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Abstract  

  The dual problems of sustaining the fast growth of human society and preserving the 

environment for future generations urge us to shift our focus from exploiting fossil oils to 

researching and developing more affordable, reliable and clean energy sources. Human 

beings had a long history that depended on meeting our energy demands with plant 

biomass, and the modern biorefinery technologies realize the effective conversion of 

biomass to production of transportation fuels, bulk and fine chemicals so to alleviate our 

reliance on fossil fuel resources of declining supply. With the aim of replacing as much 

non-renewable carbon from fossil oils with renewable carbon from biomass as possible, 

innovative R&D activities must strive to enhance the current biorefinery process and 

secure our energy future.  

  Much of my Ph.D. research effort is centered on the study of electrocatalytic conversion 

of biomass-derived compounds to produce value-added chemicals, biofuels and electrical 

energy on model electrocatalysts in AEM/PEM-based continuous flow electrolysis cell 

and fuel cell reactors. High electricity generation performance was obtained when 

glycerol or crude glycerol was employed as fuels in AEMFCs. The study on selective 

electrocatalytic oxidation of glycerol shows an electrode potential-regulated product 

distribution where tartronate and mesoxalate can be selectively produced with electrode 

potential switch. This finding then led to the development of AEMFCs with selective 

production of valuable tartronate or mesoxalate with high selectivity and yield and 

cogeneration of electricity. Reaction mechanisms of electrocatalytic oxidation of ethylene 

glycol and 1,2-propanediol were further elucidated by means of an on-line sample 

collection technique and DFT modeling. Besides electro-oxidation of biorenewable 

alcohols to chemicals and electricity, electrocatalytic reduction of keto acids (e.g. 

levulinic acid) was also studied for upgrading biomass-based feedstock to biofuels while 

achieving renewable electricity storage. Meanwhile, ORR that is often coupled in 

AEMFCs on the cathode was investigated on non-PGM electrocatalyst with comparable 

activity to commercial Pt/C. The electro-biorefinery process could be coupled with 
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traditional biorefinery operation and will play a significant role in our energy and 

chemical landscape. 
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Chapter 1 Introduction and Significance of the Research 

1.1 Energy Outlooks 

  The rapid growth of global population and rising standards of living will place 

additional demand on energy supply,1-3 The U.S. Energy Information Administration 

(EIA) has projected that the overall energy consumption in the U.S. will increase by 12% 

from 95 quadrillion Btu in 2012 to 106 quadrillion Btu in 2040,4 while the global energy 

demand grows by 50 % from 12 billion toe (tones oil equivalents) in 2009 to 18 billion 

toe by 2035 as projected by International Energy Agency (IEA).2,5 Non-renewable fossil 

fuels (coal, petroleum and natural gas) have been serving to boost the fast growth of 

human society for decades and are expected to remain the dominant energy source, 

accounting for 80% of total consumption in U.S. as of 2040 projected by the U.S. EIA 

(Fig. 1.1 (a))4 and for 75% of global energy demand as of 2035 projected by the IEA (Fig. 

1.1 (b))5. However, with continuing improvement of the people’s living standards, our 

heavy addiction to fossil fuels has aroused great concerns, mainly due to the dwindling 

supply of the fossil fuel resulting in the rising and volatility of prices of the transportation 

fuels and electricity in the long term,2,6 and more importantly, to the air quality 

deterioration and global climate change because of the global greenhouse gas, CO2, 

emission that is expected to be 27% higher in 2030 than today.3 Therefore, the dual 

problems of meeting future energy demand and preserving the environment for future 

generations urge us to shift our focus from exploiting fossil fuels to researching and 

developing more affordable, reliable and clean energy sources. This trend has been 

reflected in the energy outlooks by different agencies and companies, among which the 

U.S. EIA projects that the consumption of marketed renewable fuels will grows by 1.4% 

per year in their 2014 Annual Energy Outlooks4 and BP forecasts that renewables will 

account for 18% of the global energy growth in 2030.3  
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Fig. 1.1 (a) U.S. primary energy consumption by fuels, 1980-2040 (quadrillion Btu). 
(Source: U.S. Energy Information Administration (December 16, 2013))4 (b) World 
growth in total primary energy demand, 1987-2035. (Source: World Energy Outlook 
2013 Launch – a presentation by Maria van der Hoeven in London © OECD/IEA, 2013)5.

1.2 Biorefineries: the Valorization of Biomass

In the short term, biomass is the only renewable carbon resource that can replace 

petroleum derived transportation fuels, commodity and fine chemicals.7 It is estimated 

that the annual production of biomass in nature by photosynthesis is 170 billion metric 

tons (t), only 3.5% of which are used by human worldwide for food purpose.8,9 The 

current cost of lignocellulosic biomass in the U.S. ranges from $5 to 15 boe (barrels of oil 

energy equivalent),10 which is significantly lower than crude oil of $97/bbl (per barrel) 

averaged in 2013,11 and the price gap between the delivered biomass and crude oil will be 

(a) 

(b) 
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enlarged as the demand growing in the future.4 On the other hand, it has been predicted 

that in 2050, the world wide raw biomass will have an energy content between 25 × 109 

to 79× 109 boe,10,12 and by 2030, 20% of transportation fuels and 25% of chemicals in the 

U.S. will ultimately derived from biomass.10 

  The effective exploitation of biomass resources largely relies on the development of 

modern biorefinery processes that employ biological, chemical and thermal approaches to 

convert biomass to biofuels, bio-chemicals and direct energy (heat and electricity).6,9,10 

The U.S. Department of Energy (DOE) has identified the top ten platform molecules that 

can be readily obtained from the established biorefinery processes, including ethanol, 

furans, glycerol and derivatives, biohydrocarbons, lactic acid, succinic acid, 

hydroxypropionic acid/aldehyde, levulinic acid, sorbitol and xylitol.13-15 These chemicals 

will be of particular importance as promising starting materials for further conversion to a 

viable range of derivatives as building blocks for commodity chemicals, fuels and 

polymers. The focus of my Ph.D research was however only laid on the electrocatalytic 

conversion of glycerol, levulinic acid and their derivatives (1,2-propanediol, ethylene 

glycol), while the developed innovative electrocatalytic processes and acquired 

knowledge will possibly be extended to the rest of platform chemicals for the synthesis of 

bio-based products.  

  According to the source provided by the U.S. EIA, the production of biodiesel (B100, 

100% biodiesel) in the U.S. was 1339 million gallons with a capacity of 2236 million 

gallons.16 The most common inputs of biodiesel production are vegetable oils and animal 

fats that contain non-edible triglycerides. They are upgraded by trans-esterification with 

alcohols (e.g. methanol, ethanol or 2-propanol) in the presence of acid or base catalyst 

(Fig. 1.2 (a)).10,17 

  Roughly speaking, every 100 pounds of biodiesel will produce 10 pounds of glycerin as 

a co-product.18 The expanding production of biodiesel (Fig. 1.3) will result in the surplus 

production of glycerol as byproduct; therefore the drop of market price of glycerol is 

expected (0.74–0.89 US$ gal 1 for crude glycerol, vs. 1.34 US$ gal 1 for methanol and 
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3.15 US$ gal 1 for ethanol, the latter two beings are obtained mainly from the 

microorganism fermentation process of biomass). Although the traditional uses of 

glycerol have already been found in the production of food additives, cosmetics, 

pharmaceuticals, antifreeze, detergents, etc.,9,19 the utilization of glycerol as platform 

molecule for producing larger-volumes of fine chemicals and fuel additives will better 

meet industrial interest.10,19 Various technologies, including fermentation, oxidation, 

reduction, dehydration, polymerization, esterification, pyrolysis, etc., for the valorization 

of glycerol are current under investigation and some of them have already been 

commercialized.9,14 

OH
OH
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Fig. 1.2 Production of (a) glycerol and (b) levulinic acid by biorefinery process. 

 

Fig. 1.3 U.S Biodiesel production, exports and consumption (Data adapted from16,20). 

  Levulinic acid is also suggested as the primary building block for our future production 

of chemicals and fuels. It can be efficiently manufactured via acid-hydrolysis of 
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lignocellulosic biomass containing cellulose and hemicellulose (> 75%) (Fig. 1.2 

(b)).10,21-24 Both experimental results and the kinetic models have demonstrated that the 

yield of levulinic acid is influenced by reaction conditions, such as the composition of 

reaction mixtures, operation temperatures, acid concentrations and initial amount of 

cellulose. Highest yield of 76 mol.% levulinic acid was predicted by kinetic study when 

using the optimum process conditions with insoluble humins/tars as the main byproduct 

that could be easily separated for the sub-sequential upgrading process.25 The analysis of 

liquid mixture revealed that the water soluble reaction intermediates and byproducts of 

glucose, 5-(hydroxymethyl)furfural (HMF) and furfural (< 0.1 wt.%) were negligible 

compared to the yields of levulinic acid and formic acid that were in an equal molar ratio. 

The Biorefine process developed by BioMetics Inc. has realized a large-scale production 

of levulinic acid in pilot plant at a yield of 50-70% and a cost of only $0.09-0.11 kg-1 was 

estimated,26-29 which is significantly cheaper than $5 kg-1 for pure levulinic acid in the 

global market.30 

  The transformation of levulinic acid has been actively explored. Numerous useful 

compounds can be derived from levulinic acid through dehydration/hydrogenation, 

esterification, oxidation, condensation and reductive amination reactions.9,10,14,26 Methyl 

tetrahydrofuran (MTHF) produced from dehydration/hydrogenation of levulinic acid has 

been reported to have a high octane number of 87. The U.S. DOE has approved the blend 

of MTHF in regular gasoline (up to 70%) as a component of P Series fuel.10 Valeric ester, 

another levulinic acid derivative developed by Shell, has been proved by road run trial to 

be an excellent cellulosic biofuel that can be directly used as a blending component of 

high ratio in both gasoline and diesel.21 

  Many advances in science and technologies have been made recently toward extracting 

energy content of renewable biomass to produce chemicals and fuels. Nevertheless, with 

an aim of replacing as much non-renewable carbon from fossil fuels with renewable 

carbon from biomass, innovative R&D activities are still needed to increase the 

efficiency and sustainability of present biorefinery process so as to diversify and secure 

our energy future. 
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1.3 Electro-biorefinery: Electrocatalytic Processing of Biomass-derived 

Oxygenated Compounds to Chemicals, Liquid fuels and Electricity 

Driven by the government policies and requirements in short terms and cost 

competitiveness with nonrenewable technologies in long terms, renewable electrical 

energy is expected to account for 28% of the overall electricity generation in the U.S. 

from 2012 to 2040 (Fig. 1.4).4 This motivates us to not only improve the efficiency of the 

current renewable electricity generation processes, but also develop new technologies for 

generation electricity from biorenewable feedstock and renewable electricity storage, in 

order to make significant contributions to this trend. Therefore, electrocatalytic 

processing of biomass-derived oxygenated compounds to chemicals, liquid fuels and 

electricity in electrochemical cells (including fuel cells and electrolysis cells) may play a 

significant role in our energy and chemical landscape. 

 

Fig. 1.4 Electricity generation by fuel type, 1990-2040 (trillion kWh) (Source: U.S. 
Energy Information Administration (December 16, 2013))4. 

  Fuel cells have attracted considerable research interest as potentially alternative options

for portable, transport and stationary power supply sources, as they can alleviate major 

problems associated with the production and consumption of fossil fuel based energy, 

including greenhouse gas emission and environment pollution.31,32 Fuel cells are the 
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energy conversion device in which the efficient transformation of chemical energy stored 

in small organic molecules directly to electrical energy has been a long-time research 

challenge and appreciable key successes have been achieved.33 Several H2-PEMFCs 

(proton exchange membrane fuel cells) powered cars have been unveiled, including 

Chevrolet Equinox Fuel Cells vehicle, Honda FCX Clarity, Hyundai ix35 Fuel Cell 

electrical vehicle, Mercedes-Benz F-Cell vehicle and Toyota FCV. However, the cost 

involved in the high loading of platinum-group catalysts, the development of H2 gas 

storage materials and the H2 gas transport infrastructure make H2 fuel cell vehicle less 

competitive in the automobile market.2,34 While intensive researches are undergoing to 

resolve these concerns, direct alcohol fuel cells (DAFCs) have recently been recognized 

as another promising alternative electrical power general device to meet the humanity’s 

energy demand.32,35 The interest in DAFCs is mainly aroused by higher volumetric 

energy density and thermodynamic efficiency of alcohol fuels when compared with 

liquid H2 fuel (Table 1.1). Also, liquid alcohol fuels are easy to store and transport, and 

can be derived from annually renewable biomass feedstock. In addition, the introduction 

of anion exchange membrane (AEM) serving as solid alkaline electrolyte can further 

improve the cell performance as both the anode and cathode reactions are significantly 

enhanced by the better mass transfer and lower adsorption of spectator charged 

species.36,37 High pH environment also allows the participation of low cost non-platinum 

catalysts thereby significantly reducing the cost of fuel cells.35,36 On the other hand, the 

products, including carbonate (CO3
2-) of anion exchange membrane-direct alcohol fuel 

cells (AEM-DAFCs) remain in the aqueous solution, with zero environmental impact. 

Therefore, numerous studies have been carried out in AEM-DAFCs, including 

methanol38-40, ethanol41-44, ethylene glycol39,45, 1,2- propanediol46,47 and glycerol39,40,48,49. 
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Table 1.1 The standard thermodynamic voltage (E ), energy density (We), and maximum 
reversible efficiency ( rev) of hydrogen and selected pure polyols under standard 
conditions.37,50 

Fuel E /V We/kWh Kg-1 [kWh L-1] rev 
Hydrogen (H2) 1.23 39.0 [2.6 (liquid H2)] 0.83 

Ethylene glycol (HOCH2CH2OH) 1.22 5.3 [5.9] 0.99 
1,2-Propanediol (CH3CHOHCH2OH) 1.16 6.7 [6.9] 0.98 

Glycerol (HOCH2CHOHCH2OH) 1.23 5.1 [6.4] 0.98 

  On the other hand, aqueous phase selective oxidation of biorenewable alcohols to 

valuable chemicals over metal catalysts with molecular oxygen or H2O2 oxidant also 

represents a very attractive green process in heterogeneous catalysis due to its low 

environmental impact, especially when compared to current stoichiometric oxidation 

reaction.51,52 Interestingly, there are many similarities between electrocatalysis and 

heterogeneous catalysis as in both areas, the oxidation of alcohols are often carried out on 

supported metal catalysts that are responsible for the adsorption of reactants, activation 

and stabilization of intermediates and desorption of the products.53 Density functional 

theory (DFT) calculations have revealed that the presence of OH- ions in high pH 

solution would greatly reduce the activation energy of the first dehydrogenation step, 

thereby facilitating the alcohol oxidation. They also inferred that O2 in heterogeneous 

catalysis merely facilitates the OH- regeneration loop via oxygen reduction reaction 

(ORR) without direct interaction with alcohol, whose function is similar to the reaction at 

the cathode of a fuel cell.54  

  In spite of these similarities, electrocatalysis holds significant advantages against the 

heterogeneous catalysis system. The energy barriers of a multistep reaction can be 

manipulated by controlling electrode potentials so that the product selectivity can be 

easily tuned.55 On the other hand, the current that is indicative of the extent of the 

electrochemical reactions (Equation 1-1) often relates exponentially to the variation of 

electrode potentials (Equation 1-2).56 Therefore, high temperature and pressure often 

required in heterogeneous catalysis are not needed in electrocatalysis: 

  = =   (1-1) 
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where  (mol) is the moles of the reactant electrolyzed;   (A) is the current;  is the 

number of electrons transferred in the electrode reaction;  is the Faraday constant.  

= [ ( , ) ( , ) ( ) ] (1-2) 

where is the exchange current;  and  are the bulk concentrations of oxidized and 

reduced species, respectively; (0, )  and (0, )  are the electrode surface 

concentrations of oxidized and reduced species as the function of time, respectively; 

the transfer coefficient; = / ; =  is called overpotential of the reaction.  

In this context, an AEM-DAFC can be envisioned not only as an electrical energy 

generator for the current delivery but also as a chemical reactor for the useful chemicals 

production, as illustrated in Fig. 1.5 (a). The cogeneration process is thought to be highly 

desirable and with great commercial potentials from energy conservation, economics and 

sustainability viewpoints. 

  

Fig. 1.5 Schematics of (a) AEM fuel cell reactor for cogeneration of electrical energy and 
valuable chemicals from biorenewable alcohols and (b) AEM electrolysis cell reactor for 
electrochemical hydrogenation of biomass derived oxygenates into liquid fuels. 

  Electrolysis cell is another operative derivative of fuel cell setups, where electric energy 

is consumed to produce chemical compounds of interest as shown in Fig. 1.5 (b). 

Production of H2 fuel through electrolysis of water by renewable energy sources (solar, 

wind, geothermal, tidal powers, etc.) has been reported as a sustainable energy option for 

the widespread applications of for H2-PEMFC in automobile industry.34,57 However, in 

the foreseeable future, the most desirable energy carriers for transportation purposes 

(a) (b) 
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(autos, ships, airplanes, etc.) are still long-chain hydrocarbon fuels, such as gasoline, 

diesel, and kerosene, due to their unparalleled high energy density as well as the already 

established infrastructures for their storage and transportation.58 However, the finite 

nature of fossil fuels calls for the devotion of active research and development to 

renewable biomass resources. Though the advances in plant science have led to 

improvement of carbon capture efficiency of biomass from atmosphere, the harvest 

efficiency of solar energy in the most energetic plants is less than 2%, making further 

increasing of biomass energy content very limited.6 As a comparison, great progress has 

been made in photovoltaic (PV) cells that are already commercially available for 

capturing solar energy in the form of electric energy with a harvest efficiency of more 

than 15%.59 In these respects, electrochemical hydrogenation in electrolysis cells takes 

advantages of using highly efficient man-made renewable electricity generation 

techniques (e.g. PV cell) for raising the energy content of biomass related compounds 

and upgrading these oxygenates to biofuels. Meanwhile, the electrical energy produced 

from PV cells that is absent during the off-peak hours, could be stored in the liquid fuels 

of high chemical energy densities.  

  The operation modes of both electrochemical cells are coupled with the oxygen 

electrode (Fig. 1.5). During cogeneration process in AEM-DAFC mode, ORR reduces O2 

to OH- that is a ubiquitous cathode reaction in AEM-based fuel cell reactor. On the other 

hand, in electrolysis cell mode during electrochemical hydrogenation process, oxygen 

evolution reaction (OER) that oxidizes OH- back to O2 takes place on the anode side of 

AEM electrolysis cell reactor. The interconversion of + 2 + 4   

involving multiple electron transfer is a sluggish reaction that requires the employment of 

platinum-group metals (PGMs), such as IrO2 or RuO2 for OER and Pt or Pd for ORR. 

However, the scarcity of these metals and expensive cost are a serious challenge to the 

broad deployment of these novel energy conversion and storage technologies. Therefore, 

extensive efforts have been taken to understand these reactions, and explore efficient and 

durable catalysts based on earth-abundant metals, which becomes the focal point of the 

current research.60-72 
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1.4 Research Goals and Significance  

  My Ph.D. research goals are to efficiently electro-catalytically convert biomass-derived 

polyols (glycerol, ethylene glycol and 1,2-propanediol) and keto-acid (levulinic acid) to 

produce value-added chemicals, hydrocarbon fuels or electricity, on supported 

nanoparticle electro-catalysts and acquire new understanding of these electrocatalytic 

reactions. In Chapter 3, kinetics and electricity performance of glycerol and crude 

glycerol electro-oxidation were studied on three model precious metal catalysts, Pt/C, 

Pd/C and Au/C in both half cells and AEMFCs. After better understanding of electrode 

potential-regulated electrocatalytic selective oxidation of glycerol (featuring two primary 

and one secondary –OH groups) through developing novel continuous flow AEM-based 

electrolysis cells, cogeneration of chemicals (tartronate or mesoxalate) and electricity was 

realized in AEM-DGFCs under different reaction conditions (see Chapter 4). To study 

the electrode potential-dependent electro-oxidation reaction pathway in-depth, selective 

electrocatalytic oxidation of ethylene glycol, the simplest polyol that contains only two 

primary alcohol groups, was performed by means of on-line sample collection system in 

conjunction with electrochemical tests (i.e. LSV) (see Chapter 5). The electrocatalytic 

oxidation mechanism associated with the charge transfer at the electrode-electrolyte 

interface was further elucidated via combining the preliminary computational quantum 

mechanical modeling (i.e. DFT) and the experimental results from electrocatalytic 

oxidation of 1,2-propanediol, a C3 polyol including one primary and one secondary 

hydroxyl groups, in AEM-based electrolysis cells (see Chapter 6). In addition to electro-

oxidation and conversion of biorenewable alcohols to chemicals and electrical energy, 

my Ph.D. research was also devoted to electro-reduce and upgrade biomass derived 

compounds to biofuels with simultaneous storage of renewable electricity (see Chapter 

7). In Chapter 8, efficient non-PGMs ORR catalysts were also evaluated, so as to 

facilitate the development of AEM-DAFCs. My Ph.D. research has gained new insights 

into electrocatalytic processing of biomass-derived feedstocks on model catalysts and 

may open up a new sustainable electrochemical biorefinery route that could be coupled 
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with traditional biorefinery facilities for the production of chemicals, biofuels and 

electricity, at the same time enabling the storage of other renewable electrical energy. 
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Chapter 2 Experimental Details and Materials 

2.1 Chemicals and materials 

  The chemicals and materials used for my Ph.D. research are purchased from different 

sources as follows.  

Chemicals from Sigma Aldrich: 

Oleylamine (70%), Oleic acid (90%), Super-Hydride solution (1.0 M lithium 

triethylborohydride (LiBEt3H) in THF), 1-Propanol (99.5+%), Potassium hydroxide 

(KOH, 85+%), Potassium hydroxide (99.99%, trace metal basis), Polytetrafluoroethylene 

preparation (60 wt.% dispersion in H2O), Glycerol (99%, GC Grade), D-(+)-

Glyceraldehyde (98+%, HPLC), 1,3-Dihydroxyacetone dimer (97%), Mesoxalic acid 

-Hydroxypyruvic acid (95+%), 

Glycolic acid (99%), Glycolaldehyde dimer, Oxalic acid dihydrate (99+%, GC), Glyoxal 

(40 wt% solution in water), 1,2-Propanediol (99.5+%), Levulinic acid (97+%), Valeric 

acid (99+%), Nitric acid (70%), Potassium hexacyanoferrate(III) (K3[Fe(CN)6], 99.99+%, 

trace metal basis), Propionic acid (99.5+%), Butyric acid (99+%) 

Chemicals from Acros Organics: 

Platinum(II) acetylacetonate (Pt(acac)2, 98%), Palladium(II) acetylacetonate (Pd(acac)2, 

35% Pd), Gold(III) chloride (64.4+% Au), 1-Octadecene (90%), Glyoxylic acid (98%), 

DL-Lactic acid (85%), Pyruvic acid (98%), -valerolactone (98%)  

Chemicals from Alfa Aesar:  

Dibenzyl ether (98+%), Tartronic acid (98%), Hydroxyacetone (95%) 

Chemicals from Fisher Scientific: 

Glycerol (99.8%), Hydrogen peroxide (H2O2, aqueous solution, 31.6%), N,N-

Dimethylformamide (DMF, 99.9%) 
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Chemicals from BDH Chemicals: 

Isopropanol (99%), Ethylene glycol (99+), Acetic acid (99.7+%), Ammonium hydroxide 

(28-30%) 

Chemicals from PHARMCO-AAPER: 

Ethanol (200 proof, anhydrous) 

Chemicals from TCI AMERICA: 

DL-Glyceric Acid (20% in water, ca. 2 mol L-1) 

Chemicals from EMD Chemicals Inc.: 

Potassium phosphate dibasic (K2HPO4, Powder, 98+%), Hydrochloride acid (36.5-

38.0%), Sulfuric acid (17.8 M, 95.0-98.0%) 

Chemicals from Mallinckrodt Chemicals: 

Potassium phosphate monobasic (KH2PO4,Crystal, 99+%), Formic acid (88+%) 

Materials: 

Crude glycerol (88%, a byproduct from soy bean biodiesel manufacturing, Kingdom Bio 

Solution Inc.), Carbon black Vulcan XC-72R (Fuel Cell Store), 4020 series cathode 

catalyst (Fe-Cu-N4/C, HYPERMECTM, Acta), XGnp-M-5 graphite nanoplatelets (XG 

Sciences), Multi-wall carbon nanotubes-COOH (5-15 nm OD, 10-50 μm length, 

Cheaptubes Inc.), 25CC carbon paper (Teflon Treated, SGL Group), Carbon cloth 

(Teflon Untreated or Treated, 381 μm, Fuel Cell Store), AS-4 anion exchange ionomer 

(5.0 wt.%, OH- conductivity of 13 mS cm-1 Tokuyama Corp.), Nafion117 proton 

exchange membrane (Ion Power, Inc.), Nafion proton exchange ionomer (LIQUIONTM 

Solution LQ-1105, 1100 EW, 5 wt.%, Ion Power Inc.) A-201 anion exchange membrane 

(28 μm, OH- conductivity of 38 mS cm-1, Tokuyama Corp.), A-901 anion exchange 

membrane (10 μm, OH- conductivity of 42 mS cm-1, Tokuyama Corp.), FAA anion 

exchange membrane (110 μm, OH- conductivity of 17 mS cm-1, Fuma-Tech, GmbH), 
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Silicon gaskets (508 μm) Lead (Pb) plate (Rotometals Inc., United States, 99.9%), 

Copper (Cu) plate (Small Parts Inc., United States, 99.9%), Pt foil (0.5 mm thickness, 

Sigma-Aldrich, 99.99%, trace metal basis), Pt/Vulcan Carbon (20 wt.%, Fuel Cell Store), 

Pt/Vulcan Carbon (40 wt.%, Fuel Cell Store) 

2.2 Electrochemical cell setups 

2.2.1 Batch-type three-electrode cell reactor 

  A conventional three-electrode cell is shown in Fig. 2.1. The setup includes a working 

electrode, a reference electrode (e.g. Hg/HgO/1.0 M KOH), and a coiled platinum 

counter electrode that was placed in a glass tube with glass frits to prevent the diffusion 

of the products generated on the working electrode. The water jacket of the cell enables 

the system to be thermostated at various temperatures during the tests. The potential 

applied on the working electrode is controlled through a potentiostat hardware 

(VersaSTAT MC, Princeton Applied Research) with respect to a reference electrode that 

has a stable and known redox potential. To reduce the solution resistance, the distance 

between the reference electrode and working electrode was kept small (< 0.5 cm). The 

counter electrode balances all the charge transfer of the working electrode from and to the 

electrolyte. All the electrochemical data in this dissertation was collected either versus a 

mercury/mercury oxide reference electrode (Hg/HgO) or a silver chloride reference 

electrode (Ag/AgCl) and had been converted to values versus reversible hydrogen 

electrode (RHE) as reported unless otherwise mentioned. Based on the manufacturer’s 

specification (Pine Instrument Co.), the standard electrode potential of Hg/HgO is 0.098 

V vs. standard hydrogen electrode (SHE) and Ag/AgCl (in saturated KCl solution) is 

0.197 V vs. SHE, at 25 C Therefore, potentials versus RHE were calculated as: 

 V (vs. RHE) = V (vs. Hg/HgO) + 0.098 + 0.059 × pH   (2-1) 

 V (vs. RHE) = V (vs. Ag/AgCl) + 0.197 + 0.059 × pH   (2-2) 

for example, the potential differences of the Hg/HgO in 1.0 M KOH and Ag/AgCl in 

KH2PO4/K2HPO4 buffer solution vs. RHE are 0.098 + 0.059 × 14 = 0.924 V and 0.197 + 
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0.059 × 7.5 = 0.64 V, respectively. Both reference electrodes were also calibrated against 

RHE (HydroFlex®) in a fresh prepared 1.0 M KOH or KH2PO4/K2HPO4 buffer solution 

(pH = 7.5) at the end of each electrochemical test, and the potential differences were 

maintained 0.924 ± 0.007 V for Hg/HgO electrode and 0.64 ± 0.01 V for Ag/AgCl 

electrode throughout all of the experiments.  

  Fig. 2.1 (a) shows the three electrode cell equipped with a glassy carbon rotation disk 

electrode (RDE) of 5 mm outer diameter. The employment of RDE allows the study of 

electrochemical reactions on an electrocatalyst that is deposited on the glassy carbon 

electrode under either stationary or rotation mode. For the purpose of acquiring more 

knowledge about the reactions occurring on the disk electrode, a second working 

electrode is added in the form of a ring surrounding the first disk working electrode. As 

shown in Fig. 2.1 (b), the platinum ring in the rotating ring-disk electrode (RRDE) is 

independent of the center disk electrode.56 Any products generated from electrochemical 

reactions on the disk electrode under a rotation are continuous swept pass the ring 

electrode held at a constant potential where those intermediate species can be collected 

and electrochemically reduced or oxidized.  
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Fig. 2.1 Setups of three electrode cells with (a) RDE and (b) RRDE. 

  The collection efficiency, , is the important factor in RRDE testing which measures 

the percentage of products on disk electrode that can be probed by the ring electrode. N is 

only dependent on the geometry of RRDE, r1 (disk radius), r2 (ring inner radius), and r3 

(ring outer radius):56 

= 1 ( / ) + / [1 ( )] (1 + + ) / {1 [( / )(1 + + )]} 
   (2-3) 

where,  

 = 1  (2-4) 

 =   (2-5) 

 ( ) = ln / + arctan // +   (2-6) 

(a) (b) 
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For the RRDE (E6, Pine Instrument Co.) with r1 = 2.5 mm, r2 = 3.25 mm and r3 = 3.65, 

N = 25%. N can be also determined experimentally by performing linear scan 

voltammetry with thin-film Pt/C coated disk electrode in the N2 deaerated 0.1 M KOH + 

10 mM K3Fe(CN)6 electrolyte, meanwhile a constant potential of 1.55 V vs. RHE will be 

held at the ring electrode, where the oxidation of K4Fe(CN)6 that produced by the 

reduction reaction at the disk electrode process purely under diffusion control. (Fig. 2.2) 

N is then determined to be 23% according to: 

=  (2-7) 

 

Fig. 2.2 Current of ring (IR, ( ) ( ) + ) and disk (ID, ( ) +( ) ) for the determination of the collection efficiency of the RRDE, N. 
Linear scan voltammetry performed on Pt/C thin-film electrode in N2-saturated 0.1 M 
KOH + 10 mM K3Fe(CN)6 electrolyte under rotation scan rates. Scan rate: 20 mV s-1, 
25 C. Ering = 1.55 V vs. RHE. 

2.2.2 Continuous flow-type AEM or PEM-based electrolysis cell reactor 

  Fig. 2.3 shows continuous flow AEM based electrolysis cell reactor that was custom 

made for selective electrocatalytic oxidation of polyols (Chapter 4 and 6). The electrode 

of a 5.0 cm2 active cross-sectional area was constructed by mechanically sandwiching the

AEM (A201, Tokuyama Corp.), electrocatalysts sprayed anode and cathode carbon 

clothes as a membrane electrode assembly (MEA). The anode end plate was made of 
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stainless steel (316L) so as to tolerate the alkaline environment. A home-made graphite 

block with a serpentine pattern was used in anodic half-cell where polyol alkaline 

solution was introduced at a flow rate regulated by a peristaltic pump (Gilson Miniplus 3), 

while an alkaline electrolyte of the same pH as the anode reactant solution was cycled 

through the cathode chamber that was made of high-density polyethylene. The cell was 

sealed with the assistance of unreactive silicon gasket and a torque of 20 N m. The 

reaction temperature was controlled by a thermocouple and the potential applied on the 

anode side by potentiostats could be well controlled with respect to a Hg/HgO/1.0 M 

KOH reference electrode that was inserted to the anode compartment.  

  

Fig. 2.3 Setups of continuous flow AEM based electrolysis cell reactor constructed with a 
MEA-type electrode for selective electrocatalytic oxidation of polyols. 

Another type of continuous flow reactor was assembled, as shown in Fig. 2.4, for 

selective electrochemical reduction of keto acids (e.g. levulinic acid) and electrical 

energy storage (Chapter 7). Instead of using carbon cloth supported porous electrodes, 

the planar Pb or Cu plate with a projected area of 6.5 cm2 served as the working electrode, 

which was placed in the cathode chamber, while Pt foil employed as the counter 

electrode was placed in the anode chamber. Solid-polymer electrolyte membranes, 

including AEM (FAA, Fuma-Tech, GmbH) for reduction in a neutral environment or 

proton exchange membrane (PEM, Nafion 117, Ion Power, Inc.) for reduction in an acid 

environment, was used to separate the anode and cathode chambers in order to minimize 

the cross-over of the products or reactants from the cathode to the anode. The larger 

electrode area (6.5 cm2) and small cathode chamber volume (12 ml), along with a fast 

flow rate of 30 ml min-1 were optimized to ensure a sufficient reactant fuel supply to the 
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Pb electrode surface, while avoiding the mass transport issue resulting from hydrogen 

bubbles (H + e 1/2H  in acid, H O + e OH + 1/2H  in neutral) striking the 

Pb electrode. Keto acids in neutral or acid electrolyte were introduced into sealed four-

necked glassware that was placed in an ice-bath and pumped into the cathode 

compartment through a closed loop by a peristaltic pump (Gilson Miniplus 3) at a 

controlled flow rate. At the same time, acid or buffer solution with the same pH as the 

cathode reactant solution was cycled through the anode chamber. A thermocouple was 

used to control the temperature of the reactant solution in order to minimize the 

evaporation of the low-boiling point products. Electrochemical reduction reactions were 

then initiated by the potential applied through a potentiostat at the cathode versus 

Ag/AgCl reference electrode, and the products at the end of the reaction were collected.  

 

Fig. 2.4 (a) Setups and (b) schematic view of continuous flow solid-polymer electrolyte 
membranes (AEM or PEM) based electrolysis cell reactor constructed with metal foil 
electrodes for selective electrochemical reduction of keto acids and electrical energy 
storage.  

2.2.3 Continuous flow-type AEM based fuel cell reactor 

  The performance of electricity generation and cogeneration of chemicals and electrical 

energy from polyols (Chpater 4 and 5) were tested on a Scribner fuel-cell test system 

(850e) (Fig. 2.5). The fuel-cell fixture was purchased from Fuel Cell Technology Inc. 

with an active area of 5 cm2 and modified with the stainless steel (316 L) end plates to 

tolerate the alkaline working environment. A port for the Hg/HgO/1.0 M KOH reference 

electrode was introduced so that the anode operation potential could be monitored by 

(a) (b) 
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Appendix G Copyright permission of Chapter 8 

Chapter 8 in this dissertation was initially published in frontiers in Chemistry: Green 

and Environmental Chemistry, Frontiers Media S.A., titled “Carbon supported Ag 

nanoparticles as high performance cathode catalyst for H2/O2 anion exchange membrane 

fuel cell”, Volume 1, Article 16, September 2013, frontiers in Chemistry. Permissions to 

reproduce the aforementioned materials in both print and electronic formats were kingly 

granted by Frontiers Media S.A. and in compliance with the Copyright clause attached 

below regarding to the reproduction: 
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