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ABSTRACT 

 

 Producing chemicals from biomass feedstocks is a potential route for reducing our 

dependence on unsustainable petroleum resources. However, unlike petrochemicals, biomass-

derived chemicals are highly oxygenated, and there is a need to develop new processes to 

efficiently upgrade them to useful chemicals and products. One approach is to perform the 

desired transformations using electrochemistry. Electrochemical reactions are usually 

conducted at mild temperatures, which is advantageous for the conversion of thermally-

unstable bioderived compounds. Additionally, electroanalytical methods can reveal 

mechanistic information about the complex processes occurring at electrode/electrolyte 

interfaces. Electrochemical cells are uniquely capable of integrating sustainable chemical 

production and renewable energy conversion. Alcohol-fed fuel cells can convert chemical 

energy to electricity, and may also generate value-added chemical products. Electrolytic cells 

can utilize renewable energy directly by employing sunlight-absorbing semiconductor 

photoelectrodes, or indirectly by using renewable electricity to drive non-spontaneous 

reactions. Electrochemistry may play key roles in our future chemical and energy landscapes, 

yet fundamental and applied research is needed to develop these technologies. 

 In this work, the electrochemical oxidation of biomass-derived compounds to valuable 

chemicals was explored. Specifically, this research focused on overcoming challenges related 

to catalyst activity and product selectivity for the electrocatalytic oxidation of bioderived 

polyols and polyfunctional molecules. Selective oxidation of vicinal diols under 

electrochemical conditions was studied using 1,2-propanediol (PDO) as a model compound. 

Potential-dependent pathways and selectivity trends were elucidated for PDO oxidation with 
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carbon-supported Pt and Au nanoparticle electrocatalysts in anion-exchange membrane fuel 

cells. Electrochemical conversion of a polyfunctional substrate, namely 5-

hydroxymethylfurfural (HMF), was studied in electrolytic flow cells. HMF was selectively 

oxidized to 2,5-furandicarboxylic acid (FDCA), an important precursor for biobased polymers, 

using carbon-supported palladium and gold bimetallic nanoparticle electrocatalysts. Tuning 

anode potential and catalyst composition were critical for achieving high selectivity to FDCA. 

Efficient photoelectrochemical oxidation of HMF to FDCA was demonstrated using a 

homogeneous electrocatalyst, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), together with a 

heterostructured photoanode. Modifying bismuth vanadate semiconductor films with 

electrodeposited cobalt phosphate simultaneously enhanced TEMPO oxidation photocurrent 

and suppressed the undesired oxygen evolution reaction.  
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CHAPTER 1 

GENERAL INTRODUCTION  

 

1.1 Global Energy Trends and Climate Change 

 The global energy demand is largely met by the combustion of fossil resources such as 

liquid petroleum fuels, coal, and natural gas. This demand is projected to reach over 800 

quadrillion BTUs annually by 2040.1 There is significant scientific consensus that human 

behavior contributes to climate change, particularly through the release of carbon dioxide 

(CO2) from the combustion of fossil fuels.2-3 These changes have disastrous effects such as 

melting ice sheets, rising sea levels, acidifying oceans, and increasing frequency of extreme 

weather events.3-4 Moreover, fossil fuels are a finite resource.5 Accordingly, it is inevitable that 

there will be a major shift in the global energy supply to low-carbon, renewable energy sources 

(Figure 1.1a). Biofuels such as biodiesel, bioethanol, and biomethane derived from renewable 

oils, biomass, and organic wastes, are expected to have an increased role as alternative 

transportation fuels.6 Additionally, renewable electricity from hydroelectric, biomass, 

geothermal, solar, and wind sources is projected to meet over 25% of the U.S. electricity 

demand by 2030 (Figure 1.1b), dependent on future energy policies.7 Much of that increase 

will likely be from wind and solar, which together accounted for over 98% of the additional 

capacity added to U.S. renewable electricity generation in 2017.  

The growing contribution of variable power sources like wind and solar introduces new 

challenges, due to fluctuations in their generation capacity on an hourly or daily basis. 

Conventional power sources are necessary to provide baseline power generation during periods 

of low renewable electricity production, but may be unable to accommodate rapidly fluctuating 
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loads.8 This can lead to overgeneration and curtailed renewable energy, which increase costs 

and reduce the overall environmental benefit. Common strategies to alleviate curtailment 

include: application of large-scale energy storage, expansion of transmission zones, 

improvements in load forecasting, and increased automation.8-9 An alternative approach is to 

use the low-cost, overgenerated renewable electricity to drive electrochemical reactions as a 

means to store or convert the energy into fuels or chemicals. Electrochemical energy 

conversion is expected to be a key component of the future energy landscape, as a safe, clean, 

and sustainable alternative to the current fossil-based energy system.10 Examples of promising 

electrochemical technologies for storage or utilization of renewable electricity include 

sustainable hydrogen production from water electrolysis, CO2 fixation and conversion to 

chemicals and fuels, electrosynthesis of fine chemicals, and energy storage in redox flow 

batteries. 

 

Figure 1.1. Historical and projected (a) annual global energy consumption and (b) annual U.S. 
electricity generation by source. Data from US Energy Information Administration.7   

1.2. Biomass to Chemicals 

Since the industrial revolution of the early 19th century, our society has heavily relied on 

inexpensive carbon-based chemicals derived from fossil sources. As such, nearly 4% of 
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worldwide oil consumption is attributed to the production of chemicals and plastics.11 

However, fossil resources are an inherently unsustainable carbon source on the timescale of 

human activity, because they require millions of years to be regenerated. As an alternative, 

biomass is a large-scale and renewable source of organic carbon. In particular, lignocellulosic 

biomass is the most abundant source of biomass, and is widely available from non-food sources 

such as wood, straw, husks, and grass.12 The manufacturing of industrial chemicals is closely 

tied to energy production. Therefore, it is expected that as the energy sector shifts to become 

more dependent on renewable sources, there will also be opportunities to develop biorenewable 

chemical manufacturing in parallel.13  

Significant efforts have been spent to integrate the production of chemicals and fuels from 

raw biomass feedstocks in a so-called ‘biorefinery’.11, 14-15 Analogous to conventional oil 

refineries, a successful biorefinery will likely follow a platform chemical approach, in which 

a small collection of chemicals are efficiently produced by chemical or biological 

transformations and then used for manufacturing of a wide variety of commercial chemicals 

and products.13 Unlike petrochemical feeds which characteristically contain very little oxygen, 

biomass-derived carbohydrates contain excess oxygen functionality (cf. Figure 1.2).14 

Accordingly, new catalytic processes must be developed to efficiently convert the highly-

functionalized biomass-derived platform molecules to desired products.16-18 Two main 

directions for conversion of biomass-derived chemicals are available: (1) removing all oxygen 

functionalities to more closely resemble petrochemical feedstocks or (2) selectively tuning the 

existing oxygen groups to obtain the desired functionalities.11 Complete removal of oxygen 

content is energy-intensive and typically requires large amounts of molecular hydrogen, which 

is mainly obtained from unsustainable fossil sources.19 This approach is necessary for 
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production of biofuels, for which low oxygen content is required to give high energy density 

and good mixing compatibility with current liquid fuels.11 However, applications for chemical 

production require less deoxygenation. Instead, the existing oxygen functionalities may be 

treated as valuable assets that can be efficiently tuned through chemical reactions, such as 

selective oxidation.  

 

Figure 1.2. Platform chemicals derived from petroleum or biomass. 

A prime example of chemical production by the selective oxidation of bioderived 

chemicals is the conversion of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid 

(FDCA).20 HMF is readily available from the acid-catalyzed dehydration of hexoses, and is 

considered to be a promising feedstock for bioderived products.21-23 Selective oxidation of the 

alcohol and aldehyde side-groups of HMF yields FDCA, a versatile building block for 

biobased polymers. For example, Avantium Technologies BV (Netherlands) has developed a 

process to produce polyethylene 2,5-furandicarboxylate (PEF) from FDCA and ethylene 

glycol that has reached pilot-scale operation.24 The valorization of glycerol through selective 

oxidation has also received great attention.25-29 Glycerol is major coproduct of the 

transesterification process used for biodiesel production, and comprises approximately 10% of 
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the product stream.30 U.S. annual biodiesel production climbed steadily over the last decade to 

about 1.6 billion gallons in 2017.31 It is desirable to find processes to upgrade renewable 

glycerol to more valuable chemicals, thereby further improving the feasibility of biodiesel 

production and reducing our reliance on petroleum sources. Because it has three hydroxyl 

groups, glycerol can be oxidized to a variety of value-added products, such as 

dihydroxyacetone, glyceric acid, tartronic acid, and mesoxalic acid; however, it can be 

challenging to achieve high product selectivity.32 

1.3. Electrochemistry: Integrating Chemical and Energy Conversions 

Electrochemistry is the study of processes occurring at the interface between electron 

conductors (i.e. electrodes) and ionic conductors (i.e. electrolytes).33 The driving force for an 

electrochemical reaction is the difference in electrochemical potential between the electrode 

and the electroactive species in solution. This driving force can be measured or controlled 

relative to another electrode with a known potential, named a reference electrode, through 

external circuitry and equipment (i.e. potentiostat). Quantitative measurement of the current-

potential (i-E) relationship can be made using a three-electrode electrochemical cell, composed 

of working, reference, and counter electrodes.  

Electrochemistry is uniquely capable of integrating the sustainable production of chemicals 

with renewable energy conversion. Electrochemical syntheses are flexible, with the benefit 

that reaction activation barriers and product selectivity can be regulated by tuning the electrode 

potential.34 As the electrochemical reactions are activated by external potential, rather than 

thermally, they are generally operable at very mild temperatures and pressures. These 

conditions make electrochemical methods especially well-suited for conversion of biomass-

derived compounds, which are typically thermally unstable.35 Additionally, electrochemical 
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methods and analysis give insight into processes occurring at electrode/electrolyte interfaces 

that would be otherwise unavailable without complex in situ spectroscopic techniques.36 

Electrochemistry also gives rise to fuel cells, which transform chemical energy to electricity 

and can also coproduce valuable chemicals.37-39 Moreover, electrochemical cells can utilize 

renewable energy resources directly through the use of sunlight-harnessing semiconductor 

electrodes in photoelectrochemical cells, or indirectly using renewable to drive non-

spontaneous reactions. Electrocatalysis may play a key role in moving our chemical and energy 

landscapes towards a sustainable future, yet more fundamental and applied research is needed 

to develop these new technologies. 

1.3.1 Brief overview of electrochemistry theory 

The standard cell potential (𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 ) of an electrochemical reaction is calculated from the 

change in Gibbs free energy of reaction at standard conditions (∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟0 ), the number of electrons 

transferred (𝑛𝑛), and the Faraday constant (𝐹𝐹 = 96485.3 C mol-1), by Equation 1.1.  

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 = −∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟0

𝑛𝑛𝑛𝑛
          (1.1) 

The standard electrode potentials for the anode (𝐸𝐸𝑎𝑎0) and cathode (𝐸𝐸𝑐𝑐0) are related to standard 

cell potential by Equation 1.2. 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 = 𝐸𝐸𝑐𝑐0 − 𝐸𝐸𝑎𝑎0         (1.2) 

The Nernst relationship describes the equilibrium electrode potential (𝐸𝐸𝑒𝑒𝑒𝑒) at non-standard 

conditions, shown for an anodic half-reaction in Equation 1.3: 

𝐸𝐸𝑒𝑒𝑒𝑒 = 𝐸𝐸0 + 𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

ln 𝑎𝑎𝑜𝑜𝑜𝑜
𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟

         (1.3) 

in which 𝑎𝑎𝑜𝑜𝑜𝑜 and 𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 are the activities of the oxidized and reduced species of the half-reaction, 

respectively. The actual electrode potential during an electrochemical operation (𝐸𝐸) may vary 
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from 𝐸𝐸𝑒𝑒𝑒𝑒 due to overpotentials (𝜂𝜂) resulting from charge transfer resistance, mass transfer 

resistance, or resistances associated with a proceeding reaction, as shown in Equation 1.4. 

𝜂𝜂 = 𝐸𝐸 − 𝐸𝐸𝑒𝑒𝑒𝑒          (1.4) 

The relationship between kinetic activation overpotentials (𝜂𝜂𝑐𝑐𝑐𝑐) and reaction rate, or current 

density (𝑗𝑗), is often described by the Butler-Volmer equation. So-called “Tafel” behavior is 

observed for moderate overpotentials, at which 𝑗𝑗 increases exponentially with 𝜂𝜂𝑐𝑐𝑐𝑐. Mass 

transfer overpotentials occur when concentrations at the electrode surface deviate from in the 

bulk solution. Mass transfer to an electrode is governed by the Nernst-Planck equation, which 

accounts for migration, diffusion, and convention transport modes.40 The actual cell voltage 

(𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) depends on the cell current (𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), anode potential (𝐸𝐸𝑎𝑎), cathode potential (𝐸𝐸𝑐𝑐), and 

ohmic losses associated with the ionic and electrical conductors that complete the charge 

circuit, as shown by Equation 1.5: 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑐𝑐 − 𝐸𝐸𝑎𝑎 − |𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐|�𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�     (1.5) 

in which 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the electrical contact resistance and 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the ionic resistance of 

the liquid electrolyte solution or solid electrolyte membrane.  

1.3.2. Introduction to electrochemical devices 

An electrochemical half-reaction cannot proceed without a corresponding counter half-

reaction to balance ionic and electronic charges generated or consumed. In experimental 

research, it is common to use a three-electrode configuration to facilitate direct study of the 

electrode of interest. Meanwhile, the counter reaction is basically neglected. However in real 

applications, both electrodes must be considered in order to evaluate the overall energetics and 

economic viability of the process. Therefore, a common theme throughout this work is to 

consider the electrochemical reactor as a whole, in terms of the required electrical power input 
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for electrolytic cells or power generation for fuel cells. Three electrochemical devices for 

conducting selective alcohol oxidation are introduced in Figure 1.3. Conventional electrolytic 

cells use external electricity input to drive electrochemical reactions. In many electrolytic cells, 

desired products are only generated at one electrode of interest, while the other serves as an 

arbitrary counter electrode. However, paired electrolytic cells utilize both the anode and 

cathode for production of valuable chemicals or fuels through selective oxidation and reduction 

reactions, respectively. Photoelectrolytic cells are a subtype of electrolytic cell in which at least 

one electrode is a light-absorbing semiconductor (i.e. photoelectrode). Direct alcohol fuel cells 

integrate alcohol oxidation at the anode with the thermodynamically-favorable oxygen 

reduction reaction at the cathode to operate without external electrical energy input, and instead 

they can generate electricity along with valuable alcohol oxidation products. 

 

Figure 1.3. Three configurations of electrochemical devices for selective alcohol oxidation. 
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1.3.3. Electrolytic Cells 

Electrolytic cells are electrochemical reactors that require external electrical energy input. 

The 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0  of an electrolytic cell is negative by definition, corresponding to a positive ∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟0  for 

the overall reaction. External voltage is applied to make the cell voltage positive and drive the 

reactions. The required voltage depends on the thermodynamics and kinetics of the anode and 

cathode reactions, as well as electrical contact resistances and internal ionic resistances. Large-

scale industrial applications of electrolytic cells include the chlor-alkali process for production 

of chlorine gas and sodium hydroxide, aluminum smelting, perfluorination of hydrocarbons, 

metal winning and refining, and electroorganic synthesis of adiponitrile.41 Electrosynthesis has 

an inherent advantage in terms of sustainability compared to conventional organic synthesis 

because the electrons used as reagents are clean and inexpensive, and the reactions may be 

driven by renewable electricity.42-43 The cost for transferring one mole of electrons is less than 

¢1, assuming the average U.S. industrial electricity cost of ¢6.4 per kWh and an operating 

voltage of 5 V.44 There is significant interest in developing new technologies related to 

electrochemical water splitting for sustainable production of H2, electroreduction of CO2 to 

fuels and chemicals, and electrochemical conversion of bioderived chemicals (e.g. alcohols). 

Generally, the widespread commercialization of electrosynthetic approaches is limited by 

economic factors, which may be alleviated in the future with development of new catalysts, 

electrolyte materials, and by the application of electrochemical engineering concepts.  

Paired electrolytic cells are a subtype of electrolytic cell that utilize both the anode and 

cathode for generating valuable products. Electrochemical half-reactions must always occur in 

pairs. In most electrolytic reactors, desired products are only generated at one electrode of 

interest, while a sacrificial reaction occurs at the counter electrode to maintain 
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electroneutrality.45 However, there are economic and environmental advantages to devising 

electrochemical schemes in which both electrodes participate in desired reactions. Paired 

electrolysis may satisfy several aspects of green chemistry by improving atom economy, 

preventing waste, and reducing energy demands.42 In ‘parallel’ paired electrolytic processes, 

two different starting materials are used, and each reacts at one of the electrodes to generate 

products.46 This approach is used commercially for the production of phthalide and 4-(t-

butyl)benzaldehyde dimethyl acetal from methyl phthalate and 4-(t-butyl)toluene, 

respectively.47 There have also been many parallel electrolytic processes proposed for 

sustainable production of chemicals and fuels from abundant resources such as biomass, water, 

and CO2. For example, CO2 can be reduced to ethylene, methane, or methanol at a cathode 

together with simultaneous alcohol oxidation to carboxylic acids at an anode.48 Also, anodic 

electrosynthesis paired with water reduction can achieve coproduction of valuable oxidation 

products and H2 gas, a clean energy carrier, in a single electrochemical cell.49-52 A ‘divergent’ 

paired electrolytic process involves a single starting material that is oxidized at the anode and 

reduced at the cathode to generate two different products. An important example is the 

conversion of glucose to gluconate and sorbitol in a single cell, which is used on an industrial 

scale.53 Electrochemical water splitting may be considered a divergent paired electrolytic 

reaction, as water is the reactant for both H2 and O2 generation, although the O2 produced has 

limited commercial value. 

1.3.4. Photoelectrolytic cells 

Photoelectrochemistry is the study of semiconductor/electrolyte interfaces. A 

photoelectrolytic cell is a subtype of electrolytic cell in which at least one of the electrodes is 

a semiconductor material. As an extension of the electrochemical approaches outlined so far, 
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photoelectrochemistry may play an important role in sustainable energy and chemical systems 

– by which energy from sunlight is directly utilized to partially drive electrochemical reactions. 

An enormous amount of power is available from the sun over a wide range of wavelengths (i.e. 

energy), as shown in Figure 1.4. By harnessing solar energy to produce photogenerated 

charges, the electrical energy demand for photoelectrochemical cells is substantially lower than 

corresponding electrochemical cells.54-55 The combination of using renewable biomass-derived 

feedstocks, renewable electricity, and sunlight is potentially one of the most sustainable 

approaches for chemical production. 

 

Figure 1.4. Terrestrial solar irradiance spectra (ASTM G173-03 reference).56 

The electronic properties of a semiconductor are described in terms of the band model, in 

which there is an energy gap, or band gap, between the valence band (VB) and conduction 

band (CB). In semiconductors, the VB is almost completely filled while the CB is nearly 

vacant.40 Conduction is possible when electrons from the VB are excited to the CB, leaving 

behind holes in the VB. Both electrons and holes are mobile, and can therefore conduct charge. 

An intrinsic semiconductor is a material in which the electron and hole densities are equal. A 
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material doped with donor atoms is called an n-type semiconductor, in which CB electrons are 

the majority charge carrier. On the other hand, a material doped with acceptor atoms is called 

a p-type semiconductor, in which the VB holes are the majority charge carriers. The utilization 

of electron-hole pairs requires spatial separation of the charges, which is induced by the 

presence of an electric field. Such fields are formed when a semiconductor is put in contact 

with a redox-active electrolyte, due to equilibrating charge transfer at the 

semiconductor/electrolyte junction.40 Charge separation is also enhanced by the application of 

an external potential to the photoelectrode, usually through a conductive back contact. 

For an n-type semiconductor in contact with a redox-active electrolyte, holes migrate 

toward the semiconductor/electrolyte junction and electrons move toward the electrical 

contact. The holes have an effective oxidation potential equal to the energy of the VB edge. 

Therefore, n-type semiconductors promote oxidation reactions at the 

semiconductor/electrolyte interface and serve as photoanodes. Many of the photoanode 

materials under investigation are metal oxides, owing to their general chemical stability under 

oxidizing conditions.57 A major application for n-type photoelectrochemical materials is as 

photoanodes for solar water splitting cells. The seminal work by Fujishima and Honda in 1972 

demonstrated the photoelectrochemical splitting of water into H2 and O2 for the first time, by 

utilizing an irradiated TiO2 photoanode and Pt cathode.58 More recently, there has been 

inspiration to simultaneously produce H2 and valuable chemicals by photoelectrochemical 

alcohol reforming.49, 59 An efficient photoelectrode should facilitate light absorption, charge 

separation, charge transport, and electrochemical reactions. Also, photoelectrodes should 

preferably be composed of Earth-abundant, low-cost, and stable materials. There is motivation 

to develop heterostructured photoelectrodes composed of multiple materials to meet these 
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requirements.60 Other strategies to enhance photoelectrode performance including doping or 

compositional tuning,61-66 nanostructuring,67-68 incorporating heterojunctions,69-72 and surface 

modifications,73-75 have also been widely explored. 

1.3.5 Fuel cells 

Fuel cells are electrochemical devices in which chemical energy is converted to electricity. 

The principles of fuel cells are fundamentally similar to batteries, with the key difference that 

fuel cells operate as open-systems in which electroactive species flow into and out of the 

device, whereas in conventional batteries the electroactive species are contained within the 

cell. This attribute gives fuel cells the added flexibility of having separated energy capacity 

(i.e. in reactant tanks) and power generation (i.e. in the cell). Intrinsically, fuel cells are more 

efficient than internal combustion engines, which are subject to Carnot efficiency limitations. 

Fuel cells are a promising energy conversion technology with potential applications including 

transportation, distributed power generation, backup power generation, and portable power 

generation. The principles of fuel cell technology were first reported in 1839 by Sir William 

Grove.76 Many types of fuel cells have been developed since then, which vary by the type of 

fuel they consume, the type of electrolyte or membrane employed, and the temperatures at 

which they operate (Table 1.1).77 The modern revolution of fuel cells was spurred by the 

introduction of solid polymer electrolytes, developed for the Gemini space mission by Grubb 

and Niedrach at General Electric.78-79 The membrane was made of sulfonated polystyrene and 

had significant advantages over previous designs, such as enabling a more compact design and 

light-weight construction; however, it was limited by durability issues.80 Modern solid 

electrolyte membranes are based on ion exchange polymers and fall into two classes: proton-

exchange membranes (PEM) and anion-exchange membranes (AEM). 
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Table 1.1. Classification and properties of different fuel cells 

 
Abbreviation Electrolyte Temperature 

(° C) Fuels Reference 

Alkaline fuel cell AFC 
Aqueous 
potassium 
hydroxide 

65–220 H2 81 

Polymer electrolyte 
membrane fuel cell PEMFC Polymer 

membrane 60–140 H2, 
alcohols 77 

Phosphoric acid fuel 
cell PAFC Phosphoric 

acid 150–200 H2 81 

Molten carbonate fuel 
cell MCFC Alkali 

carbonates 600–700 H2, CO 82 

Solid oxide fuel cell SOFC 
Yttria-

stabilized 
zirconia 

600–1000 H2, CO 76, 83 

 

PEM-based fuel cells have received the most attention due to the success of H2/O2 fuel 

cells for automotive and stationary power generation. The most common PEM is Nafion®, a 

perfluorosulfonic acid ionomer developed by DuPont in 1966, owing to its high conductivity 

and acceptable thermal and mechanical stabilities.84 PEM fuel cell performance relies on high 

loading of platinum-group metals (PGMs), as a result of the generally sluggish electrochemical 

kinetics in acidic media, especially at the cathode for the oxygen reduction reaction (ORR). 

The requirement of PGM catalysts limits the widespread application of PEM-based fuel cells 

due to their high cost and low abundance. Another major disadvantage of PEM-based fuel cells 

is the limitation of fuel types available, because the PGM catalysts are intolerant to 

intermediate byproducts (e.g. CO) generated from oxidation of organic fuels, and suffer from 

potential losses from organic fuel crossover to the cathode.85 Furthermore, H2 is not an ideal 

fuel as it is currently generated by the steam reforming of natural gas, which relies on fossil-
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based resources and releases large amounts of greenhouse gases.19 Additionally, difficulties 

with H2 purification, storage and infrastructure issues have inhibited use of PEM fuel cells for 

transportation applications.86 

AEM fuel cells (AEMFCs) have many potential advantages over their PEM counterparts. 

The relevant electrode reactions (e.g. ORR) have generally faster kinetics at high pH in 

comparison to acidic conditions,87-88 resulting in higher operating cell voltages and power 

output. Material corrosion is also minimized in alkaline conditions. The enhanced kinetics and 

improved material stability in alkaline conditions enable the use of inexpensive ORR catalysts 

such as non-PGM metals (e.g. Ag) and carbon-based materials.89-91 These cathode materials 

are also advantageous in terms of their higher tolerance to poisoning compared to Pt-based 

catalysts, and also their relative inactivity for oxidations – thereby reducing mixed-potentials 

losses at the cathode.92 Furthermore, the direction of ion flow through an AEM is from cathode 

to anode, eliminating the electroosmotic transport of organic fuels from anode to cathode 

present in PEM fuel cells, and further reducing crossover issues.92 Nonetheless, there are many 

challenges related to the performance, durability, and cost of AEMFCs.  

Progress in AEMFC development has motivated extensive research in direct alcohol fuel 

cells (DAFCs).93 Early DAFC work focused on small alcohol fuels (e.g. methanol and ethanol) 

due to their high volumetric energy densities and ease of storage.92 Alternatively, the selective 

oxidation of larger alcohols at the fuel cell anode may offer the potential economic advantage 

of coproducing electricity and chemical products simultaneously.37-39, 94-96 For example, 

bioderived polyols (e.g. ethylene glycol, glycerol) have been investigated as potential fuels 

because of their high energy densities and wide range of useful oxidation products.38, 97 
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1.4 Selective Oxidation of Alcohols and Aldehydes 

The selective oxidation of alcohols is a fundamental chemical transformation of key 

importance in both the industrial and academic realms. Partial oxidation of primary or 

secondary alcohols yields aldehydes or ketones, respectively, as shown in Figure 1.5. 

Aldehydes may be further oxidized to carboxylic acids following formation of a geminal diol, 

through reversible hydration.98 Vicinal diols may also undergo oxidative glycol cleavage, i.e. 

C–C bond breaking.99  

 

Figure 1.5. Partial oxidation of primary alcohols, secondary alcohols, and vicinal diols.  

The total oxidation of alcohols to carbon dioxide is desired in DAFCs, in order to maximize 

the fuel utilization efficiency, but is undesired for chemical production. Selective oxidation of 

biomass-derived feedstocks such as polyalcohols (polyols), furanics, and sugars is a potentially 

environmentally-friendly and sustainable route for chemical production, but has many 

challenges. Given the range of possible oxidation reactions, it can be difficult to selectively 

target one product. This is especially true for the conversion of polyfunctional substrates with 

the existence of multiple alcohol groups or other functional groups that are prone to oxidation. 

Biomass-derived chemicals are generally complex, multifunctional molecules with high 

boiling points, and poor thermal stability.100 As such, mild conditions as used in low 
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temperature, liquid-phase conversions are generally most suitable. However, conventional 

liquid-phase oxidation processes, especially those used for fine chemical production, consume 

stoichiometric amounts of high-oxidation-state transition metals such as potassium 

permanganate and hexavalent chromium compounds.101-102 Such reagents have toxicity issues, 

result in low atom utilization efficiencies, and generate large amounts of inorganic waste. 

These antiquated methods are not only expensive, but are also not compatible with the 

principles of green chemistry. As a result, there is a growing need to develop alternative 

processes that are more efficient and clean. 

1.4.1. Homogeneous metal-based catalysts 

Catalysis is one of the pillars of green chemistry, with benefits including lower energy 

requirements, decreased need for additional processing and separation, and less use of toxic 

materials.103-104 Extensive research has been done to develop new environmentally-acceptable 

processes for catalytic alcohol oxidation, particularly based on ‘clean’ oxidants like oxygen or 

hydrogen peroxide. Homogeneous catalysts are typically metal complexes based on Cu, Ru, 

Pd, Au, or V, in the same phase as the reactants.105 These systems have the major advantage 

that all active sites are accessible to the reagents. Furthermore, the catalysts usually only 

contain a single type of active site, which can be tuned by manipulating the complexing ligands 

to achieve excellent chemoselectivity.105 However, the use of homogeneous oxidation catalysts 

in industry has been hindered by energy demands and complications associated with catalyst 

separation and recovery from the final products. Additionally, problems with corrosion and 

plating from the catalysts on reaction vessel walls can arise. A hybrid class of catalyst known 

as ‘heterogenized’ homogeneous catalysts can be prepared by immobilizing homogeneous 

catalysts onto support materials, through adsorbing, tethering, or entrapping methods.106 While 
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these approaches can alleviate some issues with catalyst separation and recovery, the hybrids 

typically suffer from leaching, and their stability is a major problem. 

1.4.2. Heterogeneous catalysts 

Stoichiometric and homogeneous catalytic oxidations are being replaced in industry by 

heterogeneous catalytic methods using molecular oxygen as the oxidant.107 As a result of the 

shift from petroleum-based chemicals to biomass-derived alternatives, there has also been 

significant academic work focused on selective oxidation of methanol, ethanol, glycerol, and 

C2–C6 alcohols using heterogeneous catalysis.36 Heterogeneous catalysts are more practical 

than homogeneous catalysts in terms of scale-up and process intensification, and can be easily 

separated from reaction mixtures.108 The majority of industrial catalysts are metal 

nanoparticles dispersed on high surface area support materials such as metal oxides (e.g., 

Al2O3, SiO2, ZrO2, MgO, and TiO2) or carbons.109 Supported PGMs are one of the most 

commonly used classes of heterogeneous catalysts for alcohol oxidation, because of their 

ability to activate alcohols and O2 under relatively mild conditions and produce carbonyls or 

carboxylic acids with good yields. Pt and Pd are often modified with a promoters such as Pb 

or Bi, which can enhance oxidation rates or lead to remarkable changes in product 

selectivity.110-111 Au is also a good oxidation catalyst, but is only active at high pH. Au catalysts 

have significant advantages over PGMs, such as being substrate specific, stable against 

leaching, and resistant to over-oxidation from O2.112 Bimetallic or multimetallic catalysts are 

also widely used for alcohol oxidation, as a result of their advantageous structural or electronic 

properties compared to monometallic catalysts.113-117 Unlike homogeneous catalysis, 

heterogeneous catalysis involves interfacial reactions and processes. Therefore, understanding 

the nature of catalytically-active sites requires knowledge of solid-state chemistry, physical 
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chemistry, and of the phenomena occurring across a wide range of spatial and temporal scales. 

As such, much of the previous progress made in heterogeneous catalyst development has been 

made by trail-and-error, rather than by rational design of active sites.118 Recently, advances in 

the fields of ab initio thermochemistry computation, microkinetic modeling, atomic-level 

characterization, and in situ spectroscopy have led to better understanding of catalyst activity, 

stability and structure-function relations – at least for relatively simple reactions.119 

A major technical limitation is catalyst deactivation. The blockage of active sites by 

formation of strongly-bound adsorbates is common during alcohol oxidation, especially for 

PGM catalysts. These adsorbed species are often formed by undesired side reactions of 

carbonyl intermediates or products, via aldol condensation, oligomerization, or decomposition 

to CO or carbonaceous species.107 Also, it is important to carefully regulate the O2 supply, 

because excess O2 can oxidize the active sites to metal oxides, which are much less active for 

alcohol oxidation than metallic sites.120 While the blockage of active sites by adsorbates or 

oxides is usually reversible, the irreversible loss of active sites can occur through particle 

sintering or metal dissolution.121 These irreversible losses are exacerbated by acidic or alkaline 

conditions and highly oxidizing environments, which are required for facilitating alcohol 

oxidation. Leaching of the active species not only results in loss of activity, but can also 

promote undesired side reactions in solution.122 

1.4.3. Electrocatalysts 

The development of electrocatalysts for alcohol oxidation has been largely centered around 

anode catalysts for oxidation of methanol, ethanol, glycerol, and C2–C6 alcohols in fuel 

cells.123 In this section, the term “electrocatalyst” refers to a heterogeneous catalyst that 

modifies the rate of a redox process occurring at an electrode surface.40, 124 This term is also 
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sometimes used to describe electrochemically-active molecular catalysts (e.g. TEMPO). 

Electrocatalytic reactions involve an electrified electrode/electrolyte interface. Nonetheless, 

there are many parallels between conventional heterogeneous catalysis and electrocatalysis. 

Most aspects of conventional catalysis are relevant for electrocatalysis, such as the 

identification of active sites, identifying intermediates and reaction mechanisms, and studying 

competitive adsorption phenomena, metal-support interactions, and particle size effects. The 

materials used in catalysis and electrocatalysis are also similar; they both often involve 

supported metal nanoparticles. Many of the metals that are most active for conventional 

catalysis (e.g., Pt, Pd, and Au) are also very active electrocatalysts. Unlike conventional 

catalysts that are dispersed in the reaction mixture as powders, electrocatalysts are anchored to 

a conductive substrate for current collection. In this way, catalyst recovery requires no 

additional separation steps.  

1.4.4. Mechanisms of catalytic alcohol oxidation on metal catalysts  

The accepted mechanism for catalytic alcohol oxidation occurs through three steps: (1) 

formation of an adsorbed alkoxide, (2) β-hydride elimination to produce a carbonyl and metal 

hydride, and (3) oxidation of the metal hydride to regenerate the metal site or metal-

hydroxide.112, 125-126 Further oxidation of the carbonyl (i.e. aldehyde) proceeds by the same 

mechanism as alcohol oxidation, after formation of a geminal diol through reversible hydration 

in solution, or on the metal surface via the reaction with surface-bound hydroxides. Formation 

of the adsorbed alkoxide intermediate requires an initial deprotonation of the alcohol, which 

may occur in solution or on the metal surface. Both routes are facilitated by hydroxides. The 

deprotonation in solution depends on the solution pH and is enhanced in alkaline conditions, 

whereas deprotonation on the metal surface is facilitated by surface-bound hydroxides. β-
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hydride elimination occurs on the metal surface, and also may be facilitated by surface-bound 

hydroxide. Clearly, high pH conditions facilitate several steps of the alcohol oxidation 

mechanism, and as a result catalytic alcohol oxidations are usually performed in either alkaline 

or weakly acidic conditions.127 This is especially important for Au catalysts, which are very 

active at high pH but have little or no activity for alcohol oxidation in acidic conditions.112, 126, 

128 The third step is oxidation of the metal hydride to regenerate the metal site or metal-

hydroxide, which likely proceeds by reductive decomposition of associatively adsorbed O2, as 

evidenced by the formation of peroxides during oxidations.129 Catalytic oxidation does not 

proceed without O2; however, isotopic labelling studies revealed that oxygen from O2 is not 

directly incorporated into oxidation products.128 Therefore, the proposed role of O2 is to 

remove electrons from the metal surface, oxidize metal hydride bonds, and regenerate 

hydroxides, thus closing the catalytic cycle. 

 The most defining differences between catalytic and electrocatalytic alcohol oxidation 

mechanisms are related to the regeneration of active surface intermediates and the removal of 

electrons (Figure 1.6). In aerobic catalysis, O2 serves as an electron scavenger; O2 is reduced 

to peroxides and hydroxides, thus sustaining electroneutrality. Furthermore, O2 reduction 

regenerates active sites by oxidizing the metal hydride bonds. Wieckowski and Neurock 

elegantly described this as a “local, short-circuited, electrochemical cell”.36 In such a system, 

O2 provides the chemical potential required to drive oxidation reactions. In electrocatalysis, 

the electrochemical potential drives the reaction and facilitates the adsorption of reaction 

species and hydroxides. Removal of electrons from the metal surface is achieved with an 

external circuit, and the rate of electron transfer can be directly measured or controlled. 
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Electroneutrality is achieved by the electrocatalytic oxygen reduction reaction (ORR) at the 

cathode, which consumes electrons and regenerates hydroxide. 

 
Figure 1.6. Schematic comparison of aerobic catalysis and electrocatalysis for alcohol 
oxidation. Reaction stoichiometry is not indicated. Adapted from Ide and Davis.128 

1.4.5. TEMPO-based organocatalysts 

Organic nitroxyls are widely used as catalysts for oxidation of primary and secondary 

alcohols.130 The most widely used class are based on 2,2,6,6-tetramethylpiperidine-1-oxyl 

(TEMPO). TEMPO is usually employed as a homogeneous catalyst, and as such suffers from 

the drawbacks previously mentioned. Nevertheless, conventional oxidation methods are being 

replaced by TEMPO-catalyzed routes, especially for manufacturing of fine chemicals and 

pharmaceuticals, because of their remarkable selectivity, low-cost, and metal-free nature.98, 131 

TEMPO is a stable radical and is not active for alcohol oxidation by itself. However, the one-

electron oxidation of TEMPO yields an oxoammonium cation (i.e. TEMPO+) which is a 

relatively strong oxidant. TEMPO+ can also be produced by the acid-catalyzed 

disproportionation of TEMPO (Figure 1.7). However, alcohol oxidation rates are typically 

much lower in acidic conditions, so the reactions are usually performed with mildly basic 

conditions.132  
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Figure 1.7. TEMPO is oxidized by a one-electron transfer to the oxoammonium cation 
(TEMPO+) or reduced to hydroxylamine (i.e. TEMPOH). In acidic media, the 
disproportionation of TEMPO generates TEMPOH and TEMPO+. In basic media, the 
comproportionation of TEMPOH and TEMPO+ yields TEMPO. 133 

It has been proposed that alcohol oxidation by TEMPO+ in basic conditions begins with 

deprotonation of the alcohol to form an alkoxide, followed by nucleophilic attack on the 

nitrogen atom of the oxoammonium ion. Finally, intermolecular proton transfer yields the 

TEMPO hydroxylamine (i.e. TEMPOH) and the aldehyde (Figure 1.8).134-135 Aldehydes may 

be further oxidized in a similar manner only after they are hydrated in solution to generate the 

geminal diol (cf. Figure 1.5).136 Accordingly, aldehydes are the major product of primary 

alcohol oxidation by TEMPO in non-aqueous conditions, whereas both aldehyde and carboxyl 

groups may be formed in aqueous conditions. TEMPO and its derivatives are sterically 

hindered nitroxyls. As such, they are remarkably selective for primary alcohol oxidation in the 

presence of unprotected secondary alcohols under basic conditions. On the other hand, less 

hindered bicyclic nitroxyls such as 9-azabicyclo[3.3.1]nonane-N-oxyl (ABNO) or 2-

azaadamantane-N-oxyl (AZADO) are suitable for oxidation of either primary and secondary 

alcohols.137-138 
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Figure 1.8. Proposed mechanism of alcohol oxidation by the oxoammonium cation of TEMPO 
in basic solution.  

As previously noted, an oxidant is required to generate the reactive oxoammonium cation 

from TEMPO and to establish the catalytic cycle. Industrial applications of TEMPO-catalyzed 

alcohol oxidations traditionally followed the Anelli-Montanari protocol,139 in which 

stoichiometric amounts of aqueous hypochlorite serve as the primary oxidant while 4-hydroxy-

TEMPO and sodium bromide serve as cocatalysts. However, this protocol suffers from 

environmental drawbacks, such as the use of hypochlorite as the terminal oxidant which 

generates one equivalent of sodium chloride waste, and also can lead to undesired chlorinated 

byproducts.133 There has been significant interest in aerobic oxidations using TEMPO-based 

catalysts, however TEMPO is not easily activated directly by molecular O2. Therefore, aerobic 

oxidations require the aid of a heterogeneous cocatalyst such as graphene oxide,140-141 or 

homogeneous transition metals catalysts often based on Ru or Cu metals.142-148  

Alternatively, the oxoammonium cation can be generated anodically by the one-electron 

electrochemical oxidation of TEMPO (Figure 1.9), as first demonstrated by Semmelhack et 

al. in 1983.149 The hydroxylamine (i.e. TEMPOH) resulting from alcohol oxidation can be 

reoxidized to TEMPO at the electrode to establish a catalytic cycle.150-152 Alternatively, 

TEMPO may be regenerated by the comproportionation of TEMPOH with TEMPO+ in basic 

media (cf. Figure 1.7). Electrochemical oxidation with TEMPO-based nitroxyl catalysts is 
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convenient and clean, as electrical current replaces the primary oxidant, thus preventing the 

formation of waste. Moreover, this approach has notable applications for energy conversion, 

as the energy input required to drive the electrochemical cell may be met with renewable 

electricity, or partially met using sunlight as recently demonstrated in a photoelectrochemical 

cell.49 Lastly, TEMPO or its derivatives may be anchored to electrodes, thereby simplifying 

product separation and catalyst recovery steps.153-154 

 

Figure 1.9. Schemes for the (a) electrochemical oxidation of TEMPO and (b) TEMPO-
mediated electrochemical alcohol oxidation.  

1.5. Current Challenges and Limitations 

Many challenges related to electrochemical alcohol oxidations are exacerbated when using 

biomass-derived feedstocks, which are highly oxygenated and functionalized. Product 

selectivity can be a serious problem, given the wide range of possible oxidative transformations 

and the presence of multiple functional groups. It has been demonstrated that product 

selectivity can greatly depend on reaction conditions, such as electrode potential and 

electrolyte pH, as well as the nature of the electrocatalyst.155 Alcohol oxidations with 

heterogeneous electrocatalysts typically have very large kinetic barriers, especially for bulky 
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molecules, so expensive precious metal electrocatalysts are usually required to reduce 

overpotentials and energy demands. Using high pH electrolytes can help alleviate kinetic 

limitations,126 but may bring up other issues related to poor stability of reactants, intermediates 

or products and result in low product selectivity and yield. This is especially true for carbonyl 

groups, which are prevalent in biomass-derived feedstocks and intermediates, and are 

susceptible to condensation and polymerization reactions.35 Additionally, the base-catalyzed 

Cannizzaro-type disproportionation reactions of aldehydes generate alcohols and carboxyls, 

and can significantly impact product pathways and selectivity.156 Therefore, there is a need to 

better understand how catalysts and reaction conditions affect the reaction pathways and 

product selectivity for oxidation of biomass-derived molecules in electrochemical cells. 

1.6. Research Outline 

The overall objective of this research is to further the body of knowledge related to 

electrocatalysis for selective oxidation of biomass-derived compounds. Specifically, this work 

focuses on overcoming challenges related to catalyst activity and product selectivity for the 

electrocatalytic oxidation of bioderived polyols and polyfunctional molecules. The first 

chapter presents general background information and a literature review of relevant research. 

The second chapter explores the selective oxidation of 1,2-propanediol on carbon-supported 

nanoparticle electrocatalysts to gain information about the influences of catalyst material and 

electrode potential on competing primary and secondary alcohol oxidations. The third chapter 

extends the work to HMF oxidation with carbon-supported palladium and gold bimetallic 

nanoparticle electrocatalysts in order to study the competitive oxidation of alcohol and 

aldehyde groups separated by a heterocyclic ring structure. The dependency of product 

selectivity on electrode potential, as well as the benefits of bimetallic catalysts compared to 



    27 

their monometallic counterparts are elucidated. The fourth chapter investigates the use of 

homogeneous electrocatalysts for selective oxidation of alcohols in photoelectrolytic cells. 

Specifically, heterostructured photoanodes are developed to facilitate TEMPO-mediated 

oxidation of HMF to FDCA under very mild conditions. Strategic modifications of 

semiconductor films using electrodeposition techniques are explored to reduce charge 

recombination losses, improve energy efficiency, and suppress undesired side reactions 
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Abstract 

Electrocatalytic oxidation of polyhydric alcohols represents an important route for 

coproduction of biorenewable chemicals and energy. However, the governing factors leading 

to high product selectivity remain unclear. Herein, we investigate the selective oxidation of 

1,2-propanediol (PDO) to pyruvate or lactate in electrocatalytic reactors over carbon-supported 

platinum (Pt/C) and gold (Au/C) anode catalysts. PDO-fed alkaline anion-exchange membrane 

fuel cells successfully cogenerated electricity and valuable chemicals with peak power 

densities of 46.3 mW cm−2 on Pt/C and 10.0 mW cm−2 on Au/C. Pt/C was highly selective for 

primary alcohol group oxidation to lactate (86.8%) under fuel cell conditions, but Au/C yielded 

significant amounts of pyruvate, a product that previously eluded heterogeneous catalytic 

*Chadderdon, D. J.; Xin, L.; Qi, J.; Brady, B.; Miller, J. A.; Sun, K.; Janik, M. J.; Li, W., Selective Oxidation 
of 1,2-Propanediol in Alkaline Anion-Exchange Membrane Electrocatalytic Flow Reactors: Experimental and 
DFT Investigations ACS Catal. 2015, 5 6926−6936. Adapted with permission. Copyright 2015 American 
Chemical Society. 
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studies on Au. Sequential oxidation of lactate to pyruvate was not observed on Au/C but did 

occur slowly on Pt/C. The electrode potential dependent product distribution was investigated, 

and it was revealed that pyruvate selectivity on Au/C was sensitive to anode potential, and 

could be varied from 20% to 56%. On the basis of observed product distributions and linear 

sweep voltammetry of intermediate products, we proposed that the intermediates 

hydroxyacetone and pyruvaldehyde, which are not stable in high pH electrolyte, can be further 

oxidized to pyruvate on Au/C only if they are trapped within the thick diffusion layer of the 

carbon cloth supported catalyst layer. Density functional theory (DFT) calculations of reaction 

energies identified the most favorable reaction intermediates and provided insight into the 

likely reaction pathways. 

2.1. Introduction 

Renewable biomass has received great interest for its potential to replace petroleum as the 

primary feedstock for liquid fuels, chemicals, and polymeric materials. Biodiesel made by the 

transesterification of renewable oils and blended with petroleum diesel is a promising 

transportation fuel, and U.S. production reached over 1.2 billion gallons in 2014.1 A major 

coproduct of biodiesel production is glycerol, which comprises approximately 10 wt% of the 

product stream.2 It is attractive to find processes to upgrade renewable glycerol to more 

valuable chemicals, therefore improving the feasibility of biodiesel production and reducing 

our reliance on petroleum feedstocks. One promising glycerol conversion route is catalytic 

hydrogenolysis, which can achieve high selectivity to 1,2-propanediol (PDO),3−5 a key 

chemical building block currently produced by petrochemical-based processing of propylene 

oxide.6 A sustainability analysis found renewable PDO production from glycerol to be a viable 

and sustainable alternative to the petrochemical route, and this technology has been 
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commercialized by ADM and BASF.7 PDO contains vicinal primary and secondary alcohol 

groups, and may be transformed by selective oxidation into industrially important chemicals, 

including lactic and pyruvic acids. Oxidation of the primary alcohol group gives lactic acid, 

which has potential as a major feedstock for sustainable production of polymers, fibers, and 

solvents,8,9 while oxidation of the primary and secondary groups yields pyruvic acid, which 

has seen rising commercial demand as a health supplement,10 and also as an important 

feedstock for chemical, pharmaceutical, and agrochemical industries.11 Selective oxidation of 

primary and secondary alcohol groups of PDO through efficient catalytic processes represents 

an important route for biorenewable chemical production.  

Selective oxidation of polyhydric alcohols (polyols) has been a long-term challenge in 

heterogeneous catalysis, and the dominant factors governing the oxidation of different 

functional groups remain unclear. PDO has been studied not only for the industrial significance 

of its oxidation products, but also as a model vicinal-diol molecule for selective oxidation. 

Initial work by Tsijino et al. demonstrated the oxidation of both primary and secondary alcohol 

groups of PDO using a carbon-supported palladium (Pd/C) catalyst under aqueous conditions 

(pH 8, 90 °C), with low selectivity to lactic acid, hydroxyacetone, and pyruvic acid.12 They 

found that modifying Pd/C with lead, bismuth, or tellurium gave higher yields of pyruvate via 

sequential oxidation of lactate. Prati and Rossi compared supported Pd, Pt, and Au catalysts 

for PDO oxidation by O2 in alkaline media and found that lactic acid formation was highly 

selective on these catalysts (89−100%) and occurred through a complex pathway of 

heterogeneous catalytic steps and homogeneous chemical transformations of intermediate 

species.13 More recent efforts have focused on optimizing lactic acid yield with Au−Pd,14 

Au−Pt, or Pt−Pd bimetallic catalysts,15 and under mild conditions with an Au−Pt catalyst on 
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activated carbon support.16 An alternative to traditional heterogeneous catalysis is to 

selectively oxidize PDO under electrocatalytic conditions, in which the interfacial electrode 

potential directly affects the Gibbs free energy of reaction and Gibbs chemisorption energy of 

intermediates.17  

Electrocatalytic oxidation in fuel cell reactors offers the potential economic advantage of 

coproducing electricity and chemical products simultaneously.18 Polyols have been 

investigated as potential fuels because of their high energy densities and wide range of useful 

oxidation products, and may be viable feedstocks for cogeneration if a desired product can be 

generated with high selectively.19−29 Horányi and Torkos identified the main oxidation 

products for PDO on a platinized platinum electrode in acidic media, and noted that the reaction 

scheme is complicated by the simultaneous presence of loosely adsorbed and strongly 

chemisorbed species on the electrode.30 Alonso and Gonzalez-Velasco studied the 

electrooxidation of PDO on a bulk Au plate under basic conditions and identified lactic, acetic, 

and formic acids as stable products, while pyruvic acid was not detected.31 A PDO-fed 

organometallic fuel cell has been demonstrated, which generated modest electrical power 

output and lactic acid with total selectivity, achieving simultaneous production of 

biorenewable energy and chemicals.32  

A consistent trend among traditional heterogeneous and electrocatalytic studies has been 

that oxidation of PDO on Au-based catalysts in alkaline media does not yield significant 

amounts of pyruvic acid. Our group has investigated the selective electrocatalytic oxidation of 

polyols on porous carbon cloth supported Pt/C or Au/C electrodes, using glycerol as a model 

molecule.23−25, 33−35 A key result was that the formation of mesoxalate, the product of oxidizing 

two primary and one secondary alcohol group, was achieved with 46% selectivity on Au/C, 
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whereas mesoxalate formation was not favored on Pt/C anode catalyst (<3% selectivity).34 

Later, we proposed a reaction intermediate trapping effect after demonstrating that the thick, 

porous structure of Au/C on carbon cloth supported electrodes facilitated deeper oxidation (to 

mesoxalate) than thin catalyst layers (<3 μm, on a glassy-carbon rotating disk electrode).35 On 

the basis of the similar structures of PDO and glycerol, which both have vicinal primary and 

secondary alcohol groups, we hypothesized that electrocatalytic oxidation of PDO on a porous 

Au/C electrode could yield pyruvate analogously to glycerol oxidation to mesoxalate, and 

reveal more insight into the mechanisms and pathways for selective polyol oxidation.  

Herein, the simultaneous cogeneration of electricity and chemical products (lactate or 

pyruvate) was demonstrated on self-prepared Pt/C and Au/C anode catalysts in a PDO-fed 

alkaline anion-exchange membrane fuel cell reactor with ex situ HPLC analysis of liquid 

products. A custom-made anion-exchange membrane electrocatalytic flow reactor with 

controllable anode potential was used to study the product selectivity over a wide range of 

electrode potentials. Linear sweep voltammetry was performed to compare the activity of PDO 

and proposed intermediate products. A reaction pathway of PDO oxidation for selective 

formation of lactate or pyruvate was proposed on the basis of results from electrocatalytic 

experiments and density functional theory (DFT) calculations of reaction energetics over 

Au(111) and Pt(111) surfaces. 

2.2. Methods 

2.2.1. Catalyst synthesis and characterization 

Carbon-supported nanoparticle Pt/C and Au/C catalysts (40 wt %) were synthesized by a 

solution-phase reduction method. For Au/C synthesis, carbon black (148 mg, Cabot, Vulcan 

XC-72R) was pretreated by refluxing in 4.0 M nitric acid before being dispersed in a solution 
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of hexanes and ethanol in an ultrasonic bath. In a separate flask, the metal precursor, gold(III) 

chloride (0.5 mmol, Sigma-Aldrich, 99%), was dissolved in a mixture of 1-octadecene (16 mL, 

Sigma-Aldrich, 90%) and oleylamine (4 mL, Aldrich Chemistry, 70%). The solution was 

rapidly heated under nitrogen, and a strong reducing agent, lithium triethylborohydride (1.7 

mL, Acros Organics, 1.0 M in THF), was quickly injected at 80 °C. The temperature was held 

for 10 min before cooling in an ice−water bath. The solution was added dropwise to the carbon 

black mixture under vigorous stirring. Ethanol (800 mL) was pumped slowly into the solution 

for 10 h. Catalyst was recovered by vacuum filtration and rinsed with ethanol to remove 

surfactants and solvents. Finally, the catalyst was dried overnight in a vacuum oven at 50 °C.  

For Pt/C synthesis, pretreated carbon black (146 mg) was dispersed directly in benzyl ether 

(20 mL, Acros Organics) by ultrasonication, followed by the addition of platinum(II) 

acetylacetonate (0.5 mmol, Acros Organics, 97%) under magnetic stirring. The solution was 

heated under nitrogen, and oleic acid (200 μL, Sigma-Aldrich, 90%) and oleylamine (200 μL) 

were injected at 60 °C. After the precursors were completely dissolved, the solution was heated 

rapidly to 120 °C. When the solution was thermally stable, 1.7 mL of lithium 

triethylborohydride solution was injected. After 30 min, the temperature was increased to 180 

°C for 1 h. Finally, the Pt/C was cooled, separated, cleaned, and dried in the same manner as 

for Au/C. Transmission electron microscopy (TEM) images of the as-prepared catalysts were 

collected on a JEOL 2010 instrument with an operating voltage of 200 kV. High-resolution 

TEM (HRTEM) images were collected on a JEOL 2010F instrument with an operating voltage 

of 300 kV. X-ray diffraction (XRD) patterns were obtained with a Scintag XDS-2000 θ/θ 

diffractometer using Cu Kα radiation (λ = 1.5406), with a tube current of 35 mA and a tube 

voltage of 45 kV.  
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2.2.2. Anion-exchange membrane electrocatalytic flow reactors 

PDO oxidation was performed in an anion-exchange membrane fuel cell (AEMFC) using 

a commercial fuel cell fixture (area 5.0 cm2, Fuel Cell Technologies) controlled by a fuel cell 

test system (850e, Scribner Associates Inc.). The anode was Pt/C or Au/C blended with PTFE 

(10 wt % PTFE) in isopropyl alcohol and applied to a carbon cloth liquid diffusion layer (Fuel 

Cell Store) with a target metal loading of 1.0 mg cm−2. The cathode was prepared with a carbon 

supported transition-metal catalyst (4020 Series, Acta) blended with ionomer (AS-4, 

Tokuyama Corp.) and applied directly to an anion-exchange membrane (AEM A-201, 

Tokuyama Corp.) with a catalyst loading of 1.5 mg cm−2. Carbon paper (T-060, Toray) was 

used as the cathode gas diffusion layer. An aqueous solution of 1.0 M PDO with 2.0 M KOH 

was pumped through the anode at 4.0 mL min−1 by peristaltic pump (Gilson Minipuls 3), while 

humidified, high-purity O2 (>99.99%, 30 psi) was fed into the cathode for the oxygen 

reduction reaction. The anode fuel, cathode fuel, and cell temperatures were maintained at 50 

°C. Polarization curves were obtained by sweeping current from zero to the limiting condition.  

Constant cell voltage tests were performed at 0.1 V, where 55 mL of PDO alkaline solution 

was circulated through the anode chamber in a closed loop for 2 h. The final product solution 

was analyzed by HPLC. The anode potential was monitored by a Hg/HgO (1.0 M KOH) 

reference electrode inserted into the anode chamber. All potentials herein are reported with 

respect to the reversible hydrogen electrode (RHE), calculated as ERHE = EHg/HgO + 0.098 + 

0.059 × pH.25 A custom-made anion-exchange membrane (AEM) electrocatalytic flow reactor 

with controllable anode potential was built as described in our previous works.35,36 Pt/C and 

Au/C served as working electrode (anode) catalysts, and Pt/C was used as the counter electrode 

to catalyze the hydrogen evolution reaction. Carbon cloth liquid diffusion layers and membrane 
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were the same as those used in the AEMFC. A Hg/HgO (1.0 M KOH) reference electrode was 

inserted directly into the anode compartment, allowing the anode potential to be regulated by 

potentiostat (Versastat MC, Princeton Applied Research). An aqueous solution of 1.0 M PDO 

with 2.0 M KOH (25 mL) was circulated in a closed loop through the anode chamber, while 

2.0 M KOH circulated through the counter chamber. Solution and reactor temperatures were 

maintained at 50 °C. 

2.2.3. Product analysis 

Initial and final reaction mixtures from AEM-based flow reactors were analyzed by HPLC 

(Agilent 1100) equipped with an Alltech OA-1000 column operated at 60 °C with 5.0 mM 

sulfuric acid mobile phase flowing at 0.3 mL min−1. Refractive index (Agilent G1362A) and 

variable wavelength (Agilent G1314F) detectors were used. Products were identified and 

quantified by comparison to known standard samples. Acid products are reported in their 

deprotonated forms because the reactions were carried out at high pH conditions. PDO 

conversion was calculated by Equation 2.1: 

PDO Conversion % = 𝑁𝑁PDO,initial−𝑁𝑁PDO
𝑁𝑁PDO,initial

 ×  100%      (2.1) 

where NPDO is the amount of PDO (moles) determined by HPLC. Product selectivity was 

calculated as a molar fraction of total identified products by Equation 2.2: 

Product selectivity % = 𝑁𝑁i
∑ 𝑁𝑁𝑖𝑖𝑖𝑖

 ×  100%       (2.2) 

where Ni is the amount of product species i (moles). Total carbon balances were calculated to 

confirm that the majority of products had been identified, given by Equation 2.3: 

Carbon balance % = 3𝑁𝑁PDO+3𝑁𝑁C3+2𝑁𝑁C2+𝑁𝑁C1
3𝑁𝑁PDO,initial

 × 100%           (2.3) 

where N is the molar amount of PDO, C3, C2, or C1 products.  
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2.2.4. Linear sweep voltammetry 

Linear sweep voltammetry (LSV) was performed in a glass electrochemical reactor 

(AFCELL3, Pine Instruments) in a three-electrode configuration. Catalysts were dispersed in 

isopropyl alcohol by ultrasonication to form a uniform ink (1.0 mg mL−1). With a microsyringe, 

20 μL of ink was deposited onto a mirror-polished glassy-carbon rotating disk electrode (Pine 

Instruments, 5.0 mm diameter). A Hg/HgO (1.0 M KOH) reference electrode and platinum-

wire counter electrode were used. LSV was performed at a sweep rate of 1.0 mV s−1 in a 

nitrogen-purged solution of potassium hydroxide (Sigma-Aldrich, ≥85%), with and without 

addition of PDO (Sigma-Aldrich, ≥99.5%), in 18.2 MΩ cm deionized water. Additional tests 

were performed with lactic acid (Sigma-Aldrich, ≥98%), pyruvic acid (Sigma-Aldrich, 98%), 

formic acid (Fisher Scientific, 88%), acetic acid (Fisher Scientific, ≥99.7%), or 

hydroxyacetone (Sigma-Aldrich, 90%). 

2.2.5. DFT calculations of electrocatalytic PDO oxidation 

DFT calculations were performed with the Vienna ab initio simulation program (VASP), a 

molecular dynamics and ab initio energy program.37−40 The exchange and correlation energies 

were calculated using the Perdew−Wang functional form (PW91) of the generalized gradient 

approximation (GGA).41 A Monkhorst−Pack grid (3×3×1) was used for structure optimization, 

followed by single-point calculations using a 4×4×1 grid.42 Forces on the reactant atoms were 

minimized to values lower than 0.05 eV Å−1. The Au(111) and Pt(111) surfaces were modeled 

with a 3×3 unit cell with four atom layers in a vacuum slab model. The bottom two layers were 

frozen at their bulk fcc cell optimized positions and the top two layers relaxed during structural 

optimization.  
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Reaction energies were determined by evaluating the relative energy of each surface 

intermediate along the oxidation reaction path as a function of electrode potential. The energy 

of an electron and proton pair, generated during oxidation elementary steps, was determined 

using the computational hydrogen electrode model.43,44 Rather than direct calculation of 

elementary reaction energies, a state relative energy was defined that can be used to construct 

an overall reaction energy diagram. We define a relative energy (RE) of any surface 

intermediate, C3OxHy*, as the reaction energy to convert an adsorbed alkoxy species (C3O2H7*) 

and a water molecule to oxidation products: 

C3O2H7
∗ +  H2O ⟶  C3O𝑥𝑥H𝑦𝑦

∗ + 𝑛𝑛(H+ + e−) + (3 − 𝑥𝑥)H2O         (2.4) 

𝑅𝑅𝑅𝑅C3O𝑥𝑥H𝑦𝑦(𝑈𝑈) = 𝐸𝐸C3O𝑥𝑥H𝑦𝑦∗ − 𝐸𝐸C3O2H7∗−𝐸𝐸H2O + (3 − 𝑥𝑥)𝐸𝐸H2O + 𝑛𝑛
2

GH2 − 𝑛𝑛𝑛𝑛𝑛𝑛         (2.5) 

where Ei represents the DFT energy of a species, GH2 is the free energy of gaseous H2 at 

standard conditions, e is the absolute value of the elementary electron charge, and U is the 

electrode potential on the RHE scale. The number of electrons and protons transferred to form 

the surface intermediate, C3OxHy*, is labeled as n in Equations 2.4 and 2.5 and is equal to 3 − 

y + 2x. The lowest energy surface alkoxy species (PDO with one alcohol group deprotonated) 

is used as a reference in generating the reaction energy diagrams. By referencing a surface 

species, we avoid using an improper reference to a gas-phase propanediol reactant as well as 

the difficulty of estimating the free energy of the solution-phase propanediol reactant. As 

solvation of surface species was not considered and the number of strong hydrogen bonds to 

surface-bound species may differ along the reaction path, conclusions as to dominant reaction 

paths are only made when differences exceed 0.25 eV. 

For the surface-bound intermediates, numerous adsorption sites and configurations were 

considered on the Au(111) surface. Only the most favorable adsorbed configuration and states 
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along the energetically preferred reaction path are reported. The (111) surface was used to 

model surface chemistry, as it is the lowest energy facet of fcc metals. The experimental 

catalysts will expose numerous facets, and consideration of the impact of higher index facets 

on catalytic chemistry is beyond the scope of our current work. As our analysis does not 

consider activation barriers, and all significant mechanistic conclusions are based on path 

comparisons that differ by greater than 0.25 eV, the conclusions reached will be relatively 

robust across surface terminations. 

For PDO oxidation on Pt(111), our analysis was limited only to the intermediates found to 

be along the most preferred path on Au(111), and we presumed adsorption at the most 

favorable sites located on the Au(111) surface. Our aim was to consider whether differences 

in energetics along the same path would explain observed kinetic and selectivity differences 

between the two electrodes, and as discussed later, we conclude that differences in path must 

occur that are left for future work. 

 Entropic corrections were not added to the initial PDO or H2O energies, and therefore the 

absolute value of the relative energy is less meaningful than the relative values between states. 

Entropic corrections were not added to surface species, as these are small in comparison to the 

energy differences of significance in discussing the results. Activation barriers were not 

calculated and are left as a subject of future work. Though activation barriers would provide 

greater clarity as to the kinetic differences between catalysts or reaction paths, the reaction 

energies provided are sufficient to provide useful insight into the experimental results 

observed. 
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2.3. Results and Discussion 

2.3.1. Catalyst characterizations 

XRD patterns were collected for self-prepared Pt/C and Au/C, and both catalysts displayed 

typical face-centered cubic (fcc) patterns with diffraction peaks at around 39°, 46°, 65°, and 

78° assigned to the corresponding (111), (200), (220), and (311) facets, respectively (Figure 

2.1). Average crystallite sizes were calculated from the (220) peaks by the Scherrer equation 

to be approximately 2.4 and 2.8 nm for Pt/C and Au/C, respectively. TEM images in Figures 

2.2a,c show evenly dispersed nanoparticles on the carbon support. HRTEM images shown in 

Figures 2.2b,d confirm that the nanoparticles had well-developed crystalline structures. 

Particle size histograms revealed average particle diameters of 3.1 and 3.0 nm for Pt/C and 

Au/C, respectively (Figures 2.2e,f), which are slightly larger than the average crystallite sizes 

estimated by XRD.  

 

Figure 2.1. XRD patterns for Pt/C and Au/C catalysts. 
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Figure 2.2. TEM and HRTEM images of (a, b) Pt/C and (c, d) Au/C catalysts; TEM particle 
size histograms for (e) Pt/C and (f) Au/C. 

2.3.2. PDO oxidation in AEMFC reactors 

Polarization curves shown in Figure 2.3a illustrate that AEMFCs with Pt/C and Au/C 

anode catalysts can spontaneously oxidize PDO and generate electrical power when they are 

coupled with the oxygen reduction cathode reaction. The cell had significantly greater open-

circuit voltage for Pt/C (0.85 V) in comparison to Au/C (0.56 V), attributed to higher activity 

and lower activation losses for PDO oxidation on Pt/C. Similarly, peak power density on Pt/C 

(46.3 mW cm−2) was nearly five times greater and limiting current density (310 mA cm−2) was 
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over three times greater than those on Au/C, consistent with reported results of electrocatalytic 

oxidation of other polyols in AEMFCs, including glycerol and ethylene glycol, on similar 

catalysts.27,45 

 

Figure 2.3. (a) Polarization curves showing cell voltage (solid points) and power density (open 
points) versus current density in PDO-fed AEMFCs and (b) oxidation product distribution after 
2 h reaction at a cell voltage of 0.1 V. Conditions: 1.0 M PDO and 2.0 M KOH; 50 °C. 

 Figure 2.3b shows the oxidation product profiles as determined by HPLC analysis of the 

bulk liquid electrolyte after 2 h of reaction at a controlled cell voltage of 0.1 V. In agreement 

with the polarization curves, Pt/C showed greater activity for PDO oxidation, reaching about 

three times higher PDO conversion than Au/C. Lactate was the dominant product (86.8%) on 

Pt/C, whereas the more deeply oxidized C3 product pyruvate was detected in trace amounts 

(<1%). In contrast, significant amounts of pyruvate (30%) were observed on Au/C. This 

demonstrates that a PDO-fed AEMFC can coproduce important chemicals (lactate and 

pyruvate) and electrical power, and that product selectivity greatly depends on the anode 

catalyst. Acetate was the only observed C2 byproduct, with selectivity ranging from 12% to 

26%, which indicates that C−C cleavage occurred under these conditions on both catalysts. It 
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is expected that C−C cleavage would yield equimolar C1 and C2 products (C3 =C1 + C2); 

however, formate, the only observed C1 product, was present in disproportionally low amounts 

(1−2%). Carbonate is likely another C1 byproduct, as its presence has been reported in past 

studies of PDO oxidation,30 generated either by direct C−C cleavage of C3 species or by 

sequential oxidation of formate, although it is not included in this study.  

A downfall of the AEMFC configuration is that anode potential is determined by the 

thermodynamics and kinetics of the overall cell, and is typically not directly controlled. Anode 

potential was monitored during the reactions and averaged 0.39 and 0.49 V versus RHE on 

Pt/C and Au/C electrodes, respectively. To study the effect of changing anode overpotential 

on the selective electrocatalytic oxidation of PDO, an alternative reactor design was 

implemented with a three-electrode setup, the AEM-electrocatalytic flow reactor, in which the 

anode potential was controlled directly by a potentiostat.  

2.3.3. Potential-dependent PDO oxidation 

Selective oxidation of PDO was investigated over a wide range of anode potentials in a 

custom-made AEM-electrocatalytic flow reactor, utilizing carbon cloth supported Pt/C or 

Au/C electrodes identical to those used in the AEMFC. A solution containing 1.0 M PDO and 

2.0 M KOH was cycled through the anode chamber in a closed loop and oxidized at controlled 

anode potentials for 1 h. Liquid products were analyzed by HPLC, and the carbon balances 

ranged from 93% to 99%. All applied potentials (E) reported in this section are with respect to 

the RHE. Figure 2.4a shows product profiles of PDO oxidation on Pt/C at applied potentials 

from 0.2 to 0.7 V. PDO conversion steadily increased with increasing potentials to 12.3% at 

0.7 V. Selectivity to lactate was insensitive to anode potential over the tested range, with nearly 

constant selectivity (86−90%). Acetate and formate were detected in approximately equal 
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amounts at low potentials, but at applied potentials of 0.4 V and higher almost no formate 

(<1%) was found, which is consistent with results in AEMFC (<1% formate, anode potential 

0.39 V). Pyruvate was not detected at potentials lower than 0.4 V, and reached a maximum of 

1.2% selectivity at the highest potential tested.  

     

Figure 2.4. Potential-controlled oxidation of PDO on (a) Pt/C and (b) Au/C in AEM-
electrocatalytic flow reactor. Conditions: 1.0 M PDO and 2.0 M KOH; 50 °C; 1 h reaction. 

Figure 2.4b shows product profiles of PDO oxidation on Au/C at applied potentials from 

0.35 to 0.75 V. The metal loading of Au in the anode catalyst layer was increased to 5.0 mg 

cm−2 to achieve sufficiently high PDO conversion for accurate product analysis. PDO 
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conversion on Au/C was comparable to that on Pt/C, and increased with increasing applied 

potentials to 12.5% at 0.75 V. Unlike Pt/C, product selectivity on Au/C was strongly dependent 

on the applied potential. Selectivity to pyruvate, a product not previously obtained from 

heterogeneous catalytic oxidation of PDO on Au catalysts, increased with increasing potential 

from 20.1% at 0.35 V to 55.9% at 0.75 V. The increased pyruvate selectivity correlated with 

decreased lactate and acetate selectivity. Formate was only detected in substantial quantities at 

potentials less than 0.6 V. Therefore, it is likely that carbonate, not formate, was the main C1 

product of C−C cleavage at higher potentials. Further investigations of the activity of PDO and 

proposed reaction intermediates through linear sweep voltammetry and additional AEM-

electrocatalytic flow cell reactions were performed to better understand the selective formation 

of lactate or pyruvate and the distribution of C1 and C2 products. 

2.3.4. Linear sweep voltammetry of PDO and proposed intermediates 

 Linear sweep voltammetry (LSV) with a sweep rate of 1.0 mV s−1 was performed to 

evaluate the current density (j) as a function of potential for alkaline solutions containing PDO 

and proposed intermediate species. The onset potential was determined as the first potential 

when oxidation current became greater than the background current, measured in alkaline 

electrolyte only. PDO oxidation began at significantly more negative potentials on Pt/C than 

Au/C (Figure 2.5), which is consistent with higher open-circuit voltage for Pt/C measured by 

polarization tests in the AEMFC. The peak current density was reached on Pt/C at around 0.69 

V, after which the current decreased sharply due to formation of surface oxides on the catalyst. 

In contrast, peak current density on Au/C occurred at 1.12 V, reflecting the higher onset 

potential for surface oxide formation for Au.46 The results indicate that Au/C should be a very 
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active catalyst for PDO oxidation at high overpotentials; however, we note that such conditions 

were not achieved in the AEMFC reactor.   

 Figure 2.5 also shows linear sweep voltammograms in electrolyte containing 0.1 M of the 

proposed intermediates lactate, pyruvate, hydroxyacetone, formate, and acetate in 1.0 M KOH. 

Pyruvaldehyde was not tested, due to its highly unstable nature in alkaline conditions.14 

Qualitatively, LSV helps to elucidate the product selectivity observed in AEM-based flow 

reactors by revealing the relative reactivity of proposed reaction intermediates and products; 

however, some variation in onset potentials is expected due to the different reaction conditions, 

such as catalyst/substrate ratio, catalyst layer thickness, alkaline/substrate ratio, and 

temperature. 

 
Figure 2.5. Linear sweep voltammograms recorded at 1.0 mV s−1 on (a,b) Pt/C and (c, d) Au/C 
catalysts for 0.1 M PDO or proposed intermediate products in 1.0 M KOH. The background 
voltammogram is 1.0 M KOH only. 

Figure 2.5a shows that pyruvate was nonreactive on Pt/C until potentials greater than about 

0.80 V, which is outside the potential range tested during PDO oxidation in AEM-based 

reactors, indicating that pyruvate is a stable product on Pt/C, and may require PtOx surface 
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species and large overpotentials to be further oxidized. As previously shown, lactate was the 

major product of PDO oxidation on Pt/C in AEM-based reactors; thus, it was surprising that a 

small oxidation current was observed in the LSV of lactate at moderate potentials (0.4−0.8 V), 

indicating that lactate is a somewhat reactive species. AEM-electrocatalytic flow cell tests were 

performed with 1.0 M lactate (Table 2.1) and confirmed that further oxidation of lactate on 

Pt/C at 0.5 V and 0.6 V occurred slowly (lactate conversion about 1% after 1 h), and generated 

pyruvate. Therefore, we hypothesize that the trace amounts of pyruvate (0.3−1.2%) observed 

from PDO oxidation for Pt/C in AEM-based reactors at higher applied potentials resulted from 

sequential oxidation of lactate product. LSV of formate (Figure 2.5b) showed reactivity at 

relatively low potentials, which has been previously reported in alkaline media,47 and indicates 

that further oxidation (to carbonate) is likely. This can explain the disproportionally low 

amount of formate detected on Pt/C. Acetate was found to be nonreactive at all potentials tested 

on Pt/C; thus, further oxidation of the C2 product is not expected.  

 
 
Table 2.1. Oxidation of lactate and pyruvate in AEM-electrocatalytic flow cella 

catalyst anolyteb E 
(V) vs RHE 

conversion 
(%) 

selectivity 
(%) product 

Pt/C lactate <0.5 - - - 
  0.5 0.7 100 pyruvate 
  0.6 1.0 100 pyruvate 
Au/C lactate <1.0 - - - 
  1.0 2.5 98 acetate 
  1.1 12.0 100 acetate 
  1.2 22.0 100 acetate 
Au/C pyruvate <1.1 - - - 
  1.1 28 100 acetate 
a 1 h reaction. b 1.0 M anolyte in aqueous solution with 2.0 M KOH electrolyte. 
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The LSVs for Au/C in Figures 2.5c,d show that the proposed intermediates have relatively 

low activity at mild potentials (i.e. <1.0 V). The onset potentials of lactate and pyruvate were 

about 0.83 and 0.81 V, respectively, which are outside the potential range tested in AEM-based 

reactors for PDO oxidation. Oxidation of 1.0 M lactate or pyruvate in alkaline electrolyte was 

conducted in the AEM-electrocatalytic flow cell, which confirmed that these species were 

nonreactive on Au/C at potentials less than about 1.0 to 1.1 V, and acetate was the only product 

detected (Table 2.1), resulting from C−C cleavage. No activity for acetate and formate 

oxidation was observed by LSV, and further conversion of these products is not expected in 

the AEM-based reactors. The relative stability of formate on Au/C supports the hypothesis that 

carbonate, not formate, was the main C1 product of C−C cleavage at higher potentials and 

explains the disproportionally low selectivity to formate in AEM-based reactors. LSV of 

hydroxyacetone (Figure 2.5c) showed the highest reactivity among proposed C3 

intermediates, with a very low onset potential of about 0.15 V, a sharp current increase at about 

1.0 V, and a broad peak around 1.1 V. The complexity of the voltammogram could be related 

to the instability of hydroxyacetone, which is in tautomeric equilibrium with lactaldehyde in 

alkaline solution through an enediol intermediate.13 It is probable that the low onset potential 

observed is attributed to the oxidation of lactaldehyde to lactate. Low onset potentials for 

aldehyde oxidation (e.g. 0.31 V) have been reported on Au/C in alkaline media.36 It is likely 

that hydroxyacetone was an intermediate of PDO oxidation on Au/C, but that it was not 

detected because of its instability under alkaline conditions. 

2.3.5. Proposed reaction intermediates and pathways 

On the basis of evidence from product analysis in electrocatalytic flow reactors and linear 

sweep voltammetry of PDO and intermediate species, we propose that Pt/C has a strong 
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preference for oxidization of the primary alcohol group of PDO through the O1 pathway of 

Figure 2.6, producing lactate with high selectivity. Formation of lactaldehyde is presumably 

much slower than its oxidation rate and was not observed in a product analysis of liquid 

products. Lactate accumulates in the bulk liquid and then very slowly forms pyruvate through 

secondary alcohol oxidation. C−C bond cleavage occurs with low selectivity to form acetate, 

a stable product on Pt/C, formate, which can be further oxidized under these conditions, or 

carbonate, which was not included in this study. On Au/C, lactate is the main product at low 

applied potentials, but pyruvate becomes more abundant at higher potentials. Since lactate was 

not further oxidized to pyruvate on Au/C (cf. Table 2.1), the pyruvate observed from PDO 

oxidation was most likely derived from hydroxyacetone by the O2 pathway of Figure 2.6.  

Figure 2.6. Proposed reaction network of PDO oxidation to lactate and pyruvate through O1 
and O2 pathways in alkaline solution. 

Hydroxyacetone has been proposed as an intermediate of PDO oxidation on Au/C in 

alkaline media on the basis of evidence from H/D exchange experiments,13 and from in situ 

FTIR spectroscopy.48 Under oxidizing conditions, Prati and Rossi observed completely 

selective conversion of hydroxyacetone to lactate on Au/C and hypothesized that 
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hydroxyacetone is either oxidized to pyruvaldehyde and then transformed to lactate through 

an intramolecular Cannizzaro-type reaction, or that hydroxyacetone is in equilibrium through 

an enediol intermediate with lactaldehyde, and the latter is rapidly oxidized to lactate.13 We 

propose that the intermediates hydroxyacetone and pyruvaldehyde, which are not stable in high 

pH electrolyte, can be further oxidized to pyruvate on Au/C only if they are trapped (i.e. long 

residence times) within the thick diffusion layer of the carbon cloth supported catalyst layer. 

Electrocatalytic oxidation is accelerated with increasing anode potentials and becomes more 

competitive with the homogeneous reactions, thus explaining the increased pyruvate 

selectivity shown in Figure 2.4b. Additionally, high current densities give rise to decreased 

local pH within the catalyst layer from the consumption of hydroxide during oxidation 

reactions,26 which may suppress the base-catalyzed homogeneous transformations.  

We hypothesize that the thick electrode structure was crucial for pyruvate formation, which 

would explain why pyruvate was not reported previously when using Au/C dispersed in 

solution,13,14 a thin film of Au/C on a glassy-carbon electrode,48 or Au plate (polycrystalline 

Au) electrodes.31 Our related study on the selective oxidation of glycerol on Au electrodes 

demonstrated that a thick catalyst layer was required to oxidize both primary and secondary 

alcohol groups to mesoxalate.35 In fact, no mesoxalate was observed on thin catalyst flims (<3 

μm, on glassy-carbon electrode). Direct evidence of the O2 pathway to pyruvate was not 

confirmed, as neither hydroxyacetone nor pyruvaldehyde were identified as intermediates by 

product analysis, likely due to their instability in the bulk alkaline solution. Furthermore, the 

equilibrium between lactaldehyde and hydroxyacetone makes a definite determination of the 

preferred pathway to pyruvate challenging without the use of rigorous theoretical calculations 

or advanced techniques such as in situ spectroscopy, which should be focuses of future studies.  
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2.3.6. Electrochemical oxidation mechanism on Au and Pt by DFT 

The electrocatalytic selective oxidation of PDO was studied using DFT calculations to 

identify the most favorable reaction intermediates and provide more evidence of the likely path 

for the potential-dependent PDO oxidation on Au and Pt catalysts. The electrocatalytic 

oxidation of alcohol functional groups in alkaline media is largely believed to undergo an 

initial deprotonation step facilitated by OH− in the electrolyte, followed by metal-catalyzed 

C−H and C−C bond breaking steps.49 Therefore, DFT calculations were performed by starting 

from either the adsorbed terminal oxygen alkoxy (O1) or the secondary oxygen alkoxy (O2) 

on Au(111) or Pt(111), both presumed to form following a solution-mediated oxidative 

deprotonation step. Oxidations of up to six electrons to form pyruvic acid were considered. All 

potentials referred to in this section are with respect to RHE.  

Figure 2.7a depicts the reaction energy diagram for PDO oxidation over the Au(111) 

surface at 0 V. Blue lines connect states reasonably connected by elementary reaction steps 

beginning with deprotonation and adsorption of primary alkoxide (O1), whereas red lines are 

for reactions initiated at the secondary position (O2). All reactions considered as elementary 

steps involve transfer of a single electron and breaking (deprotonation) or formation (C−OH 

formation) of a single bond on the surface intermediate. As the reaction energy diagrams in 

Figure 2.7 reference the adsorbed alkoxy species, the generally weak binding of intermediates 

to the Au(111) surface is not evident. Without free energy corrections to the solvated 

propanediol reactant state, we cannot directly determine an equilibrium coverage of any 

species on the surface. We instead resort to a reference to the gas-phase species to illustrate the 

lack of favorability of adsorption to the Au(111) surface and encourage the reader to recognize 

that additional free energy corrections would act to further destabilize a surface-bound state in 
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comparison to a fluid-phase state. The O2 alkoxy species (+H+ + e−) is 1.39 eV higher in energy 

than gas-phase PDO at 0 V, and all species are at positive energies relative to the gas-phase 

PDO species at 0 V. This suggests that the Au surface will be devoid of PDO reaction 

intermediates at 0 V, in agreement with the lack of an oxidation current at this potential. At 

0.75 V, the initial alkoxy species remains 0.64 eV higher in energy than a gas-phase PDO 

reference (Figure 2.7b), suggesting that a low coverage of this initial reactive intermediate 

may limit the oxidation rate. Formation of oxidation surface intermediates beyond the initial 

alkoxy species is favorable at 0.75 V, confirming that favorable oxidation may occur at this 

potential, in agreement with an experimentally observed oxidation current.  

      

Figure 2.7. Reaction free energy diagrams of PDO oxidation through the O1 and O2 pathways 
at (a) 0.0 V and (b) 0.75 V on the Au(111) surface. 

Formation of lactaldehyde, lactic acid, and pyruvic acid follow from progressively deeper 

oxidation of the initial O1-bound alkoxy species. On binding through O1, the terminal oxygen, 

lactaldehyde is formed by favorable C−H breaking of the alkoxide. Though this elementary 

reaction energy is favorable, this step can be expected to have a significant activation barrier 

at 0 V. Further oxidation breaks another primary C−H bond, generating an intermediate state 
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(IS-1a, CH3−CHOH−C*O, where the asterisk indicates a direct interaction with the surface). 

The formation of this intermediate state is unfavorable, uphill in energy by 0.61 eV at 0 V, 

suggesting that lactate formation requires an overpotential to be accessible on the Au(111) 

surface. Formation of a C−OH bond (and oxidizing H2O) to lactic acid is then favorable from 

the unstable IS-1a state. Further oxidation to pyruvic acid requires breaking a secondary C−H 

bond to form IS-1b (CH3−C*OH−COOH). Formation of IS-1b from lactic acid has a reaction 

energy of 1.10 eV at 0 V, and the overall formation of pyruvic acid from lactic acid is 

unfavorable, corroborating the experimental results that lactate is the major product at low 

potentials. 

If PDO is initially deprotonated at the secondary position, forming an alkoxide bound 

through O2, initial C−H breaking to form hydroxyacetone is highly favorable. Further 

oxidation from hydroxyacetone, which is found to preferentially occur through breaking a 

primary C−H bond, requires a large energy input of 1.32 eV at 0 V to reach IS-2a 

(CH3−CO−C*HOH). Though formation of hydroxyacetone (O2 path) is slightly 

thermodynamically favorable over lactaldehyde (O1 path), further oxidation of 

hydroxyacetone requires multiple high-energy steps to proceed. At low potentials, any 

hydroxyacetone formed would likely prefer the homogeneous transformation to lactaldehyde 

via tautomerism and then further oxidization through the O1 path. Further oxidations to 

pyruvaldehyde and through IS-2b to pyruvic acid are also unfavorable at low potentials. 

Pyruvaldehyde would be rapidly transformed to lactic acid through a homogeneous 

Cannizzaro-type reaction under alkaline conditions, as previously reported,13 rather than 

continue on the O2 reaction path. 
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Figure 2.7b illustrates the PDO oxidation reaction energy diagram over the Au(111) 

surface at 0.75 V. At the higher potential, oxidation through the O1 path to lactic acid is 

favorable for all elementary steps. Oxidation of lactic acid to pyruvic acid appears favorable 

at this potential, though an uphill step through IS-1b remains. Both the O1 and O2 paths to 

pyruvic acid become more accessible as the potential increases, in agreement with the 

experimentally observed increase in pyruvate selectivity. Formation of IS-1b on the O1 path 

requires an uphill energy of 0.35 eV at 0.75 V. Both IS-2a (0.57 eV) and IS-2b (0.20 eV) 

require surmounting uphill energy steps to reach pyruvic acid along the O2 path at 0.75 V. 

Therefore, on the basis of the DFT calculations and experimental evidence, we propose that 

lactic acid formation on Au/C can form via two paths, binding through either the primary or 

secondary alcohols. At low potentials, lactic acid is the only viable stable oxidation product on 

Au electrodes. At higher overpotentials, DFT results suggest both the O1 and O2 paths to 

pyruvic acid on Au become viable, with the energetic differences too close (within 0.25 eV) to 

discern a preference, given the lack of solvation and single Au surface termination considered. 

Combining these considerations with the experimental observation that lactic acid does not 

oxidize at low potentials on Au electrodes (cf. Table 2.1), we conclude that the O2 path to 

pyruvic acid becomes operable at higher oxidation potentials. 

Figure 2.8 shows the reaction energy diagrams for PDO oxidation over the Pt(111) surface. 

Relative to a gas-phase PDO species, the O2-bound alkoxy species (+0.93 eV) and all 

subsequent intermediates are unstable at 0 V, in agreement with the lack of an observed 

oxidation current at low overpotentials. All intermediates bind more strongly to Pt(111) than 

to Au(111), and all surface intermediates past the initial alkoxy species (0.18 eV) are stable 

relative to gas-phase PDO at 0.75 V. Differences in intermediate binding are especially evident 
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for the unstable (IS-1a, IS-1b, IS-2a, and IS-2b) intermediate states, with all elementary steps 

on the O1 path being downhill in energy at 0.75 V on Pt(111). The stronger binding of the 

unstable intermediates demonstrates the greater activity of the Pt catalyst, as the potential 

limiting steps of forming the IS states on Au are all more favorable on Pt. This agrees with the 

greater observed oxidation currents for Pt in comparison to those for Au electrodes.  

      

Figure 2.8. Reaction free energy diagrams of PDO oxidation through the O1 and O2 pathways 
at (a) 0.0 V and (b) 0.75 V on the Pt(111) surface. 

Mechanistic causes of selectivity differences between Au and Pt catalysts, specifically Au 

forming pyruvate at higher potentials whereas Pt is selective to lactate, are not evident from 

the reaction energy diagrams. Pt(111) shows a more favorable formation of IS-1b for 

transformation of lactate to pyruvate at lower overpotentials in comparison to the Au(111) 

surface. The mechanistic source of this selectivity difference must stem from factors not 

considered in this study, which could include higher index facets of the surface, activation 

barriers not correlated with reaction energies, surface coverage or electrolyte effects, or 

differences in reaction paths between Au and Pt not considered herein. We speculate that the 

surface coverage of intermediates during PDO oxidation will differ significantly between Au 
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and Pt electrodes and that this is a likely cause of the selectivity differences. Numerous C1 to 

C3 intermediates could form, bind strongly on the Pt surface, and be resistant to rapid 

oxidation. A higher coverage of surface intermediates on the Pt surface could drive preferential 

oxidation at the terminal carbon atom, as the terminal carbon atom could more easily access a 

surface site in a high-coverage environment than the sterically inhibited secondary carbon. 

Direct consideration of coverage effects is beyond the scope of this study, but provides an 

interesting direction for future consideration of selective oxidation of PDO. 

2.4. Conclusions 

PDO-fed alkaline anion-exchange membrane fuel cells successfully cogenerated electricity 

and valuable chemical products with peak power densities of 46.3 mW cm−2 on Pt/C and 10.0 

mW cm−2 on Au/C. Pt/C was highly selective for primary alcohol group oxidation to lactate 

(86.8%) under fuel cell conditions with very little activity of secondary alcohol oxidation to 

pyruvate. Au/C was less active than Pt/C, but gave significant amounts of pyruvate (30%), a 

product that previously eluded heterogeneous catalytic studies on Au catalysts. Pyruvate 

selectivity on Au/C was sensitive to anode potential, and was further increased to 56% by 

increasing the applied potential in an AEM-electrocatalytic flow reactor. Sequential oxidation 

of lactate to pyruvate was not observed on Au/C, but did occur slowly on Pt/C. On the basis of 

observed product distributions and linear sweep voltammetry of intermediate products, we 

proposed that the intermediates hydroxyacetone and pyruvaldehyde, which are not stable in 

alkaline electrolyte, can be further oxidized to pyruvate on Au/C only if they are trapped within 

the thick diffusion layer of the carbon cloth supported catalyst layer. We hypothesized that 

long residence times and local pH effects within the thick electrode structure were crucial for 

pyruvate formation, which can explain why pyruvate has not been previously reported on Au 
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catalysts. DFT calculations of reaction energies identified the most favorable reaction 

intermediates and concluded that the O2 pathway through hydroxyacetone becomes viable at 

high potentials, which is consistent with the experimentally observed increase in pyruvate 

selectivity with applied potential on Au/C. A definitive determination of reaction pathways is 

challenging due to the instability and interconversion of proposed reaction intermediates, and 

should be a focus of future studies. 
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Abstract 

This work explores the potential-dependent electrocatalytic oxidation of 5-

hydroxymethylfurfural (HMF) in alkaline media over supported Au and Pd nanoparticles, and 

demonstrates the synergistic effects of bimetallic Pd-Au catalysts for the selective formation 

of 2,5-furandicarboxylic acid (FDCA). Results from electrolysis product analysis at various 

electrode potentials, along with cyclic voltammetry of HMF and its oxidation intermediates, 

revealed the different catalytic properties of Pd and Au for competitive oxidation of alcohol 

and aldehyde groups present in HMF. Aldehyde oxidation was greatly favored over alcohol 

oxidation on the Au/C catalyst, which was very active for HMF oxidation to 5-hydroxymethyl-

2-furancarboxylic acid (HFCA). However, high electrode potentials were required for further 

oxidation of the alcohol group to FDCA. HMF oxidation on Pd/C followed two competitive 

routes to FDCA, and the favored pathway was dependent on electrode potential. Oxidation of 

*Chadderdon, D. J.; Xin, L.; Qi, J.; Qiu, Y.; Krishna, P.; More, K. L.; Li, W., Electrocatalytic oxidation of 5-
hydroxymethylfurfural to 2,5-furandicarboxylic acid on supported Au and Pd bimetallic nanoparticles. Green 
Chem. 2014, 16 3778–3786. Adapted with permission from The Royal Society of Chemistry. 
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aldehyde groups occurred much slower on Pd/C than Au/C at low potentials, but was greatly 

enhanced by increasing potential or by alloying with Au. It was found that bimetallic catalysts 

with 2:1 and 1:2 Pd-Au molar ratios (Pd2Au1/C and Pd1Au2/C) generated deeper oxidized 

products (i.e. FFCA and FDCA) at lower potentials than monometallic catalysts. The product 

distributions were dependent on electrode potential and surface composition. Bimetallic 

catalysts exhibited advantages of both single components with facile alcohol and aldehyde 

oxidation, resulting in greatly enhanced HMF conversion rate and selectivity to FDCA. 

3.1. Introduction 

Rapid growth of world population and declining petroleum reserves create a great need for 

renewable sources of carbon for production of chemicals in the future. Lignocellulosic biomass 

is an abundant, inexpensive, and sustainable resource from which many platform sugars can 

be derived. New scientific challenges arise in converting these platform sugars because, unlike 

petroleum feeds, biomass-derived chemicals are often highly-functionalized and new catalytic 

processes are needed to control the functionality of the final products.1 Recent progress has 

achieved high yield of the important building-block molecule 5-hydroxymethylfurfural (HMF) 

from hexoses.2-5 HMF, which features a furan ring with alcohol and aldehyde side groups, has 

attracted enormous attention, and US DOE has identified HMF as one of the most important 

intermediates for biorenewable chemicals and fuels.6-7 Of particular interest is the selective 

oxidation product, 2,5-furandicarboxylic acid (FDCA), which is a suitable starting monomer 

for bio-derived polymeric materials.6-9 The selective oxidation of HMF to FDCA must be 

studied not only due to the industrial significance of FDCA, but also as a model for effective 

catalytic processing of multi-functional molecules from biomass. There is an urgent need to 
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better understand catalyst selectivity and its relationship with reaction steps and pathways, in 

order to design green catalytic processes of the future. 

Significant progress has been made in the selective oxidation of HMF in traditional 

heterogeneous catalytic systems.10-17 Verdeguer et al. thoroughly studied the selective aerobic 

oxidation of HMF to FDCA on Pt/C and Pt-Pb/C catalysts under various temperatures and 

alkaline conditions.10 They identified two pathways to FDCA (Figure 3.1), either through 

aldehyde oxidation of HMF to 5-hydroxymethyl-2-furancarboxylic acid (HFCA, Path A), or 

alcohol oxidation of HMF to 2,5-diformylfuran (DFF, Path B). They found that the final 

product distribution was highly dependent on temperature and pH. Casanova and others 

investigated Au as a catalyst for HMF oxidation and observed formation of FDCA with high 

selectivity through the HFCA intermediate.11-12, 15, 17 Later, Davis et al. directly compared 

supported Au, Pd, and Pt catalysts and found that Pd/C and Pt/C were more selective to FDCA 

(71–79%) than Au/C at complete HMF conversion under identical conditions (6 h, 2:1 molar 

ratio HMF/KOH, 7 bar O2, 295 K).14 Incomplete oxidation yielding HFCA was observed on 

Au/C, and they concluded that higher O2 pressures and alkaline concentrations were required 

to further oxidize the alcohol group of HFCA to the intermediate 2-formyl-5-furancarboxylic 

acid (FFCA), and then to FDCA. However, discussion of the mechanistic differences of HMF 

oxidation on Au/C or Pd/C and Pt/C considered only oxidation through the HFCA intermediate 

(i.e. Figure 3.1, Path A). Prati’s group found that the activity of supported Au catalysts 

modified with Pt or Pd had extraordinarily enhanced activity and stability for HMF oxidation 

and selectivity to FDCA compared to the monometallic catalysts.16 Furthermore, Pd-Au was 

more active than Au-Pt, and reached nearly full conversion to FDCA (2 h, 2:1 molar ratio 

HMF-KOH, 3 bar O2, 333 K). Prati attributed the higher FDCA yield on bimetallic catalysts 
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to an increased resistance to poisoning by adsorbed intermediate species. However, the specific 

benefits of Pd (or Pt) addition to Au for competitive alcohol and aldehyde group oxidation and 

the synergistic effect of the bimetallic catalysts remain unclear. 

 
Figure 3.1. Possible reaction pathways of HMF oxidation to FDCA. 

Electrocatalytic oxidation is an alternative to traditional aerobic oxidation, in which the 

driving force is an electrochemical potential. The regulation of electrode potential varies the 

driving force, and the rates of surface reactions can be monitored by current measurement. 

Also, electrochemical systems give rise to the fuel cell, which can simultaneous produce 

chemical products and renewable electricity.18-22 Electrocatalytic oxidation of HMF on 

supported noble metal catalysts has received attention, however the work was limited to a bulk 

Pt foil electrode, and full oxidation to FDCA was not achieved.23 The application of supported 

metal nanoparticle electrocatalysts for HMF oxidation allows parallel research between 

heterogeneous and electrocatalytic oxidation and the potential to advance both fields. In the 

past, our group has determined the electrode potential-dependent reaction pathways for 

selective oxidation of poly-alcohols including ethylene glycol and glycerol on supported 

nanoparticle catalysts.18-19, 22, 24-26 This research approach is readily extended to study oxidation 

of compounds containing multiple functional groups, such as HMF. 
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In the present work, self-prepared monometallic Au/C and Pd/C and bimetallic Pd2Au1/C 

and Pd1Au2/C (subscripts indicate molar ratios) were applied as electrocatalysts for oxidation 

of HMF in anion-exchange membrane (AEM) electrolysis flow cells to determine the 

potential-dependent product distributions and yields. This study elucidates the effects of 

electrode potential and catalyst metal on the competitive oxidation of aldehyde and alcohol 

side groups, isolated by a stable furan-ring structure. A reaction pathway is proposed for the 

aqueous-phase HMF electrocatalytic oxidation on Au/C and Pd/C in alkaline media. The 

advantages of bimetallic Pd-Au catalysts for FDCA production are demonstrated by 

electrochemical methods and discussed in terms of the proposed reaction pathway and the 

surface composition and morphology of metallic nanoparticles. 

3.2. Results and Discussion 

3.2.1. Physical characterizations 

 Carbon black supported monometallic Pd/C and Au/C and bimetallic Pd-Au catalysts with 

2:1 and 1:2 molar ratios (i.e. Pd2Au1/C and Pd1Au2/C) were prepared by an organic-phase 

reduction method.20, 25, 27 The same synthesis conditions, such as surfactant concentration and 

reduction temperature and duration were used to prepare each catalyst, while only the type or 

amount of metal precursors changed with catalyst composition. The morphology, structure, 

and composition of the as-prepared catalysts were analyzed by X-ray diffraction (XRD), 

transmission electron microscopy (TEM), high-angle annular dark field via aberration-

corrected scanning transmission electron microscopy (HAADF-STEM), scanning transmission 

electron microscopy coupled with high-spatial resolution energy dispersive spectroscopy 

(STEM-EDS), and inductively coupled plasma atomic emission spectroscopy (ICP-AES).  
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XRD patterns for all catalysts were collected from 15° to 90° and displayed typical face-

centered cubic (fcc) patterns with diffraction peaks around 39°, 46°, 67°, and 80° assigned to 

the corresponding (111), (200), (220), and (311) facets, respectively (Figure 3.2). There was 

a clear shift in XRD peak position with changing metal composition, implying that alloyed 

crystal structures were present in Pd2Au1/C and Pd1Au2/C. Average crystallite sizes were 

estimated from the (220) peaks using the Scherrer equation, and are summarized in Table 3.1. 

Typical TEM and HAADF-STEM images, together with corresponding particle size 

histograms are shown in Figure 3.3. All catalysts featured small metal nanoparticles which 

were uniformly distributed on the carbon support. The average particle sizes evaluated from 

TEM were 2.1 nm, 2.0 nm, 2.9 nm and 2.6 nm for Pd/C, Pd2Au1/C, Pd1Au2/C, and Au/C, 

respectively, which are in good agreement with average crystallite sizes estimated from XRD 

(cf. Table 3.1). The organic-phase reduction method produced very small Pd nanoparticles 

under these synthesis conditions, whereas the Au-containing particles were slightly larger and 

more developed, as observed in the HAADF-STEM images. Bulk metal compositions of 

bimetallic catalysts (Pd2Au1/C and Pd1Au2/C) were determined by ICP-AES and STEM-EDS, 

and shown in Table 3.1. Bulk compositions were near the target ratios, indicating that the Pd 

and Au precursors were fully reduced during nanoparticle synthesis. Further characteristics 

such as the nature of the phases and the surface compositions of Pd2Au1/C and Pd1Au2/C were 

explored later through electrochemical methods. 
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Figure 3.2. XRD patterns of self-prepared Pd/C, Pd2Au1/C, Pd1Au2/C, and Au/C catalysts. 
Peak position shift was observed as metal composition was varied, indicating that alloyed 
crystal structures were present in the Pd2Au1/C and Pd1Au2/C samples. The peaks for Pd2Au1/C 
and Pd1Au2/C were between Pd/C and Au/C, as noted by dashed lines for the (220) peak. 

 

 

Table 3.1. XRD, TEM, ICP-AES and STEM-EDS results for self-prepared catalysts 

Catalyst Average crystallite 
size a (nm) 

Average particle 
size b (nm) 

Pd:Au molar 
ratio c 

Pd:Au molar 
ratio d 

Pd/C 2.6 2.1 - - 

Pd2Au1/C 2.2 2.0 1.8 : 1 1.7 : 1 

Pd1Au2/C 2.5 2.9 1 : 1.8 1 : 2.3 

Au/C 2.8 2.6 - - 
a from XRD b from TEM c from ICP-AES d from STEM-EDS  
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Figure 3.3. TEM, HAADF-STEM, and particle size histograms for (a) Pd/C (b) Pd2Au1/C (c) 
Pd1Au2/C and (d) Au/C catalysts. 
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3.2.2. Effects of electrode potential and catalyst metal composition  

The prepared catalysts were investigated for the electrocatalytic oxidation of HMF in an 

AEM-electrolysis flow cell reactor at applied anode potentials of 0.6 V, 0.9 V, and 1.2 V versus 

RHE. The catalyst metal loading was 1 mg cm-2. Alkaline solution (0.1 M KOH) containing 

0.02 M HMF was passed through the anode reaction chamber and product samples were 

collected for HPLC analysis. HMF conversion and product selectivity of these runs after 1 h 

are shown in Table 3.2. For all catalysts and tested potentials, FDCA was observed; however, 

HMF conversion and product selectivity were highly dependent on applied anode potential and 

metal composition. The bimetallic catalysts showed higher HMF conversion and much greater 

selectivity to FDCA than monometallic catalysts, with Pd1Au2/C slightly better than Pd2Au1/C. 

Remarkably, oxidation on Pd1Au2/C at 0.9 V achieved nearly 83% molar yield of FDCA after 

Table 3.2. HMF oxidation product analysis in AEM-electrolysis flow cell a 

Catalyst Potential    
(V vs. RHE) 

CHMF 
(%) 

SHFCA 
(%) 

SDFF 
(%) 

SFFCA 
(%) 

SFDCA 
(%) 

YFDCA 
(%) 

Pd/C 0.6 75.3 24.5 0.5 63.8 11.2 8.4 
Pd2Au1/C 0.6 86.7 30.0 0.4 62 7.5 6.5 
Pd1Au2/C 0.6 99.9 59.1 - 16.2 24.6 24.6 
Au/C 0.6 100 98.3 - 0.3 1.4 1.4 
        
Pd/C 0.9 96.8 70.0 - 0.6 29.4 28.5 
Pd2Au1/C 0.9 100 35.0 - 0.8 64.1 64.1 
Pd1Au2/C 0.9 100 16.4 - 0.9 82.7 82.7 
Au/C 0.9 100 98.8 - 0.2 1.0 1.0 
        
Pd/C 1.2 31.8 71.0 - 25.6 3.4 1.1 
Pd2Au1/C 1.2 81.5 61.5 - 17.2 21.4 17.4 
Pd1Au2/C 1.2 100 59.8 - 3.9 36.3 36.3 
Au/C 1.2 100 80.8 - 5.1 14.2 14.2 
a Reaction conditions: 1 hour; 25 mL of 0.02 M HMF, 0.1 M KOH solution; flow 20 mL 
min-1; 25 °C; anode catalyst metal loading 1 mg cm-2. C is conversion. S is molar selectivity. 
Y is molar yield. 
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1 h, which was almost three times higher than Pd/C. In contrast, the Au/C catalyst was nearly 

inactive for FDCA formation at this potential.  

Figure 3.4 illustrates the strong impact of electrode potential on HMF conversion and 

product distribution on the Pd1Au2/C catalyst. The highest yield to FDCA was achieved at 0.9 

V. It should be noted that HMF conversion rate and FDCA selectivity dropped off drastically 

on Pd-rich catalysts at 1.2 V versus RHE (Table 3.2), at which the potential was sufficient for 

the formation of metal-oxide species. On the other hand, Au/C resists oxidation under the same 

electrochemical conditions. HMF was fully converted (>99%) after 1 h on Au/C at the three 

tested potentials, however HFCA was the major observed product. For Au/C, the selectivity to 

FFCA and FDCA significantly increased at 1.2 V, indicating that further oxidation of the 

alcohol group of HFCA required high potential. In contrast, HMF oxidation on Pd/C was 

relatively slow and did not reach complete conversion after 1 h of reaction. However, Pd/C 

achieved higher FDCA production than Au/C at lower potentials. Interestingly, at 0.6 V on 

Pd/C, the major observed product was FFCA (SFFCA = 64%), whereas at 0.9 V the main product 

was HFCA (SHFCA = 70%). These differences in product distribution between Pd/C and Au/C 

indicate that the preferred reaction pathway of HMF electrocatalytic oxidation was dependent 

on catalyst metal and electrode potential. Additional studies of electrocatalytic oxidation of 

reaction intermediates were conducted to clarify these differences and give insight into the 

advantages of Pd-Au bimetallic catalysts for highly active and selective oxidation of HMF to 

FDCA. 
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Figure 3.4. Product distribution on Pd1Au2/C for the oxidation of 0.02 M HMF in 0.1 M KOH. 
Reaction conditions: 1 h; AEM-electrolysis flow cell; 25 °C. 

3.2.3. Onset potential and net peak current densities 

To further investigate the pathways of HMF oxidation, cyclic voltammetry (CV) was 

conducted for aqueous solutions of 0.1 M KOH with and without addition of 0.02 M HMF, 

HFCA, or FFCA. The catalytic activities for oxidation of HMF and intermediates were 

compared on the basis of onset potential and peak net current density. Figure 3.5 shows net 

current density, as defined herein as the difference of the anodic-sweep current density and 

background current density (i.e. in 0.1 M KOH only). Onset of HMF oxidation occurred at 

much lower potentials (i.e. ~260 mV lower) on Au/C than Pd/C, whereas the onset potentials 

on the bimetallic catalysts were in between the monometallic catalysts (Figure 3.5a). In the 

low potential range, net current density for HMF oxidation on Au/C was significantly higher 

than on the Pd-containing catalysts, however the bimetallic catalysts were notably higher than 

Pd/C. Similar trends were observed in the voltammetry of FFCA (Figure 3.5c). This indicates 
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that aldehyde oxidation was much easier on Au/C than Pd/C, and that the addition of Au to the 

Pd-based catalysts greatly facilitated aldehyde oxidation at low potentials. On the other hand, 

the onset potential for HFCA oxidation was about 100 mV lower on Pd/C than on Au/C, and 

was even lower on the Pd-Au catalysts (Figure 3.5b). Peak net current density for HFCA 

oxidation on the bimetallic catalysts was higher than monometallic catalysts, reaching about 

two times higher than Pd/C and eight times higher than Au/C. Together, these results indicate 

that the bimetallic catalysts have enhanced activity for alcohol oxidation compared to 

monometallic catalysts. Evidence from the voltammetry of HMF and its oxidation 

intermediates provides new insight into the synergistic effect of Pd-Au bimetallic catalysts for 

selective oxidation, which has been previously studied in both aerobic chemical and 

electrochemical oxidation systems.28-34 The advantages of Pd-Au for selective oxidation of 

HMF to FDCA were demonstrated by voltammetry to be a combination of facilitated aldehyde 

oxidation at low potentials and higher activity to alcohol oxidation. 

It is worth noting that the voltammograms for FFCA oxidation showed a sharp increase in 

current around 0.8 V versus RHE on Pd/C and Pd2Au1/C, and to a lesser extent on Pd1Au2/C. 

This may indicate a change in reaction mechanism at higher potentials that leads to enhanced 

aldehyde oxidation on Pd-based catalysts. Enhanced aldehyde oxidation may have an effect on 

reaction pathways, by altering the competitive oxidation of the aldehyde and alcohol groups 

present in HMF. For comparison, the current density of FFCA oxidation on Au/C reached its 

highest value at 0.71 V versus RHE and gradually decreased at higher potentials.  
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Figure 3.5. Anodic-sweep from voltammograms of 0.1 M KOH with 0.02 M of (a) HMF, (b) 
HFCA and (c) FFCA. Net current density (jnet) is the difference between anodic-sweep current 
density and background current density (i.e. in 0.1 M KOH). Reaction conditions: 50 mL 
solution; 25 °C; sweep rate 50 mV s−1.  

3.2.4. Reaction pathways of potential-dependent HMF oxidation  

A closer look at time-dependent product distributions reveals more insight into the 

influence of catalyst metal on reaction mechanism and pathway. Time-dependent HMF 

conversion and product selectivity for a two hour reaction at 0.6 V versus RHE on Au/C and 

Pd/C are reported in Figure 3.6. On Au/C, HMF was nearly completely converted to HFCA 

(SHFCA = 98%) after only 30 min, followed by very slow formation of FDCA (SFDCA = 6% at 

2h). In contrast, HMF conversion on Pd/C was notably slower, but resulted in more deeply 
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oxidized products, even at very short reaction times. FFCA was the main observed product 

(SFFCA = 52% at 2 h) under these conditions, with also significant amounts of HFCA and FDCA 

formed. The intermediate DFF was initially present (SDFF = 2.5% at 10 min) but not detected 

after two hours of reaction. The high selectivity to FFCA and presence of both DFF and HFCA 

intermediates is evidence that HMF oxidation proceeds by parallel pathways on Pd/C under 

these conditions. Similar evidence for two competitive pathways has been reported in non-

electrochemical catalytic HMF oxidation on Pt/C and Ru(OH)x on Mg-based supports.35-36 

 

Figure 3.6. Reaction product profiles for oxidation of HMF over (a) Pd/C and (b) Au/C 
including HMF conversion and product selectivity. Reaction conditions: 25 mL of 0.02 M 
HMF, 0.1 M KOH solution; flow 20 mL min−1; 25 °C; anode potential 0.6 V versus RHE. 

The scheme in Figure 3.7 shows the proposed potential-dependent reaction pathways of 

HMF oxidation in alkaline conditions for Pd/C and Au/C catalysts. Aldehyde oxidation was 

highly favored compared to alcohol oxidation on Au/C, as evidenced by the much lower onset 

potential for oxidation of FFCA compared to HFCA, and the fact that HFCA was the major 

observed intermediate. As a result, electrocatalytic oxidation of HMF on Au/C proceeded 

mainly by a single pathway, through aldehyde oxidation to HFCA, followed by a potential-
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sensitive oxidation of the alcohol group to FFCA. Finally, FFCA was further oxidized to 

FDCA. In sharp contrast to Au/C, electrocatalytic oxidation of HMF on Pd/C followed 

potential-dependent parallel reaction pathways, attributed to its similar onset potentials for 

alcohol oxidation (i.e. HFCA, ~0.55 V) and aldehyde oxidation (i.e. FFCA, ~0.58 V), and the 

enhanced rate of aldehyde oxidation at higher potentials (cf. Figure 3.5c). At low potentials, 

both initial pathways via oxidation of the aldehyde or alcohol group of HMF were possible on 

Pd/C, evidenced by the detection of both HFCA and DFF intermediates. However, DFF was 

only detected in early reaction samples (Figure 3.6a), so it is hypothesized that its formation 

was followed by very fast oxidation to FFCA. At 0.6 V, the major observed product was FFCA, 

and further oxidation of the aldehyde group to FDCA was relatively slow under these 

conditions (Figure 3.5a). It should be noted that the non-electrochemical conversion of 

aldehyde-containing species by Cannizzaro-type reactions is possible in alkaline solution;14, 23, 

37 however, it was determined to not be a significant factor under these conditions (data not 

shown). At higher potentials, aldehyde oxidation was greatly enhanced on Pd/C, as evidenced 

by the voltammetry of FFCA (Figure 3.5c), making the initial oxidation of HMF to HFCA 

more favorable compared to the DFF pathway. The alcohol group of HFCA was relatively 

nonreactive, and consequently HFCA was the major observed product on Pd/C at 0.9 V (Table 

3.2: SHFCA = 70%, 1 h). Meanwhile, the route of HMF oxidation through DFF was a more 

minor pathway at higher potentials, and any DFF or FFCA formed would be rapidly be 

oxidized to FDCA as a result of the accelerated aldehyde oxidation. This can explain the lack 

of aldehyde-containing intermediates detected on Pd/C at 0.9 V (Table 3.2: SFFCA < 1%, SDFF 

= 0%, 1 h at 0.9 V). 
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Figure 3.7. Proposed reaction pathways of HMF oxidation on Pd/C and Au/C electrocatalysts 
in alkaline media. 

After clarifying the reaction pathways and slow steps for Au/C and Pd/C, some conclusions 

can be made about the advantages of bimetallic Pd-Au catalysts for FDCA production. At low 

potentials, HMF oxidation with Pd/C catalysts led to FFCA formation. As shown from cyclic 

voltammetry, the addition of Au greatly enhanced aldehyde oxidation at lower potentials. This 

resulted in more favorable aldehyde oxidation, both for HMF to HFCA and FFCA to FDCA. 

Both bimetallic catalysts had increased HMF conversion rate and FDCA selectivity, and the 

Au-rich Pd1Au2/C facilitated significant oxidation of FFCA to FDCA, even at a low potential 

of 0.6 V (SFDCA = 25% at 1 h). At higher potentials, HMF oxidation on both Pd/C and Au/C 

catalysts yielded HFCA as the major product. From cyclic voltammetry, oxidation of the 

alcohol group in HFCA on bimetallic catalysts was shown to have much lower onset potential 

and higher peak current density than both Au and Pd, indicating a synergistic effect for the 

bimetallic catalysts. In the AEM-electrolysis flow cell reactors, this led to enhanced activity to 

HFCA oxidation and greatly increased selectivity to FDCA.  
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3.2.5. Surface morphology of Pd-Au bimetallic electrocatalysts  

It is well known that bimetallic Pd-Au catalysts have greatly enhanced activity over their 

monometallic components for many applications; however, the promotional role of Pd or Au 

remains under debate. Bimetallic systems can introduce morphological and structural changes 

including the dilution of one atom type on the surface, different lattice parameters, possible 

electron charge transfer between different metal atoms, and formation of phase boundaries.38 

Previous works have proposed that isolated Pd atoms are highly active catalytic sites, due to 

decreased species adsorption energy compared to pure Pd crystals, therefore suggesting that 

the role of Au is dilute and stabilize surface Pd.38-42 Surface metal composition, which may 

vary greatly from bulk composition, is a critical factor for catalyst activity and selectivity, 

therefore additional analysis was conducted to characterize the surface morphology of 

supported Pd-Au bimetallic catalysts for HMF oxidation. 

The surface atomic compositions of Pd-Au bimetallic catalysts were determined by 

electrochemical methods first proposed by Rand and Woods.43 In cyclic voltammetry, distinct 

reduction peaks are observed in the cathodic sweep, corresponding to the reduction of metal 

oxides formed on the catalyst surface during the anodic sweep. The peak position is dependent 

on the catalyst surface composition, and therefore can be used to determine the nature of 

surface alloys present in Pd-Au.43-44 Cyclic voltammetry was performed in 0.1 M KOH 

electrolyte and the resulting voltammograms for bimetallic catalysts and Pd/C and Au/C are 

shown in Figure 3.8.  
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Figure 3.8. Cyclic voltammograms in 0.1 M KOH for monometallic and bimetallic catalysts. 
Conditions: 50 mL electrolyte; 25 °C; 20 μg catalyst loading on the glassy carbon electrode; 
sweep rate 50 mV s−1. 

Pd/C exhibited a sharp Pd-oxide reduction peak at 0.57 V, whereas Au/C showed a broad 

Au-oxide reduction peak around 1.04 V. These are in good agreement with our previously 

reported results.27 The bimetallic catalysts had reduction peaks shifted away from the 

monometallic catalysts at 0.70 and 0.79 V. According to Rand and Wood’s method, which 

predicts a linear variation of reduction peak potential with Pd content, these reduction peak 

positions correspond to Pd surface contents of 72% and 53% (atomic basis) for Pd2Au1/C and 

Pd1Au2/C, respectively.43 These surfaces were found to be more Pd-rich than the bulk 

composition (cf. Table 3.1), a phenomenon which has previously been reported for Pd-Au 

nanoparticles.45-46 Furthermore, a second reduction peak was observed for Pd1Au2/C at the 

signature potential for Au, indicating that two phases were present on the catalyst surface, one 
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alloyed Pd-Au phase and one non-alloyed Au phase. However, only one reduction peak was 

observed for Pd2Au1/C, suggesting that a single alloyed phase was present on the catalyst 

surface and monometallic phases were absent.  

  The proposed beneficial role of Au is to isolate and stabilize Pd sites on the surface. 

Therefore, higher surface Au composition is desired to increase the fraction of isolated Pd sites 

and catalytic activity. This was evidenced by Prati’s group, who found increased turn over 

frequencies for glycerol oxidation with increasing Au-content up to 90%, beyond which the 

rates decreased sharply.42 Enhanced activity for HMF oxidation on Pd1Au2/C compared to 

Pd2Au1/C therefore might be attributed to its higher surface Au composition in the alloy phase 

and increased number of isolated Pd sites. Additionally, electrochemical techniques provided 

evidence of a pure Au phase on the Pd1Au2/C surface, leading to a unique two-phase catalyst, 

which we hypothesize may further contribute to its superior activity and selectivity. Au/C was 

found to be highly active for aldehyde oxidation at all potentials but poor for alcohol oxidation 

at low potentials, so we propose that pure Au regions can promote aldehyde adsorption and 

oxidation, while Pd-rich alloyed regions promote alcohol oxidation. The intimate contact of 

Au and alloyed Pd-Au regions provides a bifunctional surface for aldehyde and alcohol 

oxidations, which are both necessary to obtain FDCA efficiently. 

3.3. Conclusions 

Electrocatalytic oxidation of HMF in AEM-electrolysis flow cell reactors with product 

analysis at varying electrode potentials, along with cyclic voltammetry of HMF, HFCA, and 

FFCA, provided direct evidence of a Pd-Au synergistic effect for HMF oxidation for FDCA 

production. The unique catalytic properties of Pd and Au for competitive oxidation of alcohol 

and aldehyde groups present in HMF were also revealed. The observed product distributions 
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from the AEM-electrolysis flow cell reactions were highly dependent on electrode potential 

and catalyst surface composition. We have proposed the electrode potential-dependent 

pathways for electrocatalytic oxidation of HMF in alkaline media over supported Au and Pd 

nanoparticles. Under these electrochemical conditions, Au/C favored HMF oxidation to 

HFCA, whereas oxidation on Pd/C followed two competitive pathways to FDCA. Aldehyde 

oxidation was greatly favored over alcohol oxidation on Au/C, but required higher potentials 

to proceed rapidly on Pd/C. Bimetallic catalysts (Pd2Au1/C and Pd1Au2/C) achieved much 

higher FDCA yield, attributed to altered surface composition and morphology. Introducing Au 

to the Pd surface led to more facile aldehyde oxidation at low potentials and enhanced alcohol 

oxidation activity compared to monometallic catalysts. The advantages of Pd-Au bimetallic 

catalysts for the selective production of FDCA from HMF were demonstrated in 

electrochemical systems. This approach may be extended to guide the rational design of other 

highly active and selective catalysts for green oxidation of multifunctional molecules. 

3.4. Experimental Methods 

3.4.1. Catalyst synthesis 

Carbon black supported Pd, Pd-Au, and Au nanoparticles were synthesized by reduction 

of metal precursors Pd(acac)2 (Sigma-Aldrich, 99%) and AuCl3 (Sigma-Aldrich, 99%) 

followed by deposition on carbon black support (Vulcan XC-72R, Cabot). Typically, 

precursors were dissolved in 16 mL 1-octadecene (Sigma Aldrich, 90%) and 4 mL oleylamine 

(Aldrich Chemistry, 70%) and heated to 80°C under nitrogen flow. The precursors were added 

to give 2:1 and 1:2 Pd/Au molar ratios for the bimetallic nanoparticles. 1.7 mL LiEt3BH (1.0 

M in THF, Acros Organics) was injected to rapidly precipitate metal nanoparticles, and after 

10 min the solution was cooled to room temperature before drop-wise transfer to a well-stirred 
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dispersion of carbon black in hexane and ethanol. The amount of carbon black was controlled 

to give approximately 40 wt.% metal in the catalyst. The final catalysts were cleaned with 

ethanol, separated by vacuum filtration and dried overnight.  

3.4.2. Catalyst characterizations 

Catalysts were characterized by TEM (JEOL 2010) with an operating voltage of 200 kV. 

HAADF-STEM and STEM-EDS were performed on a Hitachi HF-3300 TEM-STEM with 

Bruker silicon drift detector (SDD). XRD patterns were obtained with a Scintag XDS-2000 θ/θ 

diffractometer using CuKα radiation (λ = 1.5406 Å), with a tube current of 35 mA and a tube 

voltage of 45 kV. Catalysts were digested in aqua regia (HCl:HNO3 volume ratio 3:1) and 

analyzed by a PerkinElmer ICP-AES, model 7000 DV to verify bulk metal loading and 

composition. 

3.4.3. Cyclic voltammetry 

Cyclic voltammetry was performed in a glass reactor with a three-electrode setup 

controlled by potentiostat (Versastat MC, Princeton Applied Research). Prepared catalysts 

were dispersed in isopropanol by ultrasonication to form a uniform ink (1.0 mg mL-1). With a 

micro-syringe, 20 µL of ink was deposited onto a polished and cleaned glassy-carbon electrode 

with geometric area of 0.196 cm2. Hg/HgO (1.0 M KOH) reference electrode and Pt-wire 

counter electrode were used. Typically, the cell was loaded with 50 mL solution of 1.0 mmol 

HMF (Sigma-Aldrich, ≥99%) and 5.0 mmol KOH (Sigma-Aldrich, ≥85%) in deionized water. 

Cyclic voltammetry was performed at a sweep rate of 50 mV sec-1 in alkaline solution with 

and without addition of HMF at 25°C with nitrogen purging. Additional tests were performed 

with 1.0 mmol HFCA (Matrix Scientific, ≥99%) or FFCA (TCI America, ≥98%) intermediates.  
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3.4.4. AEM-electrolysis flow cell experiments 

A custom-made reactor was built consisting of a solid anion-exchange membrane (AEM, 

A-201 Tokuyama Corp.) mechanically sandwiched between anode and cathode catalyst layers 

on carbon cloth. Self-prepared Pd/C, Pd-Au/C, and Au/C served as anode catalysts, while 

commercial Pt/C (40 wt.% Pt, ETEK) was the cathode catalyst. Catalyst and PTFE were 

dispersed in isopropanol by ultrasonication to form a uniform ink (10 mg catalyst mL-1), which 

was applied onto the carbon cloth with a spray gun. The mass of catalyst on the carbon cloth 

was controlled to give a metal (Au, Pd, Pt) loading of 1 mg cm-2. After drying, the catalyst to 

PTFE mass ratio was 9:1. Hg/HgO (1.0 M KOH) reference electrode was inserted through a 

hole in the anode compartment, allowing the anode potential to be regulated and monitored by 

potentiostat (Versastat MC, Princeton Applied Research). Additional details of electrolysis 

flow cell design can be found in our previous works.26 Product samples were taken throughout 

the test for analysis by HPLC (Agilent 1100, Alltech OA-1000 column, 60°C) equipped with 

RID (Agilent G1362A) and VWD (Agilent G1314A, 220 nm) and a 5.0 mM aqueous H2SO4 

mobile phase (0.3 mL min-1). 
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Abstract 

Bismuth vanadate (BVO) photoelectrodes were modified with cobalt phosphate (CoPi) to 

facilitate TEMPO-mediated selective oxidation of alcohols (TEMPO = 2,2,6,6-

tetramethylpiperidine-1-oxyl). Tuning CoPi electrodeposition time enabled the preference for 

TEMPO oxidation or oxygen evolution reaction (OER) to be tailored; photoanodes optimized 

for TEMPO oxidation reduced the required potential by 0.5 V and increased net charge 

injection efficiency by seven-fold, while also suppressing undesired OER compared to 

unmodified BVO. Transient photocurrent measurements suggested that CoPi alleviates 

recombination losses resulting from the back reduction of oxidized TEMPO. TEMPO-

mediated oxidation of 5-hydroxymethylfurfural (HMF) with BVO/CoPi achieved 88% yield 

to 2,5-furandicarboxylic acid (FDCA) under mild conditions, whereas <1% FDCA was 

generated with BVO. These findings will promote development of more efficient 

photoelectrochemical devices for biomass upgrading and renewable energy conversion. 
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4.1. Introduction 

Photoelectrochemistry may play a key role in moving our society toward a sustainable 

energy future. Photoelectrochemical cells (PECs) use light-absorbing semiconductor 

photoelectrodes to drive reactions with solar energy, often aided by external electricity input 

which can be supplied from renewable sources. In typical PECs, low-value molecules such as 

H2O or CO2 are reduced at metal/semiconductor cathodes to generate hydrogen gas (i.e., the 

hydrogen evolution reaction, HER) or carbon-based fuels and chemicals.1-3 However, such 

PECs commonly suffer from poor energy conversion efficiency. This can largely be attributed 

to the slow kinetics and large overpotentials associated with the oxygen evolution reaction 

(OER) that occurs at the anode. Platinum-group metal catalysts are generally used to overcome 

the kinetic limitations; however, the high cost and low abundance of these materials limit their 

large-scale application.4 Furthermore, the oxygen produced at the anode is not valuable. 

Therefore, it is desirable to find a more favorable anode reaction that utilizes low-cost and 

Earth-abundant electrode materials, and that generates value-added products. 

A promising approach to improve the feasibility of PECs and related electrochemical cells 

is to pair HER at the cathode with anodic oxidation of biomass-derived chemicals (e.g., 

alcohols and aldehydes).5-7 Alcohol oxidation is thermodynamically favorable compared to 

OER,8-9 therefore reducing operating cell voltages and improving energy efficiency. Moreover, 

electrochemical alcohol oxidation can be tuned to selectively target desired products,10-11 

enabling the generation of high-purity valuable chemicals from renewable carbon sources. For 

example, 5-hydroxymethylfurfural (HMF), a platform molecule derived from C6 

carbohydrates,12 can be selectively oxidized to 2,5-furandicarboxylic acid (FDCA), a valuable 

precursor for biobased polymers.13-14 In a breakthrough study, Cha et al. demonstrated the 
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photoelectrochemical conversion of HMF to FDCA using a bismuth vanadate (BVO) 

photoanode and a homogeneous redox mediator, TEMPO (2,2,6,6-tetramethylpiperidine-1-

oxyl).5 This work achieved remarkable selectivity and faradaic efficiency; however, a 

considerable external bias was required to support separation of photogenerated charge carriers 

and achieve high photocurrent densities. Although BVO has emerged as one of the most 

promising metal oxide-based photoanodes for OER,15 it has been established that surface 

modifications, for example with catalysts such as cobalt phosphate (CoPi),16-17 Co3O4,18 or 

transition metal oxyhydroxides,19-23 are required to mitigate charge recombination losses. 

However, such modifications have not been applied to BVO photoanodes for enhancing redox-

mediated alcohol oxidations because it was presumed that they would promote OER in favor 

over mediator oxidation.5, 24  

In this study, we challenge these previous presumptions by showing that BVO photoanodes 

modified with CoPi, a well-known OER electrocatalyst, can be tailored to selectively enhance 

TEMPO-mediated alcohol oxidation. We demonstrate for heterostructured BVO/CoPi 

photoanodes that OER activity is sensitive to CoPi electrodeposition time: short times (e.g. 1 

min) reduce the onset potential and increase photocurrent for OER, whereas longer depositions 

severely suppress OER activity. We exploit the latter phenomenon to oxidize TEMPO without 

any faradaic efficiency loss to OER. Furthermore, TEMPO oxidation is enhanced for 

BVO/CoPi photoanodes in terms of reduced onset potential and increased photocurrent 

compared to BVO. Transient photocurrent measurements provide insight into interfacial 

charge transfer and recombination processes, elucidating the likely role of CoPi. Finally, we 

use BVO/CoPi photoanodes to drive TEMPO-mediated oxidation of HMF to FDCA and 
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demonstrate the viability of using heterostructured photoanodes for efficient biomass 

upgrading in PECs.  

4.2. Results and Discussion 

BVO films were synthesized on fluorine-doped tin oxide (FTO) glass substrates by 

electrodeposition and thermal processing according to literature.21 Scanning electron 

microscopy (SEM) revealed the BVO films were nanoporous and about 2 μm thick (Figure 

4.1a-b). Energy-dispersive spectroscopy (EDS) confirmed the composition of the films and 

indicated a Bi/V ratio of approximately 1:1 (Table S4.1). X-ray diffraction (XRD) patterns 

were consistent with a monoclinic BVO crystal structure (Figure S4.1). UV-vis diffuse 

absorbance spectra and corresponding Tauc analysis (Figure S4.2) confirmed a bandgap of 

about 2.47 eV, which matches those reported in literature.25 

Photoelectrochemical measurements were performed in sodium borate electrolytes (pH 

9.2) under simulated solar illumination (AM1.5, 100 mW cm-2). Figure 1c shows the linear 

sweep voltammogram (LSV) for BVO in electrolyte containing sodium sulfite, which is known 

to be a good hole acceptor,26 and is expected to extract nearly all photogenerated holes that 

reach the semiconductor/electrolyte interface. Thus, the sulfite oxidation photocurrent density 

(jsulfite) provides an estimate for the total rate of holes reaching the interface. For TEMPO-

mediated oxidations, it is desirable that a photoanode facilitates TEMPO oxidation at low 

potentials but has poor activity for OER, the main competing oxidation reaction in aqueous 

electrolytes.27 Figure 4.1c shows the LSV collected in electrolyte without sulfite – in which 

case the photocurrent is from OER. The onset potential for OER was increased by about 150 

mV compared to that for sulfite oxidation, and the photocurrent density (jOER) was markedly 

lower than jsulfite. The net charge injection efficiency (the fraction of surface-reaching holes 
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that are utilized for oxidation of species in the electrolyte) was estimated by the ratio jOER/jsulfite 

to be 6.3% at 0.64 V. This suggests that the vast majority of the surface-reaching holes were 

lost to recombination processes. The photocurrent was even lower with TEMPO present in the 

electrolyte; most notably in the low potential region (i.e. < 1.0 V). 

 

Figure 4.1. SEM micrographs of BVO films on FTO glass including (a) top and (b) cross-
sectional views. (c) LSVs with AM1.5 illumination for BVO photoanodes in electrolytes with 
or without 5.0 mM TEMPO or 0.2 M sodium sulfite. 

CoPi was deposited onto BVO electrodes using the electrodeposition method described by 

Kanan and Nocera.28 Briefly, CoPi was electrodeposited from a solution of cobalt(II) nitrate 

(0.5 mM) and potassium phosphate (0.1 M, pH 7.0) at 1.1 V versus a Ag/AgCl reference 

electrode. Deposition time was varied between 1 and 30 min to obtain a range of CoPi loadings. 
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SEM revealed that the film morphology was unchanged after CoPi deposition (Figure S4.3), 

suggesting that the deposition was uniform over the electrode. The Co/P atomic ratio estimated 

by EDS was approximately 1.9:1.0, which is consistent with previous reports.28 There was no 

appreciable change in the optical bandgap energy, indicating that inclusion of CoPi did not 

affect light absorption properties of photoanode.  

Modifying BVO with a short CoPi deposition (i.e. 1 min) reduced the onset potential and 

increased photocurrent for OER compared to BVO (Figure 4.2a). However, longer depositions 

suppressed OER; photocurrent for BVO/CoPi-30 (i.e. BVO with 30 min CoPi deposition) was 

reduced by 95% compared to BVO at 1.04 V. It has been suggested that photoanodes modified 

with thicker CoPi layers have low OER performance due to increased interfacial recombination 

of conduction band electrons with accumulated CoPi holes,29 or recombination via direct 

shunting of CoPi to the conductive back contact (i.e. FTO).30 Nevertheless, we found that 

photocurrent for TEMPO oxidation was greatly enhanced with increased CoPi deposition times 

(Figure 4.2b), suggesting that TEMPO oxidation was able to compete with CoPi-induced 

charge recombination pathways. The potential required for TEMPO oxidation was reduced by 

nearly 0.5 V (e.g. 475 mV at 0.1 mA cm-2) for BVO/CoPi-30 compared to BVO. Increasing 

CoPi deposition time beyond 30 min did not lead to further enhancement (data not shown). 

The faradaic efficiency to OER was determined by quantifying evolved O2 under steady-

state conditions (Figure 4.2c). OER did not contribute to the photocurrents at 0.64 V, which 

can therefore be assigned to TEMPO oxidation (jTEMPO). The net charge injection efficiency 

for TEMPO oxidation (i.e. jTEMPO/jsulfite) at 0.64 V was 15.4% for BVO/CoPi-30, a seven-fold  

 increase compared to BVO (2.1%). OER prevailed at higher potentials for BVO and 

BVO/CoPi prepared with short CoPi deposition times; the faradaic efficiencies to OER at 1.24 
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V were 70% for BVO and 57% for BVO/CoPi with 1 min deposition. This was likely due to 

mass transport limitations for TEMPO oxidation at higher potentials. Remarkably, O2 was not 

detected for BVO/CoPi-30 in electrolytes containing TEMPO at any potential tested. These 

findings show that BVO/CoPi-30 has the ability to enhance TEMPO oxidation photocurrent 

compared to BVO while also completely suppressing undesired OER.  

Figure 4.2. LSVs with AM1.5 illumination for BVO and BVO/CoPi photoanodes with varying 
CoPi deposition times (denoted within figures) in electrolyte (a) without TEMPO and (b) with 
5.0 mM TEMPO. (c) Faradaic efficiency to OER in electrolyte with 5.0 mM TEMPO. 

The low OER faradaic efficiencies observed at mild potentials in electrolytes with TEMPO 

(e.g. ~0% at 0.64 V) indicate that TEMPO oxidation was kinetically favored over OER. 
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However, the photocurrent for BVO in electrolytes with TEMPO was actually lower than in 

electrolytes without TEMPO (e.g. ~67% lower at 0.64 V). These seemingly inconsistent 

observations suggest that photocurrents were not limited by slow TEMPO oxidation kinetics, 

but by other factors. By extension, it is very unlikely that the higher TEMPO oxidation 

photocurrents observed for BVO/CoPi-30 resulted from enhanced charge transfer kinetics (i.e. 

electrocatalysis). 

Photocurrents for BVO may have been limited by solution-mediated charge recombination 

via the back reduction of oxidized TEMPO (i.e. TEMPO+), as depicted in Figure 4.3a. In 

principle, back reduction can occur by transfer of electrons from the conduction band or surface 

states of the semiconductor, or from the conductive substrate (e.g. FTO).31 Cyclic 

voltammograms measured in the dark revealed that TEMPO exhibits quasi-reversible 

electrochemical oxidation/reduction on BVO and bare FTO electrodes (Figure 4.3b). The 

midpoint potential was around 1.28 V, indicating that TEMPO+ is susceptible to 

electrochemical reduction over most of the potential range of interest for photoelectrochemical 

TEMPO oxidation. In the dark, the low concentration of holes in n-type semiconductors (such 

as BVO) prevents them from facilitating oxidations.32 Accordingly, the dark oxidation current 

observed for BVO electrodes can be attributed mainly to the underlying FTO substrate.33 The 

dark oxidation currents for BVO and bare FTO were of similar magnitudes, suggesting that a 

substantial fraction of the underlying FTO was accessible to the electrolyte through the 

nanoporous BVO films. The exposed FTO could potentially facilitate electrochemical back 

reduction of TEMPO+ at potentials more negative than 1.28 V. 



    106 

 

Figure 4.3. (a) Depiction of possible solution-mediated charge recombination pathways. 
Photogenerated holes oxidize TEMPO to TEMPO+, which may be reduced back to TEMPO 
via electron transfer from the BVO conduction band or surface states, or from the exposed 
FTO substrate. (b) Dark cyclic voltammograms (CVs) for BVO or bare FTO electrodes in 
electrolyte with 5.0 mM TEMPO. 

We used transient photocurrent measurements to gain more insight about charge transfer 

and recombination dynamics. Figure 4.4a shows LSVs for BVO under chopped AM1.5 

illumination. In pure electrolyte (i.e. without TEMPO), transient current spikes were observed 

upon light “on” and “off”, which are generally assigned to the back recombination of electrons 

with accumulated holes.34 The spikes were most prominent at low potentials and diminished 

at increasingly anodic potentials. Negative transient current was negligible at potentials higher 

than about 0.8 V. This behavior has been attributed to enhanced band bending and charge 

separation at strongly anodic potentials.35 The positive and negative current spikes were more 

pronounced in electrolyte containing TEMPO. Notably, substantial negative current spikes that 

were not observed in pure electrolyte initiated around 0.6 V and persisted up to about 1.2 V. 

Within that same potential range, the anodic photocurrents decayed to values lower than in 

pure electrolyte. We attribute this transient behavior to the electrochemical back reduction of 

TEMPO+, which is operable over this potential range (cf. Figure 4.3b). 
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Figure 4.4. Transient photocurrent measurements with chopped AM1.5 illumination. (a) LSVs 
for BVO in pure electrolyte and electrolyte with 5.0 mM TEMPO. (b-c) Transient 
photocurrents at 1.04 V versus RHE for BVO and BVO/CoPi-30, respectively. For clarity, the 
traces in (b) and (c) are offset with respect to time. 

Figures 4.4b-c show transient photocurrent measurements for BVO and BVO/CoPi-30 at 

a fixed potential of 1.04 V. BVO displayed behavior consistent with the LSVs under chopped 

illumination; quasi-steady-state photocurrents were smaller and negative transient currents 

were much larger for electrolytes with TEMPO compared to pure electrolytes. The negative 

current decayed very slowly (t1/2 ≈ 13 s) and did not reach steady state during the dark periods. 

As previously mentioned, we assign the negative current mainly to the back reduction of 
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TEMPO+ that accumulates in solution during illuminated periods. In pure electrolyte, 

BVO/CoPi-30 exhibited high anodic current initially after illumination; however, the 

photocurrent rapidly decayed to nearly zero. Also, sharp negative transients were observed 

when illumination was turned off. This behavior has been attributed to CoPi oxidation by 

photogenerated holes and subsequent back recombination of electrons with accumulated 

oxidized CoPi species.36-37 In electrolytes with TEMPO, quasi-steady-state anodic current was 

greatly increased (i.e. 5.7-fold) and the negative transient current was diminished compared to 

pure electrolytes. Most notably, the slowly-decaying negative current assigned to TEMPO+ 

back reduction was not observed for BVO/CoPi-30. On this basis, it is likely that the enhanced 

TEMPO oxidation photocurrents observed for CoPi-modified BVO photoanodes are at least in 

part due to the ability of CoPi to inhibit solution-mediated charge recombination.  

Finally, we used the BVO/CoPi photoelectrodes for TEMPO-mediated oxidation of 

biomass-derived chemicals. Due to its high value for biomass conversion, we targeted HMF 

as an exemplary multifunctional substrate containing both alcohol and aldehyde functionalities 

(Figure 4.5a). LSVs for BVO/CoPi-30 show that photocurrent increased after adding HMF to 

a TEMPO-containing electrolyte (Figure 4.5b), resulting from the regeneration of TEMPO 

following the reaction between the oxoammonium cation (i.e. TEMPO+) and HMF. No 

increase was observed in the absence of TEMPO, indicating that the non-mediated HMF 

oxidation was negligible under these conditions. TEMPO-mediated photoelectrolysis of HMF 

was performed at 0.64 V for 2.7 hours. Relatively low HMF conversion (15.2%) and yield to 

FDCA (~0.1%) were obtained using a BVO photoanode at such a mild potential (Table S4.3). 

In contrast, BVO/CoPi-30 achieved 88% yield to FDCA (Figure 4.5c), which we attribute to 

its greatly enhanced TEMPO oxidation performance. We highlight that the role of the 
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photoanode in this system is to oxidize TEMPO to TEMPO+, which then oxidizes the substrate 

(i.e. HMF) homogeneously in the electrolyte. Therefore, this approach is not uniquely suited 

for HMF conversion, but rather we expect it to be readily applicable for the TEMPO-mediated 

oxidation of a wide range of biologically-derived substrates. 

 

Figure 4.5. (a) Possible reaction pathways for HMF oxidation to FDCA. (b) LSVs under 
AM1.5 illumination for BVO/CoPi-30 in electrolyte only, electrolyte with 5.0 mM TEMPO, 
electrolyte with 5.0 mM TEMPO and 5.0 mM HMF, and electrolyte with 5.0 mM HMF without 
TEMPO. (c) HMF conversion and product yields for photoelectrolysis at 0.64 V versus RHE 
for BVO/CoPi-30. 

4.3. Conclusions 

In summary, we developed heterostructured photoelectrodes composed of nanoporous 

BVO films modified with CoPi for TEMPO-mediated alcohol oxidation. CoPi 
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electrodeposition time was a critical parameter for selectively promoting TEMPO oxidation in 

favor over OER. BVO/CoPi prepared by a 30 min CoPi deposition reduced the potential 

required for TEMPO oxidation by about 0.5 V and greatly enhanced the photocurrents for 

TEMPO oxidation compared to BVO. In situ O2 measurements confirmed that TEMPO 

oxidation with BVO/CoPi-30 proceeded without any faradaic efficiency loss to OER. 

Transient photocurrent measurements suggested that CoPi alleviates solution-mediated 

recombination losses resulting from the back reduction of oxidized TEMPO, which we 

identified as a major limiting factor for BVO photoanode performance. BVO/CoPi-30 

facilitated TEMPO-mediated oxidation of HMF, an exemplary biomass-derived alcohol, to 

FDCA with high yield at mild conditions. This work will promote the development of 

rationally-designed heterostructured photoanodes and the exploration of new strategies to more 

fully utilize renewable electricity, solar energy, and renewable feedstocks.  

4.4. Experimental Methods 

4.4.1. Materials 

Boric acid (≥99.5%), dimethyl sulfoxide (DMSO, ≥99.9%), nitric acid, potassium iodide 

(≥99%), anhydrous sodium sulfite (≥99%), and sulfuric acid were purchased from Fisher 

Scientific. Bismuth(III) nitrate pentahydrate (98%), cobalt(II) nitrate hexahydrate (≥98%), 

dimethyl sulfoxide (DMSO, ≥99.5%), potassium dibasic phosphate (≥98%), potassium 

monobasic phosphate (≥99%), sodium hydroxide (≥97%), TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxyl) (98%), vanadyl acetylacetonate (98%), 1,4-benzoquinone 

(≥99%), 5-hydroxymethylfurfural (HMF, ≥99%), 2,5-diformylfuran (DFF, ≥99%), and 2,5-

furandicarboxylic acid (FDCA, 97%) were purchased from Sigma-Aldrich. 5-hydroxymethyl-

2-furancarboxylic acid (HFCA, ≥99%) was purchased from Matrix Scientific. 5-formylfuran-
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2-carboxylic acid (FFCA, ≥98%) was purchased from TCI America. All electrolytes were 

prepared using deionized water (18.2 MΩ cm). 

4.4.2. Fabrication of BVO photoanodes 

BVO films were synthesized by a procedure adapted from Kim et al.20-21 First, a 50 ml 

solution containing 0.4 M potassium iodide was adjusted to pH 1.7 with nitric acid, followed 

by the addition of 0.04 M bismuth(III) nitrate. The solution was mixed with a magnetic stir 

bar. After the bismuth precursor was fully dissolved, a 20 ml solution of 0.23 M 1,4-

benzoquinone in ethanol was added. Electrodeposition was performed in a two-electrode 

configuration using fluorine-doped tin oxide (FTO) glass and platinum foil as working and 

counter electrodes, respectively. The area of FTO exposed to the electrolyte was approximately 

5.75 cm2. Deposition of bismuth oxyiodide (BiOI) was conducted at –4.0 mA for 328 s, 

corresponding to a charge transfer of approximately 0.23 C cm–2. The BiOI films were washed 

with copious deionized water and dried under a nitrogen stream. A solution of 0.2 M vanadyl 

acetylacetonate in DMSO (0.8 ml) was drop-cast onto the top side of the BiOI film. Thermal 

treatment was performed in a muffle furnace at 450 °C (ramp rate 2 °C per minute) for 2 h, 

followed by naturally cooling to ambient temperature. Excess V2O5 was removed by placing 

the electrode in a stirred solution of 1.0 M sodium hydroxide for 30 min. The final BVO films 

were washed with deionized water and dried under a nitrogen stream at ambient temperature. 

4.4.3. Electrodeposition of CoPi 

CoPi was deposited onto BVO electrodes using the electrodeposition method described by 

Kanan and Nocera.28 CoPi layers were deposited from a solution of 0.5 mM cobalt(II) nitrate 

in 0.1 M potassium phosphate (pH 7.0) at 1.1 V versus a Ag/AgCl reference electrode. 

Deposition time was varied between 1 and 30 min. Figure S4 shows the typical current density 
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versus time plot for CoPi deposition. The photoanodes were designated BVO/CoPi-t, in which 

t is the CoPi deposition time in minutes. 

4.4.4. Characterizations 

X-ray diffraction (XRD) patterns were collected with a Siemens D500 diffractometer 

operated with a Cu Kα source (λ = 1.5418 Å) at 45 kV and 30 mA and equipped with a 

diffracted beam monochromator (carbon). Diffuse transmittance (T) and reflectance (R) 

measurements were taken using Lambda 750 UV-vis spectrophotometer with a 100 mm 

integrating sphere. Absorbance (A) was calculated by the relationship: A = 1 – T – R. Scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were performed 

on an FEI Quanta 250 field-emission scanning electron microscope equipped with an Oxford 

Aztec EDS. Samples for SEM were sputter-coated with Au films approximately 5 nm thick. 

SEM micrographs in Figure 4.1 were collected with a backscattered electron detector.  

4.4.5. Photoelectrochemical experiments 

Photoelectrochemical measurements were performed in a custom-made undivided cell 

using a three-electrode configuration. Pt wire and Ag/AgCl (3.5 mm, Pine Research 

Instrumentation) served as counter and reference electrodes, respectively. Unless noted 

otherwise, all potentials (E) are reported versus RHE, as calculated by Equation 4.1.  

E(vs. RHE) = E(vs. Ag/AgCl) + 0.199 V + 0.059 V ∙ pH    (4.1) 

Electrochemical measurements were conducted using a WaveDriver 20 system (Pine Research 

Instrumentation). Irradiation was achieved with a Sciencetech A1 Lightline solar simulator 

equipped with a 300 W xenon lamp and an AM1.5 filter. Light intensity was calibrated to 

approximately 1 sun equivalent (100 mW cm-2) using a reference cell certified by National 

Renewable Energy Laboratories (NREL), USA. The photoanodes were irradiated through the 
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FTO glass substrate, i.e. “back-side” illumination. Photoanodes were masked with an aperture 

(1.0 cm diameter) to set the irradiated area to be the same as the area exposed to electrolyte. 

Current density values are reported with respect to geometric surface area (0.785 cm2). All 

experiments were performed in 0.2 M sodium borate buffer electrolyte (pH 9.2). Linear sweep 

voltammograms (LSVs) and cyclic voltammograms (CVs) were collected at a sweep rate of 

10 mV s-1. Transient photocurrent measurements were collected using a mechanical shutter. 

4.4.6. Oxygen quantification 

The amount of evolved oxygen (O2) was determined using an oxygen sensor system 

(NEOFOX-KIT-PROBE, Ocean Optics). Oxygen measurements were conducted in a glass H-

type cell with an airtight silicone stopper on the anode chamber. The anode and cathode 

chambers were separated by an anion-exchange membrane (A-201, Tokuyama Corp.). The 

active area of the photoanode was approximately 5.75 cm2. Irradiation passed through the glass 

wall of the reactor and electrolyte before striking the photoanode, so the light intensity was not 

exactly equivalent to 1 sun. A fluorescence-based oxygen probe and thermistor were 

submerged into the anode electrolyte to measure the temperature-compensated dissolved 

oxygen concentration. Agitation was provided by a magnetic stirrer. Before measurements, the 

cell was thoroughly purged with argon gas (99.99%, Airgas) and then sealed. The baseline 

oxygen concentration was monitored and subtracted from the measurements taken under 

photoelectrochemical conditions. The amount of O2 produced (nO2) was calculated by 

multiplying dissolved oxygen concentration by the electrolyte volume. The faradaic efficiency 

to OER was calculated by Equation 4.2: 

FEO2 % = 4F · nO2 /  Q · 100%       (4.2) 
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in which nO2 is the measured amount of O2 (mol), 4 is the electron transfer number for O2 

evolution, F is the Faraday constant (96485.3 C mol-1), and Q is the charge transferred in 

coulombs calculated as the time integral of current. The theoretical amount of O2 produced 

assuming 100% faradaic efficiency was calculated by Equation S4.3:  

nO2,theoretical = Q / (4F)         (4.3) 

For electrolytes without TEMPO, the measured and theoretical amounts of O2 produced were 

in good agreement, as shown in Figure S4.5. 

4.4.7. Net charge injection efficiency 

Net charge injection efficiency (ϕinj) is the fraction of the surface-reaching holes that are 

utilized for electrochemical reactions, rather than being lost to recombination processes. The 

total rate at which holes reach the surface can be estimated by measuring photocurrent in the 

presence of a hole scavenger. Sodium sulfite is a good hole accepter, capable of extracting 

nearly all holes that reach the semiconductor/electrolyte interface due to its fast, irreversible, 

oxidation kinetics.26, 38 Therefore, the photocurrent measured for sulfite oxidation (jsulfite) 

provides an estimate for the total rate of holes reaching the interface. Net charge injection 

efficiencies (ϕinj) for OER and TEMPO oxidation were determined by Equations 4.4 and 4.5. 

ϕinj,OER % = jOER / jsulfite · 100%       (4.4) 

ϕinj,TEMPO % = jTEMPO / jsulfite · 100%            (4.5) 

Current density values were extracted from LSVs at 0.64 V versus RHE. Current density for 

OER (jOER) was taken from LSVs measured in electrolyte without TEMPO or sodium sulfite 

present (cf. Figure 4.2a). Note that at 0.64 V versus RHE, the contribution of OER to the total 

measured photocurrent (i.e. faradaic efficiency to OER) was negligible for BVO and 



    115 

BVO/CoPi when TEMPO was present in the electrolyte (cf. Figure 4.2c). Therefore, it is 

reasonable to assume that the measured current density (j) was from TEMPO oxidation under 

that condition (i.e. j = jTEMPO). The value of jsulfite measured for BVO was used in all 

calculations. Net charge injection efficiencies are summarized in Table S4.2. 

4.4.8. TEMPO-mediated photoelectrolysis 

TEMPO-mediated photoelectrolysis of HMF was performed in a glass H-type cell at a 

constant potential of 0.64 V versus RHE. The anode and cathode chambers were separated by 

an anion-exchange membrane (A-201, Tokuyama Corp.). The anode electrolyte volume was 

20 ml, and it contained 5.0 mM TEMPO and 1.0 mM HMF. Agitation was provided by a 

magnetic stirrer. The active area of the photoanode was approximately 5.25 cm2. Irradiation 

passed through the glass wall of the reactor and electrolyte before illuminating the photoanode, 

and as a result the light intensity was not exactly equivalent to 1 sun. For BVO/CoPi-30, the 

reaction was concluded when the amount of charge transferred reached 12 C, which occurred 

after about 2.7 h of reaction. This amount of charge corresponds to about 103% of the 

theoretical charge transfer required for complete conversion of HMF to FDCA (i.e. 11.59 C). 

Additional experiments were conducted using a BVO photoanode for a duration of 2.7 h.  

4.4.9. Product analysis 

Product analysis was performed with an Agilent 1200 high-performance liquid 

chromatograph, equipped with a Bio-Rad Aminex HPX-87H column (50 °C) and a variable 

wavelength detector (Agilent G1314F, 260 nm). The mobile phase was 0.01 M sulfuric acid 

with a flow rate of 0.5 ml min-1. Reactants and products were identified and quantified by 

comparison with authentic samples. HMF conversion (C) was calculated by Equation 4.6: 

C = (nHMF – nHMF,initial) / nHMF,initial        (4.6) 
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in which nHMF is the amount of HMF (mol). The product selectivity (S) and yield (Y) were 

calculated for product i by Equations 4.7 and 4.8, in which ni is amount of product i (mol). 

Si = ni / (nHMF – nHMF,initial)               (4.7) 

Yi = ni / nHMF,initial              (4.8) 

4.5. Acknowledgements 

WL and DC acknowledge support from the Bailey Research Career Development Award. 

The authors thank Warren Straszheim and Scott Schlorholtz of Iowa State University for 

assistance with SEM and XRD. This work was supported in part by the U.S. Department of 

Energy, Office of Science, and Office of Workforce Development for Teachers and Scientists 

(WDTS) under the Science Undergraduate Laboratory Internship (SULI) program. LW is 

grateful to the DOE for the assistantship and opportunity to participate in the SULI program. 

4.6. References 

(1) Centi, G.; Perathoner, S., Towards solar fuels from water and CO2. ChemSusChem 2010, 3 
195–208. 

(2) Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q.; Santori, E. A.; 
Lewis, N. S., Solar Water Splitting Cells. Chem. Rev. 2010, 110 6446–6473. 

(3) Kim, D.; Sakimoto, K. K.; Hong, D.; Yang, P., Artificial photosynthesis for sustainable 
fuel and chemical production. Angew. Chem. Int. Ed. 2015, 54 3259−3266. 

(4) Jiao, Y.; Zheng, Y.; Jaroniec, M.; Qiao, S. Z., Design of electrocatalysts for oxygen- and 
hydrogen-involving energy conversion reactions. Chem. Soc. Rev. 2015, 44 2060−2086. 

(5) Cha, H. G.; Choi, K.-S., Combined biomass valorization and hydrogen production in a 
photoelectrochemical cell. Nat. Chem. 2015, 7 328–333. 

(6) You, B.; Liu, X.; Liu, X.; Sun, Y., Efficient H2 Evolution Coupled with Oxidative Refining 
of Alcohols via A Hierarchically Porous Nickel Bifunctional Electrocatalyst. ACS Catal. 2017,  
4564−4570. 

(7) You, B.; Jiang, N.; Liu, X.; Sun, Y., Simultaneous H2 Generation and Biomass Upgrading 
in Water by an Efficient Noble-Metal-Free Bifunctional Electrocatalyst. Angew. Chem. Int. 
Ed. 2016, 55 9913–9917. 



    117 

(8) Chen, Y. X.; Lavacchi, A.; Miller, H. A.; Bevilacqua, M.; Filippi, J.; Innocenti, M.; 
Marchionni, A.; Oberhauser, W.; Wang, L.; Vizza, F., Nanotechnology makes biomass 
electrolysis more energy efficient than water electrolysis. Nat. Commun. 2014, 5 4036. 

(9) González-Cobos, J.; Baranton, S.; Coutanceau, C., Development of Bi-Modified PtPd 
Nanocatalysts for the Electrochemical Reforming of Polyols into Hydrogen and Value-Added 
Chemicals. ChemElectroChem 2016, 3 1694–1704  

(10) Zalineeva, A.; Serov, A.; Padilla, M.; Martinez, U.; Artyushkova, K.; Baranton, S.; 
Coutanceau, C.; Atanassov, P. B., Self-supported Pd(x)Bi catalysts for the electrooxidation of 
glycerol in alkaline media. J. Am. Chem. Soc. 2014, 136 3937–3945. 

(11) Chadderdon, D. J.; Xin, L.; Qi, J.; Brady, B.; Miller, J. A.; Sun, K.; Janik, M. J.; Li, W., 
Selective Oxidation of 1,2-Propanediol in Alkaline Anion-Exchange Membrane 
Electrocatalytic Flow Reactors: Experimental and DFT Investigations. ACS Catal. 2015, 5 
6926−6936. 

(12) Wang, T.; Nolte, M. W.; Shanks, B. H., Catalytic dehydration of C6 carbohydrates for the 
production of hydroxymethylfurfural (HMF) as a versatile platform chemical. Green Chem. 
2014, 16 548−572. 

(13) Binder, J. B.; Raines, R. T., Simple Chemical Transformation of Lignocellulosic Biomass 
into Furans for Fuels and Chemicals. J. Am. Chem. Soc. 2009, 131 1979–1985. 

(14) Dijkman, W. P.; Groothuis, D. E.; Fraaije, M. W., Enzyme-catalyzed oxidation of 5-
hydroxymethylfurfural to furan-2,5-dicarboxylic acid. Angew. Chem. Int. Ed. 2014, 53 
6515−6518. 

(15) Park, Y.; McDonald, K. J.; Choi, K. S., Progress in bismuth vanadate photoanodes for use 
in solar water oxidation. Chem. Soc. Rev. 2013, 42 2321–2337. 

(16) Zhong, D. K.; Choi, S.; Gamelin, D. R., Near-complete suppression of surface 
recombination in solar photoelectrolysis by "Co-Pi" catalyst-modified W:BiVO4. J. Am. Chem. 
Soc. 2011, 133 18370–18377. 

(17) Pilli, S. K.; Furtak, T. E.; Brown, L. D.; Deutsch, T. G.; Turner, J. A.; Herring, A. M., 
Cobalt-phosphate (Co-Pi) catalyst modified Mo-doped BiVO4 photoelectrodes for solar water 
oxidation. Energy Environ. Sci. 2011, 4 5028–5034. 

(18) Chang, X.; Wang, T.; Zhang, P.; Zhang, J.; Li, A.; Gong, J., Enhanced Surface Reaction 
Kinetics and Charge Separation of p-n Heterojunction Co3O4/BiVO4 Photoanodes. J. Am. 
Chem. Soc. 2015, 137 8356–8359. 

(19) Seabold, J. A.; Choi, K. S., Efficient and stable photo-oxidation of water by a bismuth 
vanadate photoanode coupled with an iron oxyhydroxide oxygen evolution catalyst. J. Am. 
Chem. Soc. 2012, 134 2186–2192. 



    118 

(20) McDonald, K. J.; Choi, K.-S., A new electrochemical synthesis route for a BiOI electrode 
and its conversion to a highly efficient porous BiVO4 photoanode for solar water oxidation. 
Energy Environ. Sci. 2012, 5 8553–8557. 

(21) Kim, T. W.; Choi, K.-S., Nanoporous BiVO4 Photoanodes with Dual-Layer Oxygen 
Evolution Catalysts for Solar Water Splitting. Science 2014, 343 990–994. 

(22) Kim, T. W.; Ping, Y.; Galli, G. A.; Choi, K. S., Simultaneous enhancements in photon 
absorption and charge transport of bismuth vanadate photoanodes for solar water splitting. Nat. 
Commun. 2015, 6 8769. 

(23) Zhang, B.; Wang, L.; Zhang, Y.; Ding, Y.; Bi, Y., Ultrathin FeOOH Nanolayers with Rich 
Oxygen Vacancies on BiVO4 Photoanodes for Efficient Water Oxidation. Angew. Chem. Int. 
Ed. 2018, 57 2248–2252. 

(24) Li, T.; Kasahara, T.; He, J.; Dettelbach, K. E.; Sammis, G. M.; Berlinguette, C. P., 
Photoelectrochemical oxidation of organic substrates in organic media. Nat. Commun. 2017, 8 
390. 

(25) Cooper, J. K.; Gul, S.; Toma, F. M.; Chen, L.; Glans, P.-A.; Guo, J.; Ager, J. W.; Yano, 
J.; Sharp, I. D., Electronic Structure of Monoclinic BiVO4. Chem. Mater. 2014, 26 5365–5373. 

(26) Kang, D.; Kim, T. W.; Kubota, S. R.; Cardiel, A. C.; Cha, H. G.; Choi, K. S., 
Electrochemical Synthesis of Photoelectrodes and Catalysts for Use in Solar Water Splitting. 
Chem. Rev. 2015, 115 12839–12887. 

(27) Couper, A. M.; Pletcher, D.; Walsh, F. C., Electrode Materials for Electrosynthesis. Chem. 
Rev. 1990, 90 837–865  

(28) Kanan, M. W.; Nocera, D. G., In Situ Formation of an Oxygen-Evolving Catalyst in 
Neutral Water Containing Phosphate and Co2+. Science 2008, 231 1072–1075. 

(29) Carroll, G. M.; Gamelin, D. R., Kinetic analysis of photoelectrochemical water oxidation 
by mesostructured Co-Pi/α-Fe2O3 photoanodes. J. Mater. Chem. A 2016, 4 2986–2994. 

(30) Qiu, J.; Hajibabaei, H.; Nellist, M. R.; Laskowski, F. A. L.; Oener, S. Z.; Hamann, T. W.; 
Boettcher, S. W., Catalyst Deposition on Photoanodes: The Roles of Intrinsic Catalytic 
Activity, Catalyst Electrical Conductivity, and Semiconductor Morphology. ACS Energy 
Letters 2018,  961–969. 

(31) Cameron, P. J.; Peter, L. M.; Hore, S., How Important is the Back Reaction of Electrons 
via the Substrate in Dye-Sensitized Nanocrystalline Solar Cells? J. Phys. Chem. B 2005, 109 
930–936. 

(32) Bard, A. J.; Faulkner, L. R., Electrochemical Methods: Fundamentals and Applications. 
2nd ed.; John Wiley & Sons, Inc.: New York, 2001. 



    119 

(33) Eisenberg, D.; Ahn, H. S.; Bard, A. J., Enhanced photoelectrochemical water oxidation 
on bismuth vanadate by electrodeposition of amorphous titanium dioxide. J. Am. Chem. Soc. 
2014, 136 14011–14014. 

(34) Peter, L. M.; Wijayantha, K. G. U.; Tahir, A. A., Kinetics of light-driven oxygen evolution 
at α-Fe2O3 electrodes. Faraday Discuss. 2012, 155 309–322. 

(35) Ma, Y.; Pendlebury, S. R.; Reynal, A.; Le Formal, F.; Durrant, J. R., Dynamics of 
photogenerated holes in undoped BiVO4 photoanodes for solar water oxidation. Chem. Sci. 
2014, 5 2964−2973. 

(36) Klahr, B.; Gimenez, S.; Fabregat-Santiago, F.; Bisquert, J.; Hamann, T. W., 
Photoelectrochemical and impedance spectroscopic investigation of water oxidation with "Co-
Pi"-coated hematite electrodes. J. Am. Chem. Soc. 2012, 134 16693−16700. 

(37) Ma, Y.; Kafizas, A.; Pendlebury, S. R.; Le Formal, F.; Durrant, J. R., Photoinduced 
Absorption Spectroscopy of CoPi on BiVO4: The Function of CoPi during Water Oxidation. 
Adv. Funct. Mater. 2016, 26 4951−4960. 

(38) Govindaraju, G. V.; Wheeler, G. P.; Lee, D.; Choi, K.-S., Methods for Electrochemical 
Synthesis and Photoelectrochemical Characterization for Photoelectrodes. Chem. Mater. 2017, 
29 355−370. 
 

  



    120 

4.6. Supplementary Information 

 

Table S4.1. Relative abundance (at%) of Bi, V, Co, and P in BVO determined by SEM-EDS. 

 Bi V Co P 

BVO 51.9 48.1 - - 

BVO/CoPi-30 46.4 43.8 6.5 3.4 
 

 

Table S4.2. Net charge injection efficiencies (ϕinj) for OER and TEMPO oxidation at 0.64 V. 

 jOER  
(mA cm-2) 

ϕinj,OER  
(%) 

jTEMPO  
(mA cm-2) 

ϕinj,TEMPO  
(%) 

BVO 0.098 6.3 0.033 2.1 

BVO/CoPi-1 [a] 0.572 37.0 0.040 2.6 

BVO/CoPi-30 0.035 2.3 0.238 15.4 

[a] BVO/CoPi-1 is BVO modified with CoPi deposition of 1 min. 

 

Table S4.3. Product analysis for photoelectrochemical TEMPO-mediation HMF oxidation.[a] 

 Q (C) [b] CHMF (%) [c] SDFF (%) [d] SFFCA (%) SFDCA (%) 

BVO 0.52 15.2 50.9 30.6 0.7 

BVO/CoPi-30 12.0 98.8 0.2 3.8 89.0 

[a] Conditions: 5.0 mM TEMPO and 1.0 mM HMF in 20 ml electrolyte; applied potential = 
0.64 V versus RHE; reaction duration 2.7 h. [b] Q is charge transferred in external circuit in 
coulombs. [c] C is HMF conversion [d] S is product selectivity. 
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Figure S4.1. XRD patterns of BVO and BVO/CoPi-30 showing typical peaks for monoclinic 
scheelite structure (JCPDS No. 00-014-0688). Peaks from FTO substrate are indicated with 
asterisks (*). 
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Figure S4.2. UV-vis diffuse absorbance spectra for (a) BVO and (b) BVO/CoPi along with (c-
d) corresponding Tauc plots.  
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Figure S4.3. Top-view SEM micrographs (left) and cross-sectional SEM micrographs (right) 
for (a) BVO and (b) BVO/CoPi-30 showing no notable morphological changes after 
electrochemical CoPi deposition. Top-view micrographs were collected with a backscattered 
electron detector, whereas cross-sectional micrographs were collected with a secondary 
electron detector. 
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Figure S4.4. Typical electrochemical CoPi deposition on a BVO electrode. Conditions: 1.1 V 
versus Ag/AgCl in 0.1 M KPi buffer (pH 7.0) containing 0.5 mM cobalt(II) nitrate. 
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Figure S4.5. Verification of O2 quantification method for BVO photoanode at three applied 
potentials (V versus RHE) in electrolytes without TEMPO present. Measured O2 amounts are 
in good agreement with theoretical predictions assuming 100% faradaic efficiency to OER. 
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CHAPTER 5 

GENERAL CONCLUDING REMARKS 

 

This work aimed to address the challenges of using electrocatalysis for selective oxidation 

of biomass-derived compounds, including polyols and polyfunctional compounds. The 

oxidation of PDO on Pt/C and Au/C catalysts was studied to gain insight into the influences of 

catalyst material and electrode potential on the selective oxidation of vicinal primary and 

secondary alcohols, as well as oxidative C–C bond breaking reactions. It was found for Au/C 

catalysts that oxidation of the secondary alcohol group of PDO was in competition with non-

electrochemical transformations, and was promoted at higher anode potentials. The selective 

electrocatalytic oxidation of HMF using Pd/C, Au/C, and bimetallic PdAu/C catalysts was 

explored to gain information about the competitive oxidation of alcohol and aldehyde groups, 

and to elucidate the relationships between electrode potential, reaction pathway, and product 

selectivity. It was found that bimetallic catalysts achieved high FDCA yield mainly due to their 

enhanced ability to oxidize the key intermediate product (i.e. HFCA) compared to their 

monometallic counterparts. Finally, the use of homogeneous electrocatalysts for selective 

oxidation of alcohols in photoelectrolytic cells was investigated. Heterostructured photoanodes 

were developed by modifying bismuth vanadate (BVO) semiconductor films with 

electrodeposited cobalt phosphate (CoPi). The CoPi modifications simultaneously increased 

TEMPO oxidation photocurrents and suppressed the undesired oxygen evolution reaction, 

resulting in enhanced TEMPO-mediated HMF oxidation to FDCA. 

A goal throughout this work was to achieve high yield of desired products under the most 

mild conditions possible. Selective oxidation of PDO in Chapter 2 was conducted in a harsh 
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alkaline environment (i.e. pH > 14), at elevated temperatures, and with expensive precious 

metal catalysts. These reaction conditions promoted undesired non-electrochemical 

transformations of intermediate species. Electrocatalytic HMF oxidation in Chapter 3 achieved 

high yield to FDCA using slightly more mild electrolytes (i.e. pH 13) and ambient 

temperatures. The high yield to FDCA was largely facilitated by synergistic benefits derived 

from bimetallic precious metal catalysts. The photoelectrochemical oxidation of HMF to 

FDCA reported in Chapter 4 was conducted in mild alkaline conditions (pH 9.2), ambient 

temperature, and with very low applied potentials. This was made possible through the use of 

TEMPO as a homogeneous electrocatalyst, together with a heterostructured photoanode to 

harvest solar energy. Furthermore, the photoanodes were composed of Earth-abundant 

materials. The work presented here demonstrates that electrocatalysis is a versatile tool, 

capable of integrating sustainable chemical production with renewable energy conversion. 

With continued research and technology development, electrocatalytic processes may play key 

roles in the future chemical and energy landscapes. 

 




