2CO3, 20°C, pH 11.3, 24h, using the optimized potential 

program as described in 4.2.3. 

 

Table 4.2. Summary of the results obtained in the glucose electrooxidation to gluconic acid in function of the initial 

concentration of glucose. 

  

Operating conditions  Catalytic results 

ta  

(h) 

CG
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

 XG
e 

(%) 

SGO
f  

(%) 

PGO
g  

(mmol cm-2 h-1) 

24 0.01 Na2CO3 0.1 11.3 20  43.3 73.5 1.8 

24 0.04 Na2CO3 0.1 11.3 20  23.3 90.8 4.7 

24 0.07 Na2CO3 0.1 11.3 20  17.6 92.0 6.2 

24 0.1 Na2CO3 0.1 11.3 20  15.5 90.8 7.6 

24 0.13 Na2CO3 0.1 11.3 20  10.8 84.0 6.4 

24 0.16 Na2CO3 0.1 11.3 20  4.7 60.7 2.4 

a Reaction time, h. b Substrate (glucose) initial concentration, M. c Electrolyte concentration, M. d Reaction 

temperature, °C. e Glucose conversion, %. f Selectivity to gluconic acid, %. g Productivity of gluconic acid, mmol cm-

2 h-1. 

Reaction temperature 

The influence of the reaction temperature on D-glucose oxidation to D-gluconic acid was studied 

in the range 5-50°C. Based on the electrocatalytic activity values derived from the voltammograms 

recorded at different temperatures, an Arrhenius plot was established for T>20°C (Fig. 4.12 in SI). 

The apparent activation energy was calculated to be 19.1 kJ mol-1 (using Eq. 21 in SI), confirming 

that the electrochemical process is dominated by the diffusion of the reactants and/or products, 

with a substantial contribution from adsorption [173, 186, 187]. 
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The obtained values of selectivity are shown in Fig. 4.7, while the values of conversion and 

productivity are given in Table 4.3. As expected, the selectivity to D-gluconic acid decreases with 

the reaction temperature, with the maximum of 97.6% reached at 5°C. In fact, higher temperatures 

promote the isomerization to fructose and the oxidative degradation reactions leading to low molar 

mass carboxylic acids (glycolic, oxalic, formic and tartaric acid), thus decreasing the selectivity to 

the electrochemical process. Moreover, while below 40°C the selectivity decreases only slightly 

with the temperature, remaining over 80%, at 50°C, in agreement with literature, the solution 

degrades rapidly assuming a yellowish color [164, 188] and the selectivity to gluconic acid drops 

to a value of ca 60% (Fig. 4.7).  

As for conversion, productivity (Table 4.3) and current density (results not shown) we observe 

slightly higher values at 5 and 10 °C compared to those at 20°C, and then again, an increase for 

T>20 °C, due to the increased reaction kinetics. A maximum conversion of 48.5% is reached at 

50°C, with as unfortunate downside that gluconic acid selectivity and productivity drop 

dramatically due to the above-mentioned rapid degradation of the solution. In fact, it seems that, 

from a certain point, by increasing the temperature, the rate of conversion of glucose into fructose 

increases so rapidly that it overtakes the electrochemical reaction (Table 4.3). This fluctuating 

behavior of the current density had been already observed in a previous study by the authors Yei 

et al., who interpreted it assuming an inhibiting effect on the electrocatalytic activity caused by 

the formation of fructose, that starts being pronounced above 20 °C [164]. They concluded that 

the real reactivity of glucose can only be observed at low temperatures (below 10 °C), where the 

rate of isomerization to fructose is negligible [164]. Then, above 20°C, the temperature raise 

affects the kinetics of the electrocatalytic reaction more strongly, resulting in an activity 

enhancement (Fig. 4.12 in SI) and increase of the conversion rate (Table 4.3). Our results seem to 

confirm these assumptions: at 5 °C, glucose conversion is 25 % but fructose has not formed, so 

the selectivity to gluconic acid is maximum (97.6 %). Instead, at 20 °C, despite the quantity of 

glucose converted is similar (23.3%), a greater amount of it is transformed to fructose which 

inhibits the productivity of gluconic acid (Table 4.3). Then, above 20 °C, both conversion and 

productivity increase again because of the improved reaction kinetics.  

From this analysis, we concluded that, if the aim is to obtain the maximum selectivity, the best 

temperature to work at is 5 °C, but to have the highest conversion rate and the highest productivity 

of gluconic acid, albeit losing a bit of selectivity, then 40 °C is the optimum. For our next 

experiments, we decided to work at ambient temperature, 20 °C. 
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Figure 4.7. Dependence of the selectivity to D-gluconic acid (orange), D-fructose (green) and by-products (violet) 

with the reaction temperature for the oxidation of 0.04 M D-glucose in 0.1 M Na2CO3 for 24 h using the optimized 

potential program as described in 4.2.3. 

 

Table 4.3. Summary of the results obtained in the glucose electrooxidation to gluconic acid in function of the reaction 

temperature. 

 

Operating conditions  Catalytic results 

ta  

(h) 

CG
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

 XG
e 

(%) 

SGO
f  

(%) 

PGO
g  

(mmol cm-2 h-1) 

24 0.04 Na2CO3 0.1 11.3 5  25.0 97.6 5.4 

24 0.04 Na2CO3 0.1 11.3 10  27.0 93.1 5.3 

24 0.04 Na2CO3 0.1 11.3 20  23.3 90.8 4.7 

24 0.04 Na2CO3 0.1 11.3 30  34.5 88.6 6.5 

24 0.04 Na2CO3 0.1 11.3 40  41.9 84.6 7.6 

24 0.04 Na2CO3 0.1 11.3 50  48.5 59.3 6.1 

a Reaction time, h. b Substrate (glucose) initial concentration, M. c Electrolyte concentration, M. d Reaction 

temperature, °C. e Glucose conversion, %. f Selectivity to gluconic acid, %. g Productivity of gluconic acid, mmol cm-

2 h-1. 

Oxidation potential and reaction time 

Next, the analysis of the impact of the applied potential on the selectivity of the reaction was 

conducted using the optimized potential program as described in 4.2.3. The results (shown in Table 

4.8. in the SI) highlight that, whatever potential is chosen, as long as it stays within the oxidation 

peak, the selectivity remains about the same. It was thus concluded that this parameter does not 

have a significant impact on the outcome of the first reaction step. 

Finally, the impact of the reaction time was investigated and, for this, the Au catalyst was tested 

for prolonged reaction times using the optimized potential program as described in 4.2.3) to 

evaluate the evolution of the products over time and to assess the deactivation behavior. 

Conversion and selectivity to gluconic acid as a function of time are shown in Fig. 4.8 in while the 
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productivity values are reported in Table 4.4. The maximum selectivity to gluconic acid (ca. 98%) 

was obtained for low reaction times (6 h). After 12 h, the selectivity decreases to ca. 90%, where 

it remains constant for the remainder of the electrolysis experiment. The cause for this higher 

selectivity at short reaction times could either be attributed to the fact that fructose and by-products 

are not formed yet at this point due to the slower kinetics of the catalytic reactions or simply 

because their presence cannot be detected by the analytical instrumentation as these compounds 

have a higher detection limit (~10 ppm).  

Glucose conversion increases continuously with time (Fig. 4.8), although, a slight reduction of the 

conversion rate discovered after 24 h of electrolysis was attributed to the limited mass transfer in 

the batch cell due to the reduced concentration of glucose in the solution at this point. A logarithmic 

fit was calculated for the values of glucose conversion and the resulting curve is shown in Fig. 4.8. 

In an optimal process, the electrolysis should be stopped after 18-24 h because, in this range, a 

good value of conversion is reached (~20 %) and the conversion rate is still high.  

 
Figure 4.8. Variation with the reaction time of glucose conversion (black line) and gluconic acid selectivity (red 

line). 

The LC-MS Chromatogram of the product solution of 24 h electrolysis of a starting solution 0.04 

M D-glucose in 0.1 M Na2CO3 at 20 °C is reported in Fig. 4.13 of the SI showing the formation of 

gluconic acid and no trace of glucaric acid, proving that gluconic acid is the product of the 

electrolysis of glucose. The HPLC spectrum with all the products resulting from the electrolysis 

of glucose at 0.6 VRHE is reported in Fig. 4.14(a) in the SI. 
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Table 4.4. Summary of the results obtained in the glucose electrooxidation to gluconic acid in function of the reaction 

time. 

 

Operating conditions  Catalytic results 

ta  

(h) 

CG
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

 XG
e 

(%) 

SGO
f  

(%) 

PGO
g  

(mmol cm-2 h-1) 

6 0.04 Na2CO3 0.1 11.3 20  3.6 98.1 0.8 

12 0.04 Na2CO3 0.1 11.3 20  11.1 89.6 2.1 

18 0.04 Na2CO3 0.1 11.3 20  17.0 89.6 3.1 

24 0.04 Na2CO3 0.1 11.3 20  23.3 90.8 4.7 

48 0.04 Na2CO3 0.1 11.3 20  30.6 90.0 6.1 

a Reaction time, h. b Substrate (glucose) initial concentration, M. c Electrolyte concentration, M. d Reaction 

temperature, °C. e Glucose conversion, %. f Selectivity to gluconic acid, %. g Productivity of gluconic acid, mmol cm-

2 h-1. 

4.3.2 The oxidation of gluconic acid to glucaric acid: impact of the operational 

parameters 

As done for the first oxidation step, we also investigated the impact of the operational parameters 

(pH, gluconic acid initial concentration, reaction temperature and time) on the performance of the 

second oxidation reaction (results shown in Table 4.5). In this case, contrary to the oxidation of 

glucose, gluconic acid is stable in alkaline solution, so, it does not undergo degradation.  

Table 4.5. Summary of the results obtained in the gluconic acid electrooxidation to glucaric acid, at 1.3 VRHE, in 

function of pH, gluconic acid initial concentration, reaction temperature and time. 

 

Operating conditions  Catalytic results 

ta  

(h) 

CGO
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

 XGO
e 

(%) 

SGA
f  

(%) 

PGA
g  

(mmol cm-2 h-1) 

24 0.04 Na2CO3 0.1 11.5 20  2.6 66.3 0.4 

24 0.04 NaOH 0.025 12.5 20  4.1 72.3 0.6 

24 0.04 NaOH 0.1 13.0 20  7.4 60.4 0.9 

24 0.04 NaOH 0.8 13.5 20  15.6 60.6 1.9 

         

24 0.01 NaOH 0.025 12.5 20  21.0 75.2 0.8 

24 0.07 NaOH 0.025 12.5 20  1.9 72.3 0.5 

         

24 0.04 NaOH 0.025 12.5 10  4.5 76.1 0.7 

24 0.04 NaOH 0.025 12.5 40  6.4 72.7 0.9 

         

6 0.04 NaOH 0.025 12.5 20  0.8 64.1 0.1 

18 0.04 NaOH 0.025 12.5 20  3.0 73.0 0.4 

a Reaction time, h. b Substrate (gluconic acid) initial concentration, M. c Electrolyte concentration, M. d Reaction 

temperature, °C. e Gluconic acid conversion, %. f Selectivity to glucaric acid, %. g Productivity of glucaric acid, mmol 

cm-2 h-1. 
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It was found that none of the operational parameters examined had an appreciable impact on the 

selectivity of this process. The only observable trend is an increase of gluconic acid conversion 

with the pH and with the reaction temperature (Table 4.5). It is possible that, as for the oxidation 

of glucose to gluconic acid, the presence of more reacting hydroxyl (OH-) species and higher 

temperatures enhance the reaction kinetics, thus increasing the conversion rate. However, while, 

on one hand, pH, substrate initial concentration, reaction temperature and time had no substantial 

effect (Table 4.5), the applied potential seems to play an important role in the determination of the 

products’ distribution, and thus on the selectivity (Table 4.6). In fact, the selectivity to glucaric 

acid varies from a minimum of 64.9% obtained at 1.4 VRHE, to a maximum of 89.5% reached at 

1.1 VRHE. It has been reported in literature that, depending on the applied potential, three species 

of Au are involved in the oxidation of glucose in alkaline media [89, 99, 173, 176, 177]: Au metal, 

around 0.6 VRHE (peak 1 in Fig. 4.15(a) in SI), which, in our work, is responsible for the oxidation 

of glucose to gluconic acid; Au(OH)x, around 1.1 VRHE (left shoulder of peak 2 in Fig. 4.15(a) and 

(b) in SI); and AuOx, around 1.3 VRHE (peak 2 in Fig. 4.15(a) and (b) in SI). The authors Holade 

et al. performed chronoamperometry experiments coupled with FTIR spectroscopy and 

chromatographic analysis of the products to monitor glucose electrooxidation reaction at various 

electrode potentials, from 0.2 to 1.4 VRHE [173]. Surprisingly, although the CA results changed 

from one potential to another, they did not report any appreciable difference in the distribution of 

the products [173]. In our case, for the oxidation of gluconic acid, the applied potential for the 

electrolysis does have an impact on the products’ distribution. We believe that this variation is 

ascribed to distinct reaction mechanisms taking place at the different Au oxide species. Similarly, 

also Belgsir et al. reported a variation of the product distribution (selectivity) with the potential at 

which the glucose oxidation reaction was conducted (0.5, 0.6, and 0.9 VRHE) for a system 

consisting of Au modified with Pb adatoms [86]. 

Table 4.6. Summary of the results obtained in the gluconic acid electrooxidation to glucaric acid in function of the 

applied potential. 

 

 Operating conditions  Catalytic results 

ta  

(h) 

CGO
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

Ee 

(VR

HE) 

 XGO
f 

(%) 

SGA
g 

(%) 

PGA
h  

(mmol cm-2 h-1) 

24 0.04 NaOH 0.025 12.5 20 1.0  3.2 84.6 0.6 

24 0.04 NaOH 0.025 12.5 20 1.1  4.6 89.5 0.8 

24 0.04 NaOH 0.025 12.5 20 1.2  4.9 82.0 0.8 

24 0.04 NaOH 0.025 12.5 20 1.3  4.1 72.3 0.6 

24 0.04 NaOH 0.025 12.5 20 1.4  3.2 64.9 0.4 

a Reaction time, h. b Substrate (gluconic acid) initial concentration, M. c Electrolyte concentration, M. d Reaction 

temperature, °C. e Oxidation potential, VRHE. f Gluconic acid conversion, %. f Selectivity to glucaric acid, %. g 

Productivity of glucaric acid, mmol cm-2 h-1. 

However, as it is evidenced by the very low values of conversion obtained in all experiments, 

independent on the reaction conditions/time (Table 4.6), for this reaction step there was a limit on 

the maximum achievable concentration of glucaric acid, which was rather low (~ 1.2 mM). In 

addition to this, we noticed that the current density decreased drastically already in the first hours 

of electrolysis (Fig. 4.16 in SI), where the reaction, in fact, stopped, which explains also the very 
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low productivity values. This behavior indicates a deactivation process, involving the Au catalyst, 

which will be further discussed in paragraph 4.3.4, “Catalyst stability”. 

The LC-MS Chromatogram of a sample of the starting solution of 0.04 M gluconic acid in 0.025 

M NaOH and of the solution resulting from 24 h electrolysis at 20°C are reported in Fig. 4.17 and 

4.18 in the SI. While Glucaric acid is not detected in the starting solution, it is present in the 

solution resulting from the electrolysis, proving that it is product of the electrolysis of gluconic 

acid. The HPLC spectrum with all the products resulting from the electrolysis of gluconic acid at 

1.1 VRHE is reported in Fig. 4.14(b) in the SI. 

4.3.3 The two steps in cascade 

Despite the limit in the achievable concentration of glucaric acid due to the deactivation 

phenomena, we did attempt the two electrolysis steps in cascade as proof of concept. A set of 

optimal operating parameters was selected to first convert D-glucose to D-gluconic acid at 0.6 

VRHE, the potential corresponding to this oxidation step, and then to convert the latter to glucaric 

acid, at 1.1 VRHE. A concentration of 0.1 M Na2CO3 (corresponding to pH 11.3) was chosen for 

the electrolyte because it gave the best selectivity to gluconic acid (Table 4.1). The quantity of 

glucose converted to gluconic acid in the first step had to be high enough to guarantee a sufficient 

concentration of gluconic acid in solution to initiate the second oxidation step and to allow accurate 

detection of the final products by the analytical device. For this reason, the first electrolysis step 

was conducted at 40°C for 48h, starting from a solution of 0.1 M glucose (all values corresponding 

to the maximum productivity, see Table 4.2-4.3-4.4). Therefore, after 48h, the second electrolysis 

was immediately started by switching the oxidation potential from 0.6 VRHE (used for the first step) 

to 1.1 VRHE, which was kept for an additional 18 h of electrolysis, without modification of any of 

the other reaction parameters. In fact, after 18 h the catalyst was completely deactivated, as the 

current density dropped to zero, so the electrolysis was stopped. 

The results, reported in Table 4.7, show that only 2.4% of the gluconic acid formed in the first 

reaction step is converted to glucaric acid in the second oxidation step, with a selectivity of 89.0%. 

Table 4.7. Summary of the results of the cascade process. 

 

Oxidation 

step  

 Catalytic results 

Nr XG
a 

(%) 

SGO
b 

(%) 

XGO
c 

(%) 

SGA
d 

(%) 

PGO
e  

(mmol cm-2 h-1) 

PGA
f  

(mmol cm-2 h-1) 

1 17.5 83.9 - - 3.8 - 

2 25.0 87.4 2.4* 89.0* 4.1 0.2 

a Glucose conversion, %. b Selectivity to gluconic acid, %. c Gluconic acid conversion, %. d Selectivity to glucaric 

acid, %.  e Productivity of gluconic acid, mmol cm-2 h-1. f Productivity of glucaric acid, mmol cm-2 h-1. *These results 

refer to the sole oxidation of gluconic acid. 

In fact, while the first oxidation proceeds rather effectively, with 17.5% of the initial glucose 

converted mainly to gluconic acid (83.9% of selectivity), the second reaction step is characterized 

by a very limited productivity (only 0.2 mmol cm-2 h-1), which is justified considering that the 

reaction actually starts slowing down already after a few hours of electrolysis due to deactivation 

of the catalyst.  
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It is important to point out that, during the second oxidation step, at the constant potential of 1.1 

VRHE, gluconic acid is still produced by the much easier oxidation of the aldehyde group on C1. In 

fact, as we showed in our previous work, at this potential, gold is able to oxidize both the aldehyde 

group on C1 and the hydroxymethyl group on C6 [168]. The final conversion of glucose, obtained 

with the two electrolysis in cascade, is 25%, with a total selectivity to gluconic acid of 87.4%, 

which remains, for the major part, unreacted. 

In the next paragraph we investigate the catalyst stability and try to address the cause of the rapid 

deactivation of the catalyst during the second oxidation step. 

4.3.4 Catalyst stability 

The stability of the Au catalyst was studied in two ways: firstly, by comparing the activity of the 

electrocatalyst before and after electrolysis, secondly by measuring the dissolution of the active 

phase in the reaction solution after long electrolysis times. The comparison of the CVs of Au in a 

fresh solution of 0.04 M glucose and 0.1 M Na2CO3 recorded before and after 48h electrolysis at 

0.6 VRHE (Fig. 4.15(a) in SI), evidences no loss of electrocatalytic activity during the oxidation of 

glucose to gluconic acid, mainly thanks to the use of the potential-program that assures the cleaning 

of the electrode surface after each electrolysis sequence (see “Experimental” section). On the other 

hand, the CVs of Au in a fresh solution of 0.04 M gluconic acid and 0.025 M NaOH recorded 

before and after 18h electrolysis at 1.1 VRHE (Fig. 4.15(b) in SI) appear different, with a larger left 

shoulder and a surprisingly higher current density in the CV of the recovered catalyst (which was 

thoroughly rinsed with MilliQ water before the CV). This might be explained assuming that, after 

one cycle of electrolysis, a greater amount of hydroxyl (OH-) species adsorbed onto the catalyst’s 

surface to form active Au(OH)x species, thus increasing its activity. 

Next, in order to exclude possible losses of gold active phase due to dissolution, the reaction 

solution was analyzed after electrolysis with ICP-MS to determine the quantity of metal leaching. 

The results, shown in Table 4.9 in the SI, indicate no significant loss of metal during both 

oxidations, confirming the inherent stability of the catalyst itself.  

 

A recent review article from the authors Iglesias et al., reports that, due to the blockage of the 

catalyst active sites by strongly adsorbed glucaric acid, the oxidation of gluconic acid requires 

more drastic conditions than that of glucose [57]. The results to which they refer are those from 

the authors Lee et al., who estimated the free energy of adsorption of various compounds on a Pt 

catalyst in the aerobic oxidation of glucose to glucaric acid, in order to rationalize an observed 

difference in reactivity of the aldehyde group of glucose and of the –CH2OH of gluconic acid [72]. 

They found out that the C=O group interacts more strongly with the catalyst compared to the 

alcoholic group thus, while glucose and gluconic acid adsorb with similar strengths, glucaric acid 

adsorbs more strongly [72]. As a consequence, glucaric acid may block the active sites and slow 

down the reaction [72]. Moreover, they also ascribe the lower oxidation rate of gluconic acid, 

compared to that of glucose, to the slow kinetics of the dehydrogenation of –CH2OH as compared 

to –CHO, which is an important step for activating the molecule and is unnecessary in the oxidation 

of glucose to gluconic acid [72]. In light of their results, we suspected that the same phenomena 

as observed for Pt are also at play here for Au and were responsible for the deactivation 

encountered during our experiments. To verify this hypothesis, we conducted some additional 

tests.  
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First, a sample of water, brought in contact with the catalyst right after the electrolysis, was 

analyzed with HPLC to evaluate the presence of glucaric acid coming off the catalyst. Glucaric 

acid was found in the sample at concentrations comparable to those measured in the bulk after the 

electrolysis, thus providing a first proof for our hypothesis. Secondly, an electrolysis experiment 

was performed starting from a solution of gluconic acid containing already a small amount of 

glucaric acid, to see if the presence of glucaric acid at the beginning of the electrolysis inhibited 

the reaction already from the start of the experiment. Indeed, we observed that in the cyclic 

voltammetry study (Fig. 4.19 in SI) in presence of glucaric acid, the current density corresponding 

to the oxidation peak is much lower than in its absence, meaning that the glucaric acid introduced 

in the solution may adsorb onto the catalyst surface, thereby deactivating it. The subsequent 

electrolysis showed a very low starting current (as compared to that in the glucaric acid free 

solution) which further decreased during the experiment. The products analysis confirmed our 

conclusion: at the end of the electrolysis, we measured a lower concentration of glucaric acid 

compared to that introduced at the start, thus indicating that part of it may have remained on the 

Au surface, as such deactivating it. This further confirmed our original hypothesis that glucaric 

acid acts as an inhibitor through fouling of the Au surface.  

In case of physical adsorption, an easy solution would be working in a flow configuration, as this 

might shift the equilibrium towards desorption as a consequence of the constant product removal 

and/or enhanced mass transport (away from the surface). To verify if an increased mass transfer 

could facilitate the glucaric acid desorption, we conducted an electrolysis (24h, 20°C, starting 

solution: 0.04 M gluconic acid in 0.025 M NaOH) with a rotating disk electrode. The results 

showed, again, the occurrence of Au deactivation as similar glucaric acid productivity and 

concentration were achieved.  

So, in conclusion, the deactivation of the catalyst during the oxidation of gluconic acid to glucaric 

acid may be ascribed to fouling by glucaric acid, which once formed, remains on the catalyst 

surface, blocking it.  

 

This work was intended to gain an understanding on the electrooxidation of glucose to glucaric 

acid on gold using a 2-steps process, thus, the use of a simple Au flat electrode in a batch reactor 

was suitable for such small-scale application. Although, to increase the productivity and assess the 

performance of this catalytic technology, we intend to 1) synthesize an Au-based catalyst 

characterized by higher electrocatalytic activity and stability and 2) scale the process to an 

industrial-like level by applying flow conditions. To improve the catalyst’s activity and stability, 

we will modify the catalyst’s morphology, increasing its electroactive surface area, and 

composition, to prevent occurrence of deactivation processes. 

One method to avoid deactivation could be to alloy gold with a second metal. For example, 

Rafaïdeen et al. demonstrated that alloyed PdAu bimetallic nanocatalysts own a much higher 

stability and selectivity compared to the corresponding monometallic systems proposed in 

literature under similar experimental conditions [189]. Another way, often reported in literature, 

to minimize deactivation and improve the selectivity is adding a promoter to the catalytic system, 

such as Bi or Pb [86, 190–195]. This should thus be investigated further under the ideal conditions 

found in this work to further advance the field of glucose to glucaric acid oxidation.  
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4.4 Conclusions 

In conclusion, we reported a novel, two-steps oxidation of D-glucose to D-glucaric acid using a 

bare Au electrode in a batch cell. The impact of the operating parameters has been investigated for 

both oxidation steps to understand the reaction mechanisms and identify the conditions that 

maximize the selectivity. In the glucose electrooxidation to gluconic acid, pH, glucose initial 

concentration, reaction temperature and time had a major impact on selectivity and conversion. A 

maximum 97.6% selectivity at pH 11.3, 0.04 M initial glucose and 5°C was achieved, which, to 

the best of our knowledge, is the highest value ever obtained in literature for the electrochemical 

process. Higher temperatures increase the conversion rate but cause also the rapid degradation of 

glucose due to the increased kinetics of the chemical side-reactions (48.5% conversion is achieved 

at 50°C after 24h but the selectivity drops to 59.3%). Similarly, by increasing the pH, glucose 

conversion also increases (up to 45.6% at pH 13.0), but the selectivity to gluconic acid drops to 

44.4% due to an excessive adsorption of the hydroxyl ions (OH-) onto the Au surface which 

decreases the number of active sites available for glucose, thus diminishing the cell performance. 

The electrolysis of more concentrated solutions of glucose resulted in a lower selectivity to 

gluconic acid because of the rapid saturation of the catalyst surface and increased viscosity of the 

solution, which hinders the mass transfer towards the Au active sites, thus limiting the 

(heterogeneous) electrochemical reaction. Finally, it was found that, while the selectivity remains 

constant even for prolonged reaction time (up to 48 h), glucose conversion continuously increases, 

with a slight reduction of the conversion rate due to mass transfer limitations. As for the oxidation 

of gluconic acid to glucaric acid, a variation of the products’ distribution was observed when 

changing the potential at which the gluconic acid oxidation reaction was conducted. A maximum 

selectivity of 89.5%, one of the highest reported in literature, was obtained at 1.1 VRHE, where 

Au(OH)x is the main species of gold involved in the catalytic process. In this case, no chemical 

side-reaction competed with the electrochemical process, because gluconic acid is stable in 

alkaline media. Therefore, none of the operational parameters examined (pH, gluconic acid initial 

concentration, reaction temperature and time) had a significant impact on the products’ 

distribution. Nevertheless, higher pH and temperature slightly affected the reaction kinetics, thus 

increasing the conversion rate. In all cases, a very limited concentration of glucaric acid was 

obtained due to an early deactivation of the Au electrode, which may be ascribed to fouling by 

glucaric acid itself. Importantly, no Au leaching was detected during both oxidation reactions and 

the catalyst itself remained active after long electrolysis time (after rinsing product off). In the next 

chapter, we focus on improving the catalyst morphology aiming at higher EASA compared to that 

of the bulk electrode.  
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4.5 Supporting information 

 

Figure 4.9. Chromatogram of a high purity standard mixture of glucaric and gluconic acid. Glucaric acid is 

observed at 10.9 min in the mass chromatogram taken at m/z 233. Gluconic acid is observed at 12.5 min in the mass 

chromatogram taken at m/z 219. 

The liquid chromatography mass spectrometry (LC-MS) analysis was conducted using an Acquity Arc UHPLC 

(Waters) fitted with a KC811 Ion-exclusion column (Shodex) and coupled to a QDa single quad mass spectrometer 

(Waters). A solution of 10mM formic acid in water was used as the mobile phase.  In a high purity standard mixture 

of glucaric and gluconic acid, both compounds were observed as the M+Na ion at resp. m/z 233 and m/z 219 (Fig. 1 

and 2). In addition, the mass spectrum of glucaric acid showed the formation of M+Na-H2O and M-H+CH3COOH 

(Fig. 2(a)), which are all expected to be present. Since the sensitivity was best for M+Na m/z, the mass chromatograms 

for subsequent samples were extracted at these masses.  Samples were diluted 100 times in LC-MS grade water before 

measurements. 
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Figure 4.10. Mass spectra of a) the glucaric acid peak, appearing at 10.9 min retention time, and b) the gluconic acid 

peak, at 12.5 min. retention time, obtained from authentic samples of high purity standards. In the mass spectrum of 

glucaric acid, the M+Na ion is observed at m/z 233, as well as the M+Na-H2O ion (m/z 215) and the M-

H+CH3COOH ion (m/z 255). In the mass spectrum of gluconic acid, only the M+Na ion is observed at m/z 219 

 

Anodic and cathodic reactions involved in the glucose electrooxidation process. 

At the anode, the oxidation reactions take place at the Au working electrode: 

 
𝐶6𝐻12𝑂6 + 𝐻2𝑂 → 𝐶6𝐻12𝑂7 + 2𝐻+ + 2𝑒−⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ [18] 
 
𝐶6𝐻12𝑂7 + 𝐻2𝑂 → 𝐶6𝐻10𝑂8 + 4𝐻+ + 4𝑒−⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡     [19]                                                                      
 

The H+ ions generated by the oxidation reactions at the anode, can diffuse through the cation-

exchange membrane to the cathodic compartment where the Hydrogen evolution reaction (HER) 

takes place at the Pt counter electrode: 

𝑛𝐻+ + 𝑛𝑒− →
𝑛

2
𝐻2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡        [20]                                                                                                                
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Figure 4.11. Current density response to the variation of the electrolyte concentration, so of the pH, derived from 

the respective cyclic voltammograms recorded at 10 mVs-1, 20°C, in a solution with 0.04 M of glucose. The red line 

represents the values of current density obtained with Na2CO3 as electrolyte while the black line is that obtained 

with NaOH. 

 

Figure 4.12. Arrhenius plot derived from the cyclic voltammograms of Au in a solution 0.1 M Na2CO3 and 0.04 M 

glucose, recorded at 10 mVs-1 at various temperatures (in the range 20-50 °C). 

 

Equation to calculate the apparent activation energy [186]: 

𝐸𝑎 = 𝑅 (
𝑑(𝑙𝑛 𝑗)

𝑑(1/𝑇)
)                                                                                                                                        [21] 

Where j is the current density, R the ideal gas constant and T the temperature. 
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Table 4.8. Summary of the results obtained in the glucose electrooxidation to gluconic acid in function of the applied 

potential. The table shows that the variation of the potential applied for the electrolysis, within the oxidation peak, has 

no appreciable impact on glucose conversion nor on D-gluconic acid selectivity and productivity. 

 Operating conditions  Catalytic results 

ta  

(h) 

CG
b 

(M) 

CE
c  

(M) 

pH Td 

(°C) 

Ee 

(VR

HE) 

 XG
f 

(%) 

SGO
g 

(%) 

PGO
h  

(mmol cm-2 h-1) 

24 0.04 Na2CO3 0.1 11.3 20 0.5  3.6 6.0 83.7 

24 0.04 Na2CO3 0.1 11.3 20 0.6  11.1 5.7 86.6 

24 0.04 Na2CO3 0.1 11.3 20 0.8  30.6 6.1 84.9 

a Reaction time, h. b Substrate (glucose) initial concentration, M. c Electrolyte concentration, M. d Reaction 

temperature, °C. e Oxidation potential, VRHE. f Glucose conversion, %. g Selectivity to gluconic acid, %. h 

Productivity of gluconic acid, mmol cm-2 h-1. 

 

 

Figure 4.13. Chromatogram of the product of 24 h electrolysis of a starting solution 0.04 M D-glucose in 0.1 M 

Na2CO3 at 20 °C. No trace of glucaric acid is observed in the mass chromatogram taken at m/z 233, while, in the 

mass chromatogram of m/z 219, the product peak at 12.5 min retention time coincides with that found for gluconic 

acid (Fig. 4.9 (blue trace)), proving that gluconic acid is the product of the electrolysis of glucose. 
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Figure 4.14. HPLC spectrum of the products resulting from the electrolysis of glucose (a) and of gluconic acid (b), 

respectively at 0.6 and 1.1 VRHE. 
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Figure 4.15. Cyclic voltammograms (II cycles) of Au electrode in a fresh solution of a) 0.1 M Na2CO3 and 0.04 M 

glucose and b) 0.025 M NaOH and 0.04 M gluconic acid recorded at 20 mV s-1 and 20°C, before (blue line) and 

after (red line) electrolysis at a) 0.6 VRHE (for 48h) and b) 1.1 VRHE (for 18h). Prior use, the recovered electrodes 

were thoroughly rinsed with MilliQ water 
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Figure 4.16. Comparison of Chronoamperometry data before (left) and after (right) 18h electrolysis at the potential 

of 1.1 VRHE, corresponding to the second oxidation step. The graphs highlight the important loss of current density 

registered during this oxidation step. The current density decreases constantly from the initial value of ~2.0 mA cm -2 

until a practically null value, at the end of the electrolysis. 

 

Figure 4.17. Chromatogram of a sample of the starting solution of 0.04 M gluconic acid in 0.025 M NaOH. In the 

mass chromatogram of m/z 233 (red trace) no product peak is observed, which indicates absence of glucaric acid. 

Gluconic acid is observed at 12.5 min in the mass chromatogram taken at m/z 219. 

 

Figure 4.18. Chromatogram of the sample of 24 h electrolysis of a solution 0.04 M gluconic acid in 0.025 M 

NaOH at 20 °C. Glucaric acid, not detected in the starting solution, is present here at 10.9 min in the mass 

chromatogram taken at m/z 233, proving that it is product of the electrolysis of gluconic acid. Gluconic acid 

unreacted is observed at 12.5 min in the mass chromatogram taken at m/z 219. 
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Table 4.9. The table shows the amount of Au dissolved in the reaction solution (in ppm) before (Initial concentration) 

and after (Final concentration) each electrolysis. In both cases, the Au leaching is irrelevant. 

 Initial concentration [ppm] Final concentration [ppm] 

1st Oxidation step 
0.0 0.0 

Cascade process 
0.0 0.619 

 
Figure 4.19. Cyclic voltammograms (V cycles) of Au electrode in 0.04 M gluconic acid and 0.025 M NaOH 

recorded at 20 mV s-1 and 20 °C, without (grey line line) and with (red line) 0.01 M glucaric acid. The graph shows 

that, in the presence of glucaric acid, the current density corresponding to the oxidation peak drops as a consequence 

of the passivation of the Au surface. 
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Chapter 5 

 

 

 

Synthesis, Characterization of a Highly Electroactive 

Composite based on Au Nanoparticles Supported on 

Nanoporous Activated Carbon for Electrocatalysis 

 

 

 

 

 

 

 

This chapter has been published as a research paper: G. Moggia, S. Hoekx, N. Daems, S. Bals, T. 

Breugelmans, “Synthesis and characterization of a Highly Electroactive Composite based on Au 

Nanoparticles Supported on Nanoporous Activated Carbon for Electrocatalysis”, ChemElectroChem, 

vol. 10 (2023) issue 21. 
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5.1 Introduction 

Electrode materials can consist of: bulk metals, nanoparticles or bimetallic nanoparticles. Thus far, 

we have been studying systems in which the catalyst material consisted of a bulk electrode, which 

is implicitely characterized by very limited catalytic activity, in terms of current density, and so 

only able to generate low conversion and productivity [168, 196]. To improve their electrocatalytic 

activity while keeping limited usage of the expensive active phase, metal catalysts can be made of 

nanoparticles and thin films deposited over various, high surface area, supports [100, 178, 197–

205]. The basic principle is that the increased catalyst surface-to-volume ratio allows to achieve 

higher activity with lower total metal loadings. Moreover, altering the properties of an 

electrocatalyst, as the morphology or the EASA, can result in enhanced mass transport and charge 

transfer, or stronger or weaker adsorption of the reagents and/or better desorption of the products, 

which could potentially address deactivation issues [206]. In fact, as evidenced by several studies, 

the impact of the mass transfer can be significant on certain electrocatalytic processes as it controls 

the diffusion of the reactants from the bulk to the surface of the catalyst and of the products from 

the surface to the bulk [79, 207–211]. For all these reasons, in this chapter we develop a very 

simple chemical method to synthesize a Au-based catalyst with very high electroactive surface 

area and, at the same time, low Au loading. The catalyst proposed consists of Au nanoparticles 

deposited over a porous carbon matrix, activated carbon, with a very high specific surface. After 

describing the synthesis method, the AuNP/C composite is phisically characterized and its 

electrocatalytic activity determined by calculation of the EASA. Finally, the as-developed system 

is tested for gluconic acid electrooxidation in batch and flow-reactors, to also see the impact of the 

flow conditions on the electroreactivity of the AuNP/C catalyst towards this reaction 

5.2 Experimental 

5.2.1 Chemicals and reagents 

The sythesis bath was prepared using tetrachloroauric acid trihydrate (Sigma-Aldrich, 99%), 

ultrapure water (Synergy UV system), sodium hydroxide (Sigma-Aldrich, 98%), 

Polyvinylpyrrolidone (PVP40) (Sigma Aldrich),  activated carbon Norit® SX1G (Total surface 

area, BET, 1000 m² g-1, Nederland BV [212]), used as received, and  sodium borohydride (Sigma 

Aldrich, 98%). The ink was prepared using 2-propanol (ChemLab, >99%) as solvent and 

Sustanion® (suspension of 5  wt%  in  lower  aliphatic alcohols  and  water),  purchased  from  

Sigma  Aldrich, as solvent. The supporting electrolytes were prepared with ultrapure water 

(Synergy UV system), sodium carbonate (Sigma-Aldrich, 98%) and sodium hydroxide (Sigma-

Aldrich, 98%). Anhydrous D-glucose was purchased from VWR (99.5%), D-gluconic acid 

potassium salt (98%) and D-saccharic acid potassium salt (98%) from Sigma Aldrich and D-

gluconic acid sodium salt (99%) from Acros Organics. All chemicals were used without further 

modifications. 

 

5.2.2 Preparation of AuNPs supported on activated carbon 

The catalyst was prepared usig a modification of the wet impregnation method developed by 

Hermans et al. [213–215]: 30 mg HAuCl4·3H2O was dissolved in 150 mL MilliQ water under 

stirring at 600 rpm and ambient temperature (solution 1). The pH of the solution was adjusted to 

the target value (9-11) by adding an appropriate amount of a 1 M NaOH solution. 
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Polyvinylpyrrolidone (PVP) was added from a 2%wt solution in order to obtain a concentration of 

64 µg mL-1 in the final solution. PVP was used as stabilizing agent/capping agent as it can bind 

onto the particle surfaces and protect them from aggregation [216], which, based on the findings 

from a previous study of our group, decreases the electrochemical charge transfer resistance and 

increases the electrochemically active surface area of the catalyst [217]. Then, 150 mL of a solution 

obtained dissolving 135 mg of activated carbon (Norit) in MillQ water (pH corrected with 1 M 

NaOH to target: 9 to 11) was added to solution 1. The resulting solution (solution 2) was left under 

stirring for 24 h. Following, a 0.1 M NaBH4 solution was added dropwise to solution 2 such that 

the concentration of NaBH4 in the final solution matched the one of Au. NaBH4 was used as the 

reducing agent and to remove the strongly adsorbed PVP, thus avoiding treatment at high 

temperature (PVP decomposition temperature is between 200 and 350 °C) that can cause particle 

agglomeration and shape change [218]. The solution was left under stirring (600 rpm) for 2 h 

(immobilization time). After this time, the slurry was filtered and washed with water six times to 

remove all the Cl-. To verify that all the Cl- had been removed, AgNO3 was added to the filtrate to 

check for the absence of precipitate. The catalyst was then dried in an oven at 70 °C for 5 h and 

calcined at 200 °C for 3 h. The whole synthesis process has been conducted under Argon to avoid 

alteration of the pH due to the presence of CO2. 

 
Figure 5.1. Schematic representation of the synthesis of AuNPs/C catalyst by impregnation. 

 

5.2.3 Physical characterization of the Au/AC catalyst 

The AuNP/C catalyst was investigated using a set of physicochemical characterization techniques.  

Standards for all metallic species analyzed were purchased from VWR (Belgium). The Au weight 

percentage in the catalyst powders was analyzed by Thermo-gravimetric analysis (TGA),  using a 

Q500 thermogravimetric analyzer (TA Instruments) and inductively coupled plasma mass 

spectrometry (ICP-MS), using an Agilent 7500 series spectrometer. For the TGA analysis, the 

temperature of the furnace  was  ramped  from  40°C  to  600°C-800°C  at  5°C/min.    Platinum  

pans  were  used  in  all measurements.  The  Au  wt.% was  calculated  from  the  residue  at  

600°C,  which was found to be metallic Au by XRD analysis. To measure the Au content in the 

catalyst by ICP-MS analysis, 10 mg sample was dissolved in 500 μL of aqua regia and destructed 

at 70 °C overnight. The samples were diluted to a 1:100 ratio and a calibration curve was fitted 

from 100 to 10 000 ppb. However, with this method the Au content (%wt.) measured was only 

0.3%, too low compared to the theoretical one, given by the difference between the quantity of Au 

added during the synthesis and that left in the filtrate solution, and also compared to Au content 
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measured by TGA. Matching results were only obtained when the samples of Au/C powder were 

ashed prior to the ICP-MS analysis, thus eliminating the carbon matrix and leaving the sole metal. 

The procedure used was the following: first, porcelain crucibles were pre-heated for 1h in a muffle 

furnace at 700°C. Crucibles were weighed after cooling; second, 50-100 mg of sample was placed 

in the crucible, weighted and placed in the muffle furnace for 4h at 700°C; third, after cooling, the 

crucible was weighted and the ash content was calculated. Ash was transferred to a falcon tube 

and digested in 1mL of aqua regia overnight. Finally, the samples were diluted to perform the ICP-

MS measurement.  In order to characterize the crystalline structure of the catalysts, X-Ray 

diffraction (XRD) was employed. X-ray diffraction experiments were performed on a Huber X-

ray diffractometer equipped with a G670 Guinier  camera  (Huber  GmbH&Co,  Germany)  using  

the  Cu  Kα1  radiation  (λ=1.5405981Å).   

Scanning Electron Microscopy and Energy-dispersive X-Ray Spectroscopy (SEM-EDX) were 

used in order to assess the morphology and distribution of the metal nanoparticles over the carbon 

support. The microscope used was a Quanta 250 FEI operated at an  acceleration  voltage  of  5kV 

and equipped with a Super-X EDX detector to study the morphology of the obtained catalysts and 

verify the atomic distribution.  

 

For more detailed characterization and to determine the 3D structure of the supported Au 

nanoparticles, HAADF-STEM electron tomography experiments were performed on a Thermo 

Fischer Tecnai Osiris microscope operated at 200 kV. Tilt series for the materials were acquired 

using incremental fast tomography between -75° and 75° with a 2° tilt increment and a frame time 

of 6 s [219]. The projection images were acquired with a 50 pA beam current and image resolution 

of 1024×1024 pixels. The series were aligned using cross-correlation and the reconstructions were 

completed using the Expectation Maximization (EM) algorithm in the ASTRA Toolbox [220]. To 

determine the composition of the materials, EDX maps were obtained using the Super-X detector 

on the Tecnai Osiris microscope. The maps were acquired for 8 minutes at a 50 pA beam current.  

 

Nitrogen (N2) physisorption was performed at 77 K with a Quantachrome Quadrasorb SI 

(Quantachrome Instruments, Boynton Beach, FL, USA) automated surface area & pore size 

analyzer. Prior to the measurements, all samples were degassed for 16 h at 200 °C. The specific 

surface area was calculated using the Brunauer-Emmet-Teller (BET) equation. 

 

5.2.4 Electrochemical setups 

A thermostated three-electrode glass cell was used for the EASA experiments and for the cyclic 

voltammetry study to screen the electro-reactivity of the catalyst in gluconic acid and blank 

solution. A silver-silver chloride electrode (Ag/AgCl) and a platinum wire were used as reference 

and counter electrodes, respectively. The working electrode used for the cyclic voltammetry 

experiments consisted of a glassy carbon RDE (Goodfellow)  with an active diameter of 8 mm 

which was covered with 14 μL of catalyst ink deposited by drop-casting until a loading of ca 50 

µg (0.099 mg cm-2). Before the catalyst deposition, the surface of the glassy carbon electrode was 

carefully polished with aluminum (Φ 1, 0.3 and 0.05 μm) slurry on a polishing cloth and then 

sonicated in MilliQ water for 5 min. The electrochemical instrumentation consisted of a Bio-Logic 

VSP-300 Potentiostat. All the electrode activities are represented as current densities, utilizing the 

EASA as active area and with respect to the reversible hydrogen electrode (VRHE). The cyclic 

voltammetry studies were conducted between 0 and 2.5 VRHE at 50 mV s-1 at ambient temperature 
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from solutions containing 0.1 M aqueous NaOH while stirring at 700 rpm. All the voltammograms 

shown correspond to the cycle once a stable state is reached. An initial solution containing 0.05 M 

of gluconic acid in 0.1 M NaOH (pH 13) was used for the electrolysis. A CV was performed before 

the electrolysis to select the exact potential corresponding to the oxidation peak. 

The continuous flow experiments were executed in an adapted micro flow cell (ElectroCell, 

Denmark), allowing to operate in a three-electrode mode (Fig. 5.2).  

 

 
 

Figure 5.2. Scheme of the reactor setup used for the continuous flow experiments: (1) anodic compartment 

containing the working electrode (WE); (2) reference electrode (RE); (3) Nafion membrane and (4) SS counter 

electrode (CE), in the cathodic compartment. 

 

A detailed description can be found in a previous work [221]. A 10.2 cm² electrode (Titanium fiber 

felt, Fuel Cell Store) was used as anode. The catalyst ink was prepared dispersing the catalyst 

powder in a solution of 2-propanol and 20wt% Sustanion,  so that the ratio Sustanion/catalyst was 

1/7. The ink, consisting of catalyst, Sustanion suspension and isopropanol was sprayed onto its 

microporous layer, until a total loading of  2.45 mg cm-2 was reached. The ink was ultra-sonicated 

for 25 min prior to airbrushing. The anodic potential was controlled versus a leak-free Ag/AgCl 

reference anode (Innovative Instruments, Inc.) with a multichannel Autolab potentiostat M204 

equipped with a 10 A booster. The catholyte and anolyte used were both 0.1 M aqueous NaOH. In 

both, the flow rate was kept at 20 mL min-1 with a multichannel peristaltic pump. A Nafion® 117 

cation exchange membrane separated the two compartments. The system was operated in 

recirculation mode as shown in Figure 2 and the electrolyte volumes were 250 mL for both anolyte 

and catholyte. The reactor was operated in a vertical position with the electrolyte being fed from 

the bottom of the reactor and leaving on the top, at room temperature and atmospheric pressure.  

The products were analyzed by HPLC (Alliance 2695, Waters, USA) combined with an 

ionexclusion column (Shodex KC-811). A photodiode array (PDA) detector set to 210 nm was 

used to detect organic acids while a refractive index (RI) detector thermostated at 30°C was used 

to detect glucose. A perchloric acid solution (0.1 %) was used as the eluant for the HPLC analysis. 

Prior to analysis, 1 mL samples were acidified with 200 μL perchloric acid 6 M solution, sonicated 

and finally filtered. 
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All the electrode activities reported are represented with current densities (measured at the 

beginning of every electrolysis), utilizing the EASA as active area and with respect to the 

reversible hydrogen electrode (RHE). The tested potential vs. Ag/AgCl was converted into 

potential vs. RHE using the Nernst equation (Eq. 22): 

 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + ln⁡(10) ∙
𝑅𝑇

𝐹
∙ ⁡𝑝𝐻 + 0.197⁡⁡                                                                                        [22] 

 
With R being the universal gas constant (8.314472 J K-1 mol-1), F the Faraday constant 

(96485.332 C mol-1) and T the temperature. All current densities are calculated with respect to the 

geometrical area.            
 

5.2.5 Electroactive surface area measurement                                        

The electroactive surface area (EASA) of the synthesized catalyst was calculated using the 

capacitance, measured as the slope of the plot of the current vs. the scan rate (selected scan rates: 

20, 40, 60, 80 and 100 mV s-1) at 0.71 VRHE in the electrolyte solution (0.1 M NaOH) (Fig. 5.12). 

To obtain the EASA, this value (i.e. 0.0131 F or 13100 µF) was divided by the value of capacitance 

of EDL for bulk gold found in literature [222], 14.25 µF cm-2. The specific EASA, 282.4 m2 g-1, 

was obtained by dividing the EASA, 919.3 cm2, by the quantity of gold in the catalyst, 0.0003255 

g. 

 

5.3 Results and discussion 

The AuNP catalysts were prepared on Norit activated carbon by a controlled adsorption method 

in which the interactions between the Au precursor and the carbonaceous support in aqueous 

solution were optimized by controlling the pH of the impregnating solutions. In fact, the surface 

of the activated carbons presents different types of functional groups containing heteroatoms (O, 

N, and S) [223], in varying amounts, which can be divided into acidic, neutral, and basic functions. 

This influences their surface characteristics and adsorption behavior. In particular, the carbon 

surface can be either positively or negatively charged in aqueous solution, below or above a 

characteristic pH value, called the point of zero charge (PZC), which is equal to 9.0 for Norit 

carbon [224, 225]. At the pH corresponding to the PZC, the net overall surface charge would be 

zero; at pH > PZC, the negatively charged carbon surface attracts cations from solutions, while at 

pH < PZC, it attracts anions. Therefore, it is important to know at which pH the interactions 

between the metallic precursor and the carbonaceous support are maximized. For this reason, the 

synthesis of the Au/C catalyst was conducted at 4 different pH’s, in the range 8-11.5, in order to 

identify at which pH the maximum adsorption occurs. Fig. 5.13 shows the thermogravimetric plots 

for 4 samples of catalysts obtained, respectively, from the synthesis conducted at pH 8.5, 9.5, 10.5 

and 11.5. All the samples show a small mass loss (ca 5%wt.) from room temperature to around 

100 °C due to the evaporation of adsorbed water. Another slight weight loss (ca 5%wt.) is 

encountered between 300 and 350 °C, which could be related to the decomposition of the residual 

polyvinylpyrrolidone (PVP) used as surfactant during the synthesis. The major mass loss (ca 

75%wt.) between 400 and 800 °C is attributed to the loss of the carbon support (Norit). The 

residual values shown in Fig. 5.13 (b) represent the total amount of metallic composite in the 
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catalyst samples. The Au loading was calculated by subtracting the residual mass of a blank Norit 

carbon sample (i.e., non-carbon contaminations, ca. 5.4%) from the total residual amount of 

metallic composite in the catalyst samples (Fig. 5.13 (b)). In order to identify which species of 

gold was generated during the TG analysis, a sample of residual composite was analyzed by XRD, 

which revealed it was metallic gold. The resulting gold loading (Au% wt) was then plotted versus 

the pH in order to identify the pH at which the maximum adsorption occurs (Fig. 5.3). To double-

check the residual mass trends, the amount of non-adsorbed metal in solution – after filtration – 

was also determined by ICP-MS. As shown in Fig. 5.3, the maximum adsorption of Au (9.3%) on 

the activated carbon occurs at a pH of 9.5, which is just above 9.0 (the PZC of Norit). The 

explanation for this is that, at a pH between 9 and 10, the carbon surface holds negative charges 

which attract the Au3+ cations from solution: the interaction between the Au precursor and the 

carbon support leads to the high loading. On the other hand, at pH > 10, the carbon surface is also 

negatively charged but the metal precursor, is less available due to its preferential complexation 

with OH- at these conditions, leading to a weaker metallic precursor-carbon surface interaction and 

a lower loading.  At pH < 9 the carbon surface is positively charged, so it attracts anions rather 

than cations from the solution, meaning that the interaction will be weak and the resulting loading 

low. For this reason, the optimal pH of 9.5, which resulted in the highest metal loading, was used 

to synthesize the AuNP/C catalyst used in the rest of this study. A similar behavior was observed 

by the authors Hermans et al. in the preparation of Au-Pd/C catalysts for glyoxal and glucose 

chemical oxidation [213–215]. 

 

Figure 5.3. Au loading (%wt) on activated carbon, C, plotted versus the pH used for the synthsis. The point of zero 

charge for Norit® SX1G is ca 9.0 [225]. 

5.3.1 Physical characterization of the catalyst 

Samples of Au/C were characterized by XRD and SEM coupled with EDX. The crystallinity of 

synthesized AuNPs was investigated by an X-ray diffraction (XRD) technique, and corresponding 

XRD patterns were shown in Fig. 5.4. Gold nanocrystals exhibited four distinct peaks at 2θ = 

38.2°, 44.4°, 64.6° and 74.6° in the diffraction pattern, corresponding to (1 1 1), (2 0 0), (2 2 0) 

and (3 1 1) Bragg's reflection of face-centred-cubic (fcc) lattice (JCPDS no. 04-0784) [226]. The 

intense diffraction peak at 38.1 indicates that the preferred growth orientation of zero-valent gold 

was fixed in (111) direction [227]. This XRD pattern is typical of pure Au nanoparticles [226, 

227].  
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Figure 5.4. XRD pattern of the Au nanoparticles grown on activated carbon at optimized pH (9.5). The crystalline 

nanoparticles are represented by four peaks corresponding to standard Bragg reflections (111), (200), (220), and 

(311) of face centers cubic lattice. The intense peak at 38.2 represents preferential growth in the (111) direction. 

 

The AuNP/C samples were further characterized by SEM and EDX. Fig. 5.5 (a) and (b) show the 

surface of the carbon after the deposition of the Au nanoparticles at pH 9.5. The coverage of the 

support appears uniform, with nanoparticles in the range <100 nm. Some aggregates were also 

spotted (not shown). Fig. 5.5 (c) shows the energy dispersive X-ray (EDX) spectra of the 

synthesized AuNP/C composite, confirming that the Au nanoparticles are supported on the carbon 

matrix. The peaks of O and Cl elements are residues from the synthesis and/or functional groups 

of the carbon support. 
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Figure 5.5. SEM images, (a) and (b), and EDX spectra (c) of the Au nanoparticles deposited on carbon synthesized 

at the optimized pH of 9.5 (9.3% loading). 

 

More detailed information about the size and distribution of the Au nanoparticles across the 

support was obtained by HAADF-STEM characterization. Figure 5.6 (a) shows a HAADF-STEM 

image of the Au nanoparticles deposited onto the activated carbon. This investigation confirms 

that the Au nanoparticles are reasonably homogeneously distributed across the activated carbon 

(as was already suggested by SEM analysis). The particle size distribution was determined and is 

shown in Figure 5.6 (b). This shows that the mean particle size is 6.9 nm with a standard deviation 

of 2.8 nm. Figure 5.6 (a) shows that the Au nanoparticles are well spread out across the entire 

support. Some sporadic larger nanoparticles in the range of 50-100 nm can also be observed (see 

Fig. 5.14 for their particle size distribution). 

  

Figure 5.6. (a) HAADF-STEM image of the 9.3 wt %. Au nanoparticles on activated carbon and (b) a histogram 

showing the particle size distribution of the nanoparticles for this sample. 

Electron tomography was utilized for complete 3D characterization. This involves the acquisition 

of images at various projection angles allowing for visualization of the materials in 3D and 

therefore the determination of whether or not the Au nanoparticles are situated inside of the 

activated carbon, as was hypothesized, or are simply deposited onto the surface. Figure 5.7 shows 
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an ortho-slice taken from the 3D reconstruction in the xz direction, approximately halfway through 

the volume of the AuNP/C. This ortho-slice shows the presence of Au NPs (in the middle of the 

activated carbon). Therefore, it can be concluded that the particles are situated inside of the pores 

of the carbon support. This was further confirmed by comparing the total surface area of the bare 

Norit SX1G support (i.e., 1000 m² g-1 according to the product data sheet) with that of 

AuNP@Norit, which showed a significant decrease to 517 m² g-1. This is a further indication that 

the Au NPs are present in the pores and blocking them (vide infra). 

 

Figure 5.7. Ortho-slice in the xz direction approximately halfway through the volume of of Au/C sample at pH 9.5 

(9.3% loading). 

Energy-dispersive X-ray spectroscopy (EDX) maps were acquired from various areas of the 

sample to determine the composition, and confirm that there are Au NPs deposited on carbon. 

Figure 5.8 shows a HAADF-STEM image and the respective elemental maps for Au and C, 

obtained on a representative area of the sample. The results clearly indicate the presence of Au 

nanoparticles, homogeneously spread across the carbon matrix, with a low degree of 

agglomeration. The presence of Cu in the spectrum is due to the Cu grid and holder used for these 

measurements.  
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Figure 5.8. (a) HAADF-STEM image, (b, c) the respective EDX elemental distributions and (d) an EDX 

spectrum showing which elements are present for the Au/C composite with 9.3% Au-loading. For the EDX 

maps, Au is marked in red and C in green. 

 

5.3.2 Catalytic activity testing 

The very high specific EASA which was found for the AuNP/C catalyst, 282.4 m2/gAu, is mainly 

ascribed, in addition to the Au loading, to the Au nanoparticles size and homogeneous spread onto 

the activated carbon support, which has a particularly high specific surface area, most of which is 

concentrated inside its pores (ca 99.8%). A high EASA, typically boosts electrons transfer and 

mass transport of reactants and intermediates, leading to enhanced electrocatalytic activity [206]. 

To understand the electrocatalytic activity of the as-synthesized AuNP/C@GC catalyst towards 

gluconic acid oxidation, a cyclic voltammogram was recorded at ambient temperature, with a 

stirring velocity of 700 rpm, in 0.1 M NaOH (pH 13) with increasing amount of gluconic acid (Fig. 

5.9). 
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Figure 5.9. Voltammograms of AuNP/C@GC electrode in 0.1 M NaOH recorded at 50 mVs-1, at 20 °C and stirring 

the solution at 700 rpm, with increasing amout of gluconic acid (from 0 to 0.5 M). 

 

As expected, no oxidation peaks are observed in the cyclic voltammogram in the blank solution 

while, when gluconic acid is added, a small oxidation peak characterized by a left shoulder appears 

between 1 and 2 VRHE, , which was found, in our previous study, to be specific for the oxidation 

of the hydroxymethyl group on C6 in the gluconic acid molecule on gold [168]. Thus, the increase 

of current density with the concentration of gluconic acid in solution indicates reaction of the 

substrate with the gold active sites in this potential range. However, the current density reaches a 

maximum of only ca 0.08 mA cm-2. Considering the high value of EASA of this catalyst (39.5 

cm2), we expected to observe a much higher electrocatalytic activity, and thus current density, at 

this potentials.  Indeed, previously, we measured a similar current density, in the range of 0.22 mA 

cm-2 (in respect to the EASA), using a bare gold flat electrode with an EASA of only 0.702 cm2 

[168, 196]. Unfortunately, a 102 increase in EASA did not result in an increase in activity. To 

understand if a deactivation process was responsible for the limited reactivity of the catalyst, we 

recalculated the EASA of the catalyst after cycling it in a gluconic acid solution. The measurement 

of the EASA was repeated on the catalyst after cyclic voltammetry in 0.05 M gluconic acid and 

0.1 M NaOH, and the result remained unchanged, proving that the catalyst does not get deactivated 

during the cycling. In addition, particle size upon electrochemical cycling also does not alter (Fig. 

5.15 in SI), which leaves two possible explanations for the low electrocatalytic activity that is 

detected. 1.  Based on the 3D reconstruction (vide supra) it is possible that the substrate, gluconic 

acid (molecule size ~ 1 nm [228, 229]), cannot easily access the majority of the electroactive 

surface area of the catalyst, located inside the micropores (< 2 nm) of the activated carbon [230, 

231]. In such case, the EASA available for the reaction would be only a small fraction of the total 

calculated EASA, which means it becomes close to that of the flat electrode. 2. Another hypothesis 

is that the stabilising agent, PVP, was not removed completely during catalyst preparation, or that, 

at the chosen conditions (i.e., concentration of NaBH4, immobilisation time), it readsorbed on the 

AuNPs [218]. The precence of PVP on the AuNPs can block the access of reactant molecules to 

the surface atoms, thereby lowering activity of the NPs [216].  

 

As a proof of concept, we performed the reaction in a flow reactor configuration where mass 

transfer limitations are excluded. For the continuous flow experiments, we used the reactor setup 

described in the Experimental section with the synthesized AuNP/C dispersed over a Ti felt as 
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catalyst, with a total EASA of 919.3 cm2. In first instance, cyclic voltammetry experiments were 

performed at increasing concentrations of gluconic acid. Fig. 5.10 presents the current density vs. 

concentration of gluconic acid obtained at a fixed potential of 1.7 VRHE, corresponding to the 

oxidation peak, at a flow rate of 20 mL min-1 and a scan rate of 20 mV s-1, utilizing a 0.1 M NaOH 

solution. For comparison, we report the results obtained for the AuNP/C@Ti system, consisting 

of the synthesized AuNP/C catalyst dispersed over a Ti felt, as well as the Ti felt alone, to confirm 

it does not contribute to the reaction. 

 
 

Figure 5.10. Plot current density vs. gluconic acid concentration obtained extracting the current density values at 

fixed potential of 1.7 VRHE (corresponding to the oxidation peak) from the cyclic voltammetry study of AuNP/C@Ti 

(red line) and Ti felt alone (blue line) at 20 mVs-1, 20 °C and 20 mLmin-1, from a starting solution 0.1 M NaOH. 

 

The data show clearly that, upon additon of gluconic acid, the current density has only a slight 

increase, of ca 1 mA cm-2, and that it does not increase further when the concentration of gluconic 

acid in solution is raised. This confirms the results obtained in the batch cell, where only a small 

part of gluconic acid is able to react with the gold as saturation is quickly achieved here (no further 

increase in current density after adding only small amounts of gluconic acid). Despite the 

contribution of the higher convection given by the continuos flow, the mass transfer inside the 

pores of the carbon matrix remains hindered, as such limiting the reaction. Control experiments 

were also conducted at higher flow rates (> 20 mL min-1), but no difference was observed. Given 

the very small difference in current density between the blank solution and the solutions containing 

gluconic acid, we can again assume that this is due to the limited availability of  the active sites 

for reaction.  Long-term electrolysis experiments were conducted applying a constant current 

density, and the product solutions were analyzed by HPLC. The results of chronopotentiometry 

experiments conducted at 10, 20 and 30 mA cm-2, in a solution of 0.05 M gluconic acid and 0.1 M 

NaOH are shown in Fig. 5.11. 
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Figure 5.11. Results of chronopotentiometry experiments conducted at constant current densities of 10, 20 and 30 

mAcm-2 in the flow cell, in a solution 0.05 M gluconic acid and 0.1 M NaOH. At these currents, the O2 evolution 

reaction takes place, as evidenced by the high potentials (y-axis) and the increasing O2 bubbles formation with the 

curent density at the anode. 

 

The chronopotentiometry experiments confirmend that when applying such high current density, 

the only reaction that occurs at the surface of the AuNP/AC@Ti electrode is the O2 evolution 

reaction, which, in fact, takes place at these high potentials, and which was also evidenced by the 

heavy formation of bubbles at the anode, confirmed to be O2 by gas chromatography (GC) 

measurements. Chromatographic analysis of the liquid product stream revealed what we expected: 

no glucaric acid or relevant amount of oxidation products is detected (Fig. 5.16 in SI). 

 

In conclusion, in this work, we used an efficient synthesis method to produce an Au-based catalyst 

with very high EASA at low metal loading. The main advantages of this synthesis are its simplicity 

and an optimal Au utilization (up to 93%), with only 7% being lost during the different synthesis 

steps. This result was achieved by maximizing the interaction between the metallic precursor, the 

Au cations, and the carbonaceous support, activated carbon (Norit), during the immobilization 

step, by fine-tuning the pH of the synthesis broth. At pH 9.5 the maximum amount of gold was 

deposited on the Norit, resulting in a final loading of 9.3 wt%. Physical characterization revealed 

the successful deposition of very small nanoparticles, of average size between 5 and 20 nm, and 

their homogeneous distribution inside the pores of the AC. The specific EASA of the catalyst was 

found to be as high as 282.43 m2 gAu
-1, which is higher than typical values found in literature [197, 

205, 232]. The as-synthesized catalytic system was tested for the electrooxidation of gluconic acid 

in alkaline media in an attempt to boost the productivity of glucaric acid exploiting its very high 

EASA. However, cyclic voltammetry experiments conducted both, in batch and in continuos flow 

reactor configurations, revealed a very limited reactivity towards gluconic acid oxidation, 

evidenced by the low current density registered at the gluconic acid oxidation peak, while, on the 

other hand, O2 evolution reaction seemed to proceed favourably, as evidenced by the formation of 

O2 bubbles, which increased with applied increasing current density. The low current density 

detected in presence of gluconic acid could be explained assuming that the gold active sites are 

not completely accessible to the reactant molecules. We have 2 hypothesis which could explain 

this behaviour. Our first hypothesis is that the reagent, gluconic acid, cannot easily diffuse inside 
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the catalyst pores because of its spacial hinderance: gluconic acid, like glucose, is a rather bulky 

molecule with a relatively low diffusivity compared to other, smaller, organic molecules [184]. 

This spatial hindrance may have prevented gluconic acid to penetrate inside the pores of the 

catalyst, leaving, as only accessible active sites the Au nanoparticles situated outside the pores of 

the carbon matrix. In fact, most of the EASA of the synthesized catalyst is located inside the pores 

of the carbon matrix (as evidenced by TEM tomography), as the area inside the pores can go up to 

99.8% of the total available surface of the carbon support. This would result in an accessible EASA 

of only 0.2% of the total,  corresponding to ca 0.079 cm² for the catalytic system used in the batch 

cell and 1.838 cm² for the one used in the flow cell, which are close to the value found for the flat 

Au electrode (0.702 cm²) and would thus explain the low performance. One way to prove this 

hypothesis would be to perform Fourier-transform infrared spectroscopy (FTIR) and verify 

whether gluconic acid is present on the gold active sites located inside the pores of the carbon 

support. In a recent work, Oña et al. have highlighted that carbon supports with relatively large 

pores (mesopores) are ideal candidates as catalytic supports for the conversion of high molecular 

weight compounds such as sugars [233]. In this case, one solution to overcome the low reactivity 

towards gluconic acid electrooxidation could be to deposit the Au NPs over a meso/macro-porous 

activated carbon instead of the microporous one used in this study, compromising on the specific 

surface area. 

Our second hypothesis concerns the possible presence of residual PVP capping agent on the 

AuNPs, which may block the access of reactant molecules to the surface atoms, thus lowering the 

activity of the nanoparticles [216]. On the one hand, it is possible that the treatment with NaBH4 

(paragraph 5.2.2) removed only part of the PVP used during the synthesis, leaving another part 

still adsorbed on the AuNPs. On the other hand, it may be that, during the immobilisation time, 

the PVP readsorbed on the gold surface. In fact, it has been demonstrated that the effective and 

complete desorption of organothiols such as PVP from the surface of AuNPs, when treated with 

NaBH4, strongly depends on the concentration of NaBH4 and on the incubation time [218]. The 

authors Ansar et al. observed that: a) the rate of organothiols desorption increases with increasing 

NaBH4 concentration (i.e., the higher the concentration of NaBH4, the lower the time needed for 

complete desorption); b) the desorbed organothiols can be completely readsorbed onto the AuNPs 

upon prolonged sample incubation [218]. One way to verify this hypothesis could be to perform 

Raman or FTIR measurements to verify whether PVP is still present on the catalyst surface upon 

treatment with NaBH4. In such case, further optimisation of the catalyst preparation procedure 

would be needed to identify the right concentration of NaBH4 and incubation time  to ensure 

complete removal of PVP. 

5.4 Conclusions 

The one-pot synthesis of a gold catalyst made of gold nanoparticles deposited onto the surface of 

activated carbon was achieved by a wet impregration method at an optimal pH of the bath of 9.5, 

critical in determining the gold-carbon interaction, with a resulting loading of 9.3% and an Au 

utilization as high as 93%. The catalyst was characterized by SEM-EDX and HAADF-STEM 

electron tomography, showing a very uniform coverage of the carbon matrix with the Au 

nanoparticles, whose size ranged between 5 and 20 nm. The catalytic system was tested for the 

electrooxidation of gluconic acid in alkaline media in an attempt to boost the productivity of 

glucaric acid by exploiting the high specific EASA, which was calculated to be 282.43 m2 gAu
-1, 

which is 102 times higher than that found for the Au bulk electrode used for our previous studies. 
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A low catalytic activity towards gluconic acid electrooxidation was found, which may be ascribed 

to the inaccessibility of the gold active sites by the reactant molecules due to 1. a difficult diffusion 

of the reagent inside the catalyst nanopores caused by spacial hinderance, or 2. the presence of 

residual PVP strongly adsorbed on the AuNPs which blocks the access of reactant molecules to 

the surface atoms. Further research is still needed to address this limited catalytic activity: i.e., 

employing meso/macro-porous activated carbon supports instead of the microporous ones; or 

optimising the catalyst preparation procedure ensuring the complete removal of PVP.  

We believe that the as-developed AuNP/C catalytic system may be a good fit for a wide range of 

applications in addition to sugars electrooxidation, for example, in reactions involving small 

molecules (i.e. gasses as O2), which makes it an interesting potential candidate for reactions 

involving molecules with high diffusivity as CO2, CH4, N2. In particular, it could be a very good 

fit for application in the nitrogen reduction reaction (NRR), where gold is known to achieve the 

highest selectivity [234, 235]. 

 

5.5 Supporting information 

 

 

 
Figure 5.12. Plot of the module of the current vs. the scan rate at the potential of 0.71 VRHE for the AuNP/C@Ti 

system in the electrolyte solution (0.1 M NaOH). The original data are reported in the plot of current vs. potential at 

different scan rates (20, 40, 60, 80 and 100 mVs-1) (bottom). 
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Figure 5.13. Thermogravimetric plots for 4 samples of catalysts obtained, respectively, from the synthesis 

conducted at pH 8.5, 9.5, 10.5 and 11.5. 
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Figure 5.14. Particle size distribution (PSD) of the sporadic larger nanoparticles in the range of 50-100 nm (mean 

size 75 nm) obtained utilizing the TEM images. 

 

 

 

Figure 5.15. SEM pictures of the AuNP/C@GC system after 10 cycles in 0.1 M NaOH and 0.5 M gluconic acid 

recorded at 50 mV s-1 and 20 °C while stirring the solution at 700 rpm. 
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Figure 5.16. HPLC graphs of the reaction solutions after 1h electrolysis in the flow reactor. 
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6.1 Conclusion 

Carboxylic and di-carboxylic acids derived from the oxidation of glucose are considered one of 

the most important classes of chemicals that can be derived from biomass. Amongst these, 

gluconic and glucaric acid, are used as raw materials for the production of a variety of commodity 

products (including detergents, coatings/paints, cancer prevention therapies, etc.). The 

electrochemical oxidation of glucose is an environmentally friendly, viable alternative to the 

traditional chemical routes as it obeys to all the principles of Green Chemistry. However, the 

successful implementation of such process passes through some fundamental steps: 1) selection of 

the electrocatalyst, 2) optimization of the reaction conditions, and 3) up-scaling.  The ultimate goal 

of this doctoral dissertation was to develop an electrocatalytic process for the selective oxidation 

of glucose to gluconic and glucaric acid. The work was divided into 4 experimental chapters, where 

the results of each chapter represent the starting point for the next. Chapters 2 and 3 comprised an 

investigation of various electrocatalysts for glucose oxidation; chapter 4 was dedicated to the study 

of the impact of the reaction parameters and; finally, in chapter 5, a facile synthesis method was 

developed for the production of a catalytic system with a high EASA. 

 

6.1.1 Electrocatalysts for glucose oxidation to gluconic and glucaric acid 

In the first part of the experimental work, Chapter 2 and 3, we investigated the activity of various 

catalysts towards glucose electrooxidation, with particular focus on their selectivity towards the 

products of interest: gluconic and glucaric acid. As shown in the literature study, Chapter 1, 

heterogeneous electrocatalysis is preferred over the homogeneous alternative as it brings the 

advantage of an easy separation and recovery of the catalyst after reaction. Amongst various 

heterogeneous catalysts with electro-reactivity for glucose oxidation, MnO2 was the first one to be 

employed successfully for a selective production of gluconic and glucaric acid. For this reason, 

our research started with the investigation of the electrocatalytic activity of MnO2-based catalysts 

towards glucose oxidation, understanding the underlying mechanism and its potential application 

for the production of glucaric acid. To this end, nanostructured MnO2 porous films were deposited 

over various supports using anodic and cathodic deposition as well as through a chemical 

impregnation method. Electrochemical evaluation revealed that, at equal loading, the catalyst with 

the smallest porosity (45 nm average pore size) also resulted in the highest electrocatalytic activity 

in presence of glucose (~10.5 mA cm-2), suggesting a possible correlation between these two 

parameters. Unfortunately, none of the produced MnO2 electrocatalysts yielded the desired 

products in significant quantities, which is why we did not pursue this material any further and 

shifted towards noble metals, given their promising performance in the glucose oxidation reaction. 

As a first step, in Chapter 3, we studied the reactivity of three noble metals, copper, platinum and 

gold, as they all had shown electrocatalytic activity in presence of glucose, using rotating disk 

electrodes. One important first observation here was that, in alkaline conditions, D-glucose is 

consumed by two chemical reactions: one is the isomerization of D-glucose into D-fructose, which 

is a reversible process, the other is its thermal, base-catalyzed, oxidative degradation to various 

low molar-mass carboxylic acids (i.e., formic, oxalic, tartaric, glycolic acid), which is irreversible 

and undesired. In order to maximally impede these side-reactions and promote the electrochemical 

reaction, it was found that lowering the temperature is beneficial, with an optimal performance 

occurring at a temperature of 5˚C. Apart from the importance of the reaction conditions (i.e., 

alkaline pH and low temperature), the most interesting finding of this work was the strong 
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relationship between potential and reactivity of the functional groups in the glucose molecule. For 

all the three noble metals examined, distinct oxidation potentials were found, which preferably 

promote the oxidation of either the aldehyde or the hydroxymethyl terminal groups, without 

breaking the 6-carbons backbone. In the case of copper, however, the highest potential did lead to 

C-C cleavage and formation of lower molar mass carboxylic acids. Gold was found to be the 

catalyst with the highest activity and selectivity to gluconic and glucaric acid, owning to two 

distinct oxidation peaks for glucose, one at low potential, 0.55 VRHE, which promoted the oxidation 

of the aldehyde group and formation of gluconic acid (86.6 % selectivity at 5 °C and 65 h), the 

other at higher potential, 1.34 VRHE, which promoted the oxidation of the hydroxymethyl group 

and further conversion to glucaric acid (13.5 % selectivity to glucaric acid and 65.8 % to gluconic 

acid at 5 °C and 65 h reaction time). These first positive results achieved with gold, which showed, 

not only electrocatalytic activity towards glucose oxidation, but also high selectivity towards 

gluconic and glucaric acid, motivated us to continue the investigations focusing on this catalyst 

with the intent to optimize selectivity and productivity of glucaric acid. 

6.1.2 Investigation of the influence of the reaction parameters 

To understand the reaction mechanism and identify the conditions that maximize the selectivity, 

in Chapter 4 we investigated the influence of and optimized different operational parameters, i.e., 

pH, initial substrate concentration, applied potential, reaction temperature and reaction time, for 

the two reaction steps, the oxidation of glucose to gluconic acid and for the further oxidation of 

gluconic acid to glucaric acid. For the first oxidation to gluconic acid, we achieved maximum 

selectivity at moderately high pH, low temperature and low initial concentration of glucose (i.e., 

pH 11.3, 5˚C and 0.04 M initial glucose). Higher temperatures increased the conversion rate but 

went at the cost of the rapid degradation of glucose due to the increased kinetics of the chemical 

side-reactions. Similarly, increasing the pH also increased glucose conversion, but at the expense 

of a decreased selectivity to gluconic acid due to an excessive adsorption of hydroxyl ions (OH-) 

onto the Au surface, as such decreasing the number of active sites available for glucose oxidation. 

The electrolysis of more concentrated solutions of glucose resulted in a lower selectivity to 

gluconic acid because of the rapid saturation of the catalyst surface and increased viscosity of the 

solution, which hindered the mass transfer towards the Au active sites, thus limiting the 

(heterogeneous) electrochemical reaction. Finally, it was found that the selectivity of this reaction 

remains constant for very long reaction times, and glucose conversion continuously increases, but 

the conversion rate decreases due to mass transfer limitations. As for the electrooxidation of 

gluconic acid to glucaric acid, a very high selectivity was achieved in the potential range examined, 

where Au(OH)x was found to be the main species of gold involved in the catalytic process. Since 

gluconic acid is stable in alkaline media (no side-reactions), pH, gluconic acid initial 

concentration, reaction temperature and time did not have a significant impact on the selectivity. 

However, even at optimized conditions, only limited concentrations of glucaric acid were obtained 

during the electrolysis. This may have been caused by an early deactivation of the flat Au electrode, 

due to fouling by glucaric acid. The good selectivity obtained, 97.6% for the first reaction step (at 

5°C, with 25 % glucose converted) and 89.5 % for the second reaction step (at 1.1 VRHE, with 4.6 

% gluconic acid converted), motivated us to try and address the deactivation issue which limited 

the conversion of gluconic acid to glucaric acid. 
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6.1.3 Synthesis of gold nanoparticles 

In the final chapter, we synthesized a gold-based catalyst suitable for larger scale applications 

characterized by high electroactive surface area, 282.4 m2 gAu
-1, relatively low metal loading, 9.3 

%, and high specific surface, 517 m2 g-1. To this purpose, we developed a synthesis approach to 

deposit gold nanoparticles onto an activated carbon support. Activated carbon was used as catalytic 

support because of its high porosity, which contributed to further increase the surface-to-volume 

ratio of the catalyst, and because of its positive interaction with the gold precursor, which allowed 

the deposition of gold nanoparticles during the synthesis. For its preparation, we developed a very 

simple impregnation method which allowed the synthesis of a catalyst with a very high 

electroactive surface area and, at the same time, low loading of precious gold. A critical parameter 

in this synthesis was found to be the pH of the synthesis bath. Indeed, between 8.5 and 11.5, an 

optimal pH was found at 9.5, where gold-carbon interaction was optimal and a maximum Au 

loading could be obtained. The physical characterization of the catalyst revealed uniform coverage 

of the carbon matrix with very small gold nanoparticles, distributed in a narrow size range (i.e., 5-

20 nm). Utilizing TEM, it was observed that Au was mainly present inside the pores of the carbon 

support, where most of the surface area is located. The EASA was calculated to be 102 times higher 

than that of the Au bulk electrode used for our previous studies, which was extremely promising 

for our application. However, our experiments conducted both, in batch and in continuous flow 

reactor configurations, revealed a very limited activity towards gluconic acid oxidation, with a 

maximum current density of, respectively, 0.08 and 7.5 mA cm-2, at 1.7 VRHE. Such low catalytic 

activity towards gluconic acid electrooxidation was ascribed to the inaccessibility of the gold 

active sites by the reactant molecules. We gave 2 possible explenations for this behaviour: 1. a 

difficult diffusion of the reagent inside the catalyst nanopores caused by its spacial hinderance, or 

2. the presence of residual PVP strongly adsorbed on the AuNPs blocking the access of reactant 

molecules to the surface atoms. The occurrence of oxygen evolution reaction on this catalyst, even 

at moderate voltages, suggests its potential use for applications involving small gas molecules as 

O2, CO2, CH4 and N2. 

6.2 Future perspectives 

While this thesis has demonstrated the potential application of noble metals, such as gold, in the 

electrocatalytic oxidation of glucose to gluconic and of gluconic acid to glucaric acid, many 

opportunities for extending the scope of this doctoral dissertation are possible. The final 

paragraphs are dedicated to improvements, perspectives and suggestions for future research. 

6.2.1 Mesoporous carbon supports and gold direct deposition 

In chapter 5, to improve the electrocatalytic activity of the catalyst and overcome the early 

deactivation possibly caused by fouling by glucaric acid, we chose a catalyst design consisting of 

gold nanoparticles embedded in a microporous, activated carbon matrix. However, it was found 

that such catalyst configuration yielded a very limited reactivity towards gluconic acid oxidation. 

One possible explanation for this behaviour was given assuming that the gold active sites are not 

completely accessible to the reactant molecules because gluconic acid cannot easily diffuse inside 

the catalyst pores because of its spacial hinderance. In fact, gluconic acid, like glucose, is a rather 

bulky molecule with a relatively low diffusivity compared to other, smaller, organic molecules. 

One way to address this could be the use of meso/macro-porous carbon supports as, compared to 

the microporous ones, they are characterized by larger pores (for reference: average pore diameters 
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> 50 nm for macroporous materials, between 2 and 50 nm for mesoporous materials, and <2 nm 

for microporous materials). Electrocatalysts obtained by direct deposition of gold over a support 

characterized by large porosity, i.e., felts, nets, foams, etc., could be a possible alternative solution 

as high surface area catalyst for glucose/gluconic acid electrooxidation. Also in this case, to 

optimize the specific surface of the catalyst and minimize the loading, the active phase can consist 

of nanoparticles rather than thin films. One important factor to take into account when designing 

catalysts based on precious metals, is the maximization of the utilization of the active phase by the 

synthesis method. In fact, as noble metals are extremely expensive and rare, it is very important to 

develop synthesis techniques which result in little to no losses of active phase during the different 

steps. In our design, by utilizing activated carbon as support for the gold nanoparticles, we 

guaranteed an efficient metal utilization (~93%) by leveraging the favorable gold-carbon 

interaction, while also ensuring stability of the gold nanoparticles which did not aggregate during 

cycling. The direct deposition of gold on the final support, being it chemical or electrochemical, 

may be more challenging and would require a more in-depth investigation.  

6.2.2 Bi-metallic catalysts and promoters 

In chapters 3 and 4, we investigated the mechanism of the electrocatalytic oxidation of glucose on 

noble metals, particularly on gold, and identified 2 distinct electrocatalytic steps: the first being 

the transformation of glucose to gluconic acid and the second, the conversion of gluconic acid to 

glucaric acid. While the first reaction is fully unraveled, the mechanism of the transformation of 

gluconic acid to glucaric acid is not yet fully clear and requires further investigation. We have seen 

that, despite the high selectivity, very limited concentrations of glucaric acid were obtained during 

the electrolysis of gluconic acid due to an early deactivation of the gold electrode most probably 

caused by fouling by the product itself. One way to overcome the deactivation of the catalyst could 

be by altering its morphology and composition. To this purpose, one option is to alloy gold with a 

second metal. Indeed, bimetallic nanocatalysts have shown a much higher stability and higher 

selectivity compared to the corresponding monometallic systems. Some examples of alloys of gold 

with another metal which have been found to exhibit enhanced electrocatalytic activity towards 

glucose oxidation are: Pd-Au, Au-Pt, Au-Bi and Au-Ag. Another way, often reported in literature, 

to minimize deactivation and improve selectivity, is adding a promoter to the system. There are 

many cases in literature were dissolved Bi and Pb adatoms (the promotors) are used during the 

oxidation of sugars to boost the activity and selectivity of the precious metal catalyst (i.e., Pt, Pd 

or Au). Both these approaches should be investigated further under the ideal conditions found in 

this work to further advance the field of glucose to glucaric acid oxidation. 

6.2.3 Optimization of the AuNP@AC catalyst and application for NRR 

In Chapter 5, we developed a chemical method that allowed to fabricate an efficient gold-based 

catalyst with a high EASA and, att he same time, low metal loading, while utilizing almost the 

totality of gold invested in the synthesis procedure. Experiments conducted in both, batch and 

continuos flow reactor configurations, revealed a very limited reactivity towards gluconic acid 

oxidation. One possible explanation given for this behaviour concerned the presence of residual 

PVP capping agent on the AuNPs, which blocked the access of reactant molecules to the surface 

atoms, thus lowering the activity of the nanoparticles. Indeed, the effective removal of PVP from 

the surface of AuNPs using NaBH4 is strogly depended on the concentration of NaBH4 and on the 

incubation time. Further research should focus on optimizing these synthesis parameters to ensure 
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complete removal of PVP. Raman or FTIR techniques should be used to detect the quantity of 

PVP on the AuNPs surface. 

During the electrochemical activity testing, we observed that oxygen evolution reaction, for which 

gold is a well-established catalyst, proceeded favourably on the AuNPs/C catalyst, even at 

moderate potentials. We have not investigated further the use of the as-developed catalyst for 

application to ORR as it was out of the scope for this thesis. However, these observation may 

suggest a good fit for reactions involving small molecules with high diffusivity such as O2, CO2, 

CH4 or N2. Amongst these, one particularly interesting application would be the nitrogen reduction 

reaction (NRR), for which,  gold is in fact the most selective single material. As the NRR is one 

of the subjects investigated in our group, we will utilize the as-synthesized catalyst for this reaction 

to contribute to the development of a more sustainable and environmentally friendly route for the 

production of ammonia. On the other hand, for the upscaling of glucose electrooxidation process, 

and, potentially, for application in other oxidation processes involving sugars and sugar derivatives 

(i.e. fructose, xylose, lactose, levulose, glycerol, xylitol, etc.), it could be interesting to investigate 

catalytic systems in which gold is directly deposited onto high surface area supports with large 

porosity, like felts, nets or foams. 
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