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Abstract 

A novel online system for quanti fy ing product distributions of ethanol oxidation in di rect 

ethanol fuel cells was developed. This system was shown to have many advantages over 

prev iously reported methodologies such as: ease of operation, qu ick response time, 

economical, and real time analysis. This system consisted of a non-di spersive infrared 

C0 2 detector coupled with a flow-through conductivity detector for C0 2 and acetic ac id 

measurements, respective ly. The third ethanol oxidation product, acetaldehyde, was 

shown to be accurately calculated using a Faradaic charge balance. 

The effects of fuel and product crossover were closely examined. It was shown 

that the use of oxygen at the cathode can lead to an overestimation of ethanol ox idation 

products, mainly acetic ac id, due to ethanol crossing through the membrane and reacting 

chemicall y with oxygen at the cathode. Furthermore, it was shown that significant 

amounts of acetaldehyde produced during ethanol oxidation were lost due to crossover, 

leading to an underest imation of its yield. To obtain more accurate product distributions, 

the fuel ce ll was operated using N2/H2 gas at the cathode (which eliminated the 

chemicall y oxidized ethanol reaction). To further improve the accuracy of product yields, 

a ·'crossover mode" approach to operating a fuel cell was examined. It was found that this 

method increased selectivity towards complete oxidation (carbon diox ide) by red ucing 

poisoning of the electrode. 
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A kinetic and mechanistic study on the ethanol oxidation reaction was also carried 

out using an electrode stripping technique. It was found that appl ying a potentia l in the 

range where CO is oxidized, fo llowed by allowing the cell to return to open circuit and 

then re-applying the potential led to significant increases in C0 2 yields. It was found that 

the C02 yield was dependent on the length of the pulse appl ied, the shorter the pulsi ng 

interval, the higher the yie ld. This suggests that the majority of the C02 produced was 

attributed to the oxidation of CO adsorbates. The time interval between pul ses was also 

examined. It was found that the C0 2 yield was independent of the resting time, 

suggesting a rapid dissociation of ethanol on the e lectrode, which supports prev ious 

I iterature findings. 

A Pt-RuSn02/C anode catalyst was developed and tested in our system. This 

cata lyst was found to increase both the performance and the selectivity towards C02 in 

compari son to a Pt electrode, which is rarely reported in the literature. 
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1.1 Introduction 

With the s low depletion of fossil fuels, the search for new renewable energy sources has 

been an area of intense investigation . One area of focus that has been very attract ive for 

many research g roups is the development of fuel ce ll technology using hydrogen [ 1-4], 

methano l [5-I 0] , ethanol [I 1- 18], or formic ac id [ 19, 20] as the primary fuel source. The 

conversion of chemical energy into e lectrica l energy using fue l ce ll s has been ach ieved 

and reported s ince the late 1830s [21 ]. The principles behind the fuel cell were first re­

ported by German scienti st Christian Schonbein in 1838, but a cell was not demonstrated 

experimentally until the fo llow ing year [22]. Sir William Groove's serend ipitous demon­

stration of the fuel cell in 1839 came from connecting the two e lectrodes of an e lectrolyz­

e r together which were origina lly attached to a battery. He observed a consumption of 

hydrogen and oxygen, resulting in a reverse flowing current [2 1]. 

Due to the poor understanding of electrochemical theory, very li ttle advancement 

in fuel ce lls was made until the 1950s. In 1959 Francis Bacon, work ing out of the de­

partment of chem ical engi neering at Cambridge University, constructed the first practical 

work ing fuel cell , using nickel based electrodes in an alkaline environment [23]. 

T he first major commercial use of fue l ce lls dates back to the early 1960s with the use of 

solid polymer e lectrolyte fuel cells (SPEFCs - now known as po lymer electrolyte fue l 

cells (PEFCs)) in the Gemini space missions [24, 25]. A ll space vehicles were equipped 

with these fue l cells which were used as auxiliary power sources; generat ing power for 

lighting, regulating gas pressures and producing drinking water aboard the space craft. 

T hese first generation fue l cel ls used hydrogen gas as the fue l and a polystyrene sulfonic 
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acid (PSA) proton exchange membrane that enabled high power densities [26]. However 

at the time, due to the extremely high cost of manufacturing and running these fuel ce lls 

their use was limited to space missions. 

In the late 1960s, one of the biggest breakthroughs in PEFC technology was the 

development of a perfluorosulfonic acid membrane manufactured by Dupont, also known 

as Nafion® [27]. The high e lectronegativity of the side groups on the Nation® membrane 

a llowed for a two fo ld increase in proton conductivity compared to that of the PSA mem­

brane . T he increased conductivity of the membranes allowed for significant increases in 

both the power density and the cell efficiency [26, 28, 29] . The durability of the Nation® 

membrane was exceptional, having a li fe time of about four orders of magnitude higher 

than that of the PSA membrane [30]. The exceptional durability of the Nation® mem­

brane sparked interest into the development of direct methanol fuel cells (DMFCs), direct 

ethano l fue l cells (DEFCs) and direct formic acid fuel ce lls (DFAFCs) in ac id e lectro­

lytes. 

Over the past couple of decades, fue l cell technology has progressed to the po int 

of commercia lizat ion for many small portable app lications [3 1-33] and also a few larger 

scale commercial products [34, 35]. Hydrogen fuel cells (HFC) have been at the top of 

the research ladder for a lmost a ll transportation manu facturers. A lthough there are cur­

rent ly no commercial HFC vehic les, there have been many prototype and demonstration 

vehicles produced from a ll the large vehicle manufact urers [36-38]. Ballard Power Sys­

tems, Toyota, Hydrogenics and a few other large scale fue l cell developers have intro­

duced a three year HFC bus trial which is employed in many countries inc luding : Cana-

3 



da, US, Braz il , Germany, C hina and England [39, 40]. T hese HFC buses have been re­

ported to be 39-141 % more effi c ient for city driv ing compared to the diesel fue lled buses 

c urrently used [ 4 1]. Many wholesale and serv ice companies inc luding Sysco Foods, Fed­

era l Express Courier and Coca-Cola have taken advantage of the HFC technology by us­

ing fo rklifts powered by HFCs [42]. Other HFC vehic les recently manufactured inc lude 

motorcycles, submarines, bicycles, boats and even airplanes. 

DM FCs have been the most widely commerc ia lized type of fue l cell (31, 32]. 

DM FCs are unable to produce la rge amounts of power, making them poor cand idates for 

large machinery and vehicles. However, they do have the capabi lity to store small 

amounts of energy over long time periods in sma ll spaces [43]. This makes them ideal for 

sma ll energy applications such as cell phones, laptops, cameras and in many military ap­

plications. In the mid 1990s, over 20,000 methanol " fl ex" vehic les were so ld in the U.S. 

T hese vehicles had the capability to run on methanol or gas [44]. Due to high cost of 

methano l in the mid to late 1990s, the foc us quickly shi fted fro m methanol to ethanol as 

an a lternati ve to gasoline. The commerc ia lization of DEFCs could be considered lacking 

in comparison to HFCs and DMFCs. Few to none of the applications ment ioned above 

have shown increased performance when replaced w ith DEFCs. However, due to the in­

trinsic advantages of ethanol as a fue l (see below), research and development into DEFCs 

has gained cons ide rable attention. 

A lthough hydrogen is the best candidate as a fue l for fuel cells fro m a weight en­

ergy density point of view (energy produced per mass of fuel = 33.3 kWh kg.
1
) , the dan­

ger and comp lications w ith the storage, transportation and use of hydrogen severe ly lim-
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its its applications [ 45, 46]. The hydrogen fuel ce ll is the simplist of the fuel cel ls using 

H2 at the anode and 0 2 at the cathode, producing H20 exc lusively as a product and 

providing four electrons per mole of 0 2 consumed. With water as the only reaction prod­

uct, the kinetics at the anode are extremely facile leading to very high cell performances. 

Furthermore, since C02 is not a by-product of HFC devices, they are a "zero-emission" 

(no carbon footprint) energy source, making them ideal from an environmental point of 

view [23]. 

Methanol and ethano l on the other hand are liquid at room temperature, maki ng 

the transportation and storage ofthe fuel safe and easy. The availabil ity of both methanol 

and ethanol also make them very attract ive, as heavy reformers (a dev ice that extracts a 

desired product from a larger product) are not needed as is the case for hydrogen produc­

tion. The energy densities for methanol and ethanol are 8.01 and 6.09 kWh kg-1 respec­

tively [47, 48]. Although these alcohols use very similar components to the hydrogen fuel 

cell (anode, cathode and membrane), their performances are significantly lower due to 

intermediates adsorbed on the anode during oxidation [ 49,50]. 

The commercial production of methanol involves the reaction of carbon monox­

ide and H2 gas. During the major coal mining days, synthetic gas was produced from the 

reaction of methane (which was a product of coal mining) with water in a process called 

steam methane reforming. The H2 gas was then reacted with CO over a nickel, z inc ox ide 

or alumina catalyst to produce methanol. Presently, methanol can be produced via three 

different methods; steam methane reforming, direct catalyt ic conversion of methane us­

ing Cu-zeo lites or electrochemically from C02 using CuO or Cu02 catalysts. 
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Methanol has been reported to have a much more simple reaction mechanism than 

that of ethanol in a fuel cell [51 , 52]. In methanol oxidation, intermediates form at the 

anode and oxygen containing species are needed to oxidize these to C02. To produce the 

oxygen containing species, 0 2 must be reduced at the cathode. This oxygen reduction re­

action (ORR) is the rate determining step, and is extremely slow on the Pt cathode that is 

used in the hydrogen fue l cell. Although the thermodynamic reversible potential of ORR 

for MeOH is comparab le to that of H2 at the cathode (1.214 Y and 1.23 Y vs. SHEre­

spectively), the methanol oxidation react ion (MOR) occurs at a much higher potential on 

the Pt cathode [53]. Due to the slow kinetics of the MOR, the Pt anode gets quickly cov­

ered with CO intermediates, limiting the avai lable adsorpt ion sites for oxygen containing 

species, hence, the oxidation to C02 [6,54,55]. This "poisoning" of the anode is the pri­

mary reason for the sluggish kinetics of DMFCs. Recent studies have shown that alloying 

Pt with a secondary metal (primarily Ru) has the ability to decrease the CO poisoning at 

the electrode, leading to significant increases in MeOH ox idation kinetics [eg. 51 ,56-58]. 

MeOH crossing through the membrane has also caused many problems with DMFCs. At 

a ll concentrations, MeOH has been shown to cross through the proton exchange mem­

brane (PEM) from the anode to the cathode [59]. This causes a mixed potential at the 

cathode leading to a significant decrease in potential at the cathode and hence a decrease 

in overall ce ll performance. 

Ethanol can be produced both naturally and synthetically. The majority of ethanol 

that is used in a lcoholic beverages and as a fue l is produced natura lly by the fermentation 

of sugars. This fermentation process involves yeast metabo lizing sugar under certain 
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thermal conditions producing ethanol and C0 2. Ethanol used as a chemica l solvent is typ­

ically made synthetically. Thi s process is an acid-catalyzed hydration reaction involving 

ethylene and water producing ethanol exclusively. 

Ethanol has been the focus of many research groups due to its abi lity to be pro­

duced in large quantities from the fermentation of biomass. This green, renewable fuel 

a lso has advantages over methanol in that it is non-toxic, and has a higher boil ing point 

and higher energy density [60, 6 1, 62]. However, the ethanol oxidation reaction (EOR) in 

DEFCs follow an extremely complex mechanism involving many intermed iate steps and 

pathways and is not fully understood [63-65]. Unl ike methanol, ethanol contains a C-C 

bond that must be broken in order fo r it to be fully oxidized into C02. This complete pro­

cess requires the transfer of 12 electrons fo r two moles of ethanol consumed. However 

many groups including our own have reported only partial oxidation into acetaldehyde 

(requi ring a two electron transfer) and acetic ac id (requiring a four e lectron transfer), 

making the EOR extremely ineffi cient [66-69]. Along with the problem of the C-C bond 

cleavage, similar barriers to those for MeOH oxidation are also present. CO poisoning of 

the electrode has been reported for EOR [ 14, 55, 70] and crossover of ethanol from anode 

to cathode causing a mixed potential [7 1, 72] has also been observed. These problems 

along with recent advances to their solutions and fu ture objectives are all discussed in this 

work. 
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1.2. Types of Fuel Cells 

1.2.1. Fuel Cell Composition 

A fuel ce ll is a device that directly converts chemical energy into electrical energy by 

feeding the ce ll with an external fue l. Its main components are an anode, a cathode and an 

e lectro lyte me mbrane . The schematic in Figure 1.1 illustrates a typical fuel ce ll des ign. 

T he fuel cell hardw are consists of two metal support blocks w ith etched flow fi elds. The 

anode and cathode catalysts are designed w ith the exact dimensions of the flow fie ld to 

minimize cata lyst material. In most cases, po lymer based gaskets are placed around the 

cata lyst to limit the fuel and/or cathode gas from leaching out of the flow fi elds. At the 

anode plate, the fuel is passed direct ly through the plate to the flow fi e ld . The cathode gas 

a lso flows directly to the flow fi eld . T he metal plate supports must be non-reactive w ith 

the fuel and oxidant in o rder to optimize fuel ce ll reactions. Between the anode and cath­

ode cata lyst layers, there is an e lectro lyte membrane. With the help of the membrane, the 

fue l and oxidant gas are able to react and the oxidation products exit v ia the anode e fflu­

ent stream . T he e lectrons re leased from the fuel, pass through an external c ircuit (see 

Figure 1.2) from the anode to cathode and protons are transferred through the cell mem­

brane to the cathode . At the cathode, oxygen gas accepts the transferred e lectrons and 

protons provided from the fue l and is converted to H20 . Depending on the fuel used, the 

number of electrons that are transferred and the reaction products are varied . T he proton 

exchange membranes (P EM) used in most fue l cells and in a ll of the work in this proj ect, 
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are Nation® membranes (see ref. [28-30]). These membranes aid in the transfer of pro-

tons from the anode to the cathode. 

Oxid ation 

Anode 
catalyst 

prod ucts 
+.--.l----1'-----"1 

Fuel 
entrance Anode 

Electrolyte 
membrane 

Cathode 
catalyst 

•• Reduction 
products 

Cathode • • • • 
Oxidant 

•• entrance 

Figure 1.1: Schematic of a typical single cell solid electrolyte fu el cell composition. 

The fue l cell has many similarities to a primary battery. The main distinguish ing feature 

is that a fuel cell uses a continuous flow of both fue l and oxidant, making them long last-

ing devices. Batteries are considered energy storage devices, as they enclose the fue l and 

oxidant inside the casing. The lifetime and maximum amount of energy produced from a 

battery depends on the amount of active material stored and the rate at which it is con-

sumed. Once all the chemical reactants have reacted, the battery can no longer produce 

energy, and is useless. There also exist secondary batteries which use external electricity 

to replenish the electro act ive-materials. A fuel cell could be considered a long lasting 

primary battery ifthe fuel conta iner is included. 

1.2.2. Proton Exchange Membrane Fuel Cells (PEMFC) 
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PEM FC (also referred to above as PEFC) are a type of fuel cell that relies on the use of a 

solid thin laye r membrane to shuttle protons from the anode to the cathode. They are ide­

a l for use in low to moderate temperature env ironments (usually up to I 00 °C).The most 

distinguishing part of a PEMFC is the membrane electrode assembly (MEA). As shown 

in Figure I .2, the MEA consists of a cathode, a proton exchange membrane and an anode. 

The thin membrane is sandwiched between the anode and cathode and the assembly is 

usually hot-pressed together. T he anode and cathode typically use carbon fiber paper as a 

support, but g lassy carbon and carbon c loth have also been used. The anode and cathode 

catalyst layers are usually comprised of a Pt-carbon mix or Pt-based alloyed Pt-metal­

carbon mix. 

Acting as probably the most important part of a PEMFC, the proton exchange 

membrane serves as both a proton conductor and the barrier separating the fuel and oxy­

gen gas. Since Dupont 's breakthrough with the Nafion® class of membranes, a s ignificant 

a mount of research has been conducted in an attempt to optimize the characteristics and 

cost of the membrane [73, 74]. 

The essentia l characteristic of a proton exchange membrane is the ability to con­

duct protons w ithout conducting electrons (which would short-out the fuel cell). The 

membrane should be equipped with many proton conducting s ide groups and a very sta­

ble backbone which can withstand heat, the fue l and most importantly the harsh oxidative 

environment at the cathode [26, 75]. The membrane must a lso be resistant to fuel and gas 

crossover, as any leakage in the membrane would result in reduced effic iency. A low re­

s istance to H+ migration must also be present in the membrane. However, a low re-
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sistance could also lead to hydrodynamic drag of H20 and possibly ethanol from the an-

ode to the cathode, leading to an increase in fuel crossover. Dupont 

Proton exchange membrane 

Pt based anode 
catalyst layer 

r · --- ---- -----------------~ 

I Carbon fiber paper support 
l. - - ·-

~ ---.=-==-~---·- ··----·· ---- ---------- ·····-- --- --- ~=:.. 1 
~onfiberpapersup~ 

Pt based cathode 
catalyst layer 

Figure 1.2: A schematic diagram of a typical MEA for a PEMFC. 

successfull y constructed membranes that fulfill all of the above criteria with the devel-

opment of the Nation® polymers shown in Figure 1.3. 

As shown in the chemical structure, Nation® was developed by the polymeriza-

tion of a perfluoranated vinyl ether and tetrafluroethylene monomer [26]. These po lymers 

are usuall y derived from the - S0 2F precursor which is reacted with KOH in water and 

then soaked into acid to form the active side chain -S0 3-H+. With this very acti ve side 

chain, the Nation® membrane acts as a superac id, with the ability to conduct protons from 

the anode and transfer them to the cathode with ease [26]. 
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Figure 1.3: C hemical composition of the Nation® membrane developed by Dupont [26]. 

A lmost a ll anode catalysts for PEMFC-HFC are Pt (or Pt based a lloys). The abil-

ity of Pt to oxidize H2 into H+, shown in equations 1.1 and 1.2, makes it ideal for prov id-

ing electrons and protons to the cathode half- reaction. 

2Pt + H2 ~ 2Pt- Haas ( I. I ) 

( 1.2) 

In HFCs, this is the only reaction that take place at the anode. T his reaction takes place 

spontaneously on the Pt electrode, making it extreme ly efficient. A few minor problems 

that can lead to ineffi cienc ies in the anode ha lf-reaction of HFC are sma ll amount of CO 

poisoning and dehydration of the anode. It has been reported that during the reforming 

process (production of H2) small amount of CO are produced [76]. Even at very low con-

centrations, CO has the abi I ity to compete for adsorption sites on the Pt anode, causing a 

decrease in ava ilable s ites for Hads, leading to ineffi cienc ies in the cell [53 ] . 

Until recent years, Pt and Pt based cata lysts have been stri ctly used in the oxygen 

reduction reaction (ORR) at the cathode. T hi s ha lf-reaction involves 0 2 being reduced in 
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the presence of protons and e lectrons transferred from the anode to produce H20. The 

reaction mechanism for the ORR has been extensively researched on many di fferent Pt 

surfaces [77,78]. Various mechanistic pathways have been identified for the ORR reac­

tion, inc luding a direct four electron transfer and a multi step transfer of four e lectrons 

[53, 79]. T he mechanism for this complex react ion is still not fu ll y understood, as theo­

retica l studies have shown many different intermediate and radical fo rmations prior to the 

final products [80]. A s implified schematic of the possible pathways is depicted in Figure 

1.4. T he 0 2 at the cathode is first adsorbed onto the Pt surface w ith breakage of the dou­

ble bond. Once the oxygen is adsorbed on the Pt surface, the reaction will take one of two 

accepted pathways. T he desirable pathway, for a PEMFC, occurring at 1.23 V is a direct 

four e lectron-four proto n transfer to H20. The second poss ible pathway occurring at a 

much lower thermodynamic electrode potential (0.70 V) is a two electron-two proton 

transfer to produce adsorbed H20 2. This mechanism is the preferred mechanism of the 

ORR in industry for the production of H20 2. From this step, the adsorbed hydrogen per­

oxide can take one of two paths. At high potentials of around I . 76 V, a second two elec­

tron-two proton reaction can take place to produced H20 . The other possible pathway is 

the desorption at the e lectrode, formi ng H20 2 as a fina l product. Stud ies suggest that the 

desorption product is not likely in PEMFC since only small amoun ts of H20 2 were found 

in the O RR product analysis and the electron transfer number has been reported to be 

c lose to 4. Equations 1.3- 1.5 summarize the direct and indirect pathways of 0 2 reduction 

to and H20 and H20 2, respectively. Equations 1.4 and 1.5 are coupled together to form 

the indirect pathway [53]. 
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( 1.3) 

( 1.4) 

( 1.5) 

Comparing the complexity and potentia ls needed of the ox idation and reduction 

reactions, it is c lear that the ORR is the rate determining step in HFC reactions. 

T he high cost of Pt meta l coupled w ith the large overpotentia l requi red fo r redu c­

tion at the cathode have attributed to the limitation of fuel cells fo r many applications. 

Over the past decade, many research groups have devoted ample time into the develop­

ment of new " low-Pt" [81-83] and " Pt-free" [84-86] cathode cata lysts fo r O RR. These 

catalysts have shown fa irly good activity towards ORR in the absence of ethano l. How­

ever, when ethanol was introduced, large increases in overpotent ial were observed . At the 

mome nt, the low ethanol to lerance coupled w ith s igni ficant decreases in performance 

(compared to Pt) have made these catalysts unsuitab le for O RR in DEFCs. 
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Figure 1.4: Mechanistic scheme of the oxidation reduct ion reaction occurring at a 
Pt cathode cata lyst in an ac idic environment (adapted from [53]). 

1.2.3. Direct Alcohol Fuel Cell (DAFC) 

DAFCs work in a very similar manner to that of the HFC, w ith the exception of sma ll 

a lcoho ls as the fue l at the anode instead of H2. The components of DAFCs are the same 

as in HFCs w ith an anode, cathode and proton exchange membrane. Many different an-

ode and cathode cata lysts have been developed in attempts to optimize DAFCs efficien-

c ies. As mentioned earlier, the ineffi c iencies of DAFCs arise from th ree ma in problems: 

large overpotentials at the cathode, the crossover of fuel from anode to cathode, and the 
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large overpotentials for the alcohol oxidation reaction (AOR) resulting from adsorbed 

intermed iates. These problems w ill be further investigated in the subsections of this work. 

1.2.3.1. Direct Methanol Fuel Cell (DMFC) 

DMFCs use the simplest a lcoho l, methano l, as the fuel which is continually pumped to 

the anode of the fuel cell. Methanol reacts at the anode in the presence of water to pro­

duce C02, 6 protons and 6 e lectrons. T he overa ll half-reaction at the anode is described 

as: 

( I .6) 

Unlike the hydrogen oxidation reaction (equations 1.1 and 1.2), methano l forms carbon 

based intermediates at the anode. These intermediates s ignificantly lower the reaction rate 

at the anode as they need oxygen containing species, to be full y oxidized to C02. It can­

not be determined for certain the exact mechanism that takes place in this reaction but the 

most accepted mechanism based on e lectrochem ical theory is described by equations 1.7 

and 1.8 [6]. 

( I .7) 

Pt- CO + Pt- OH ~ 2Pt + C02 + H + + e ( 1.8) 

During MOR, CO is strongly adsorbed onto the Pt anode surface. The removal of the CO 

involves the oxidation of water into surface bound hydroxyl radicals wh ich then react 

with the CO to form C02. The major problem with the anode reaction is the large CO 

coverage on the anode surface. Due to very strong interactions between the CO and the Pt 
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electrode, the anode surface is easily and quickly covered with CO. This poisons the sur­

face, leaving limited Pt adsorption sites to oxidize the water, leading to very slow overall 

oxidation kinetics at the anode surface [51 , 56-58] . 

The reduction of oxygen at the cathode is very similar to that of HFCs (equations 

1.3-1.5). As mentioned in section 1.1 , the major problem in DMFCs arises from fuel 

crossover. Even at low concentrations, methanol can easily cross through the PEM . As its 

concentration increases, the rate of methanol flux through the membrane is significantly 

increased. Furthermore, when the temperature of the DMFC increases, the flux increases 

significantly [59]. When the methanol crosses from the anode to the cathode, it can be 

rapidly consumed by oxygen. This not only wastes fuel but also leads to a ·'mixed poten­

tial" at the cathode resulting in a significant decrease in reduction potential fo r 0 2 and a 

decrease in overall cell performance. Although the mechanism for the oxidation of meth­

anol (and ethanol) is fairl y uncertain at the cathode, the reduction of the cell potential is 

indicative of the oxidation taking place. Furthermore, since low fuel concentrations and 

temperatures are needed to limit the effects of crossover, the overal l number of electrons 

transferred and the kinetics of the overa ll reaction are decreased, hence reducing the max-

imum current. 

1.2.3.2. Direct Ethanol Fuel Cell (DEFC) 

All experimental results in this work use DEFCs, and these from here on out wi ll be the 

focus of this report. DEFCs use the second smallest molar mass alcohol, ethanol, as the 

fuel at the anode and 0 2 normally in air at the cathode as the oxidant. Since ethanol is a 

larger molecule than methanol, more electrons need to be transferred to ful ly oxidize it to 
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C02. This results in a much more complex mechanism for complete oxidation. Ethanol 

oxidation is very sensitive to many different parameters including fuel concentration, ce ll 

temperature, catalyst composition and cell potential [eg. II , 14, 47-52]. The ideal com­

plete EOR reaction in a DEFC is as follows: 

( 1.9) 

The complexity of the EOR reaction occurs in the anode half-reaction. As ethanol 

is pumped through the anode compartment and reaches the electrode, many different ad­

sorbed intermediates can form on the electrode surface. Depending on the cell potential, 

various suggested pathways have been reported. In the lower potential region, it has been 

reported that the major EOR product is acetaldehyde, which is produced by the following 

mechanism [87]: 

( I. I 0) 

( I . I I ) 

( I. 12) 

After EtOH is adsorbed, it undergoes a dehydrogenation reaction releasing an e lectron. 

Following this dehydrogenation step, the adsorbed ethanol radical releases a second elec­

tron, producing adsorbed acetaldehyde. The acetaldehyde is then desorbed from the sur­

face producing the major product. The overall net half-reaction at low potentials for the 

major product is as follows: 
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(1. 13) 

As shown in this equation, the dissociation of water is not necessary to product aceta lde­

hyde. Furthermore, it would not be expected to see any oxidation of water (hydroxyl ad­

sorption) at the anode at low potential, s ince the dissociation of water occurs at high po­

tentials. This partial oxidation of ethanol at low potentials severely decreases the effi­

ciency of the fuel cell s ince only 2 of a possible 12 e lectrons are transferred, limiting the 

energy output. 

In the high potential region, the ethanol oxidation reaction takes a completely dif­

ferent pathway [88]. With the dissoc iation of water molecules (into hydroxyl adsorbates), 

the oxygenated species are able to react with adsorbed ethanol to produce a reaction 

transferring more electrons. At the Pt surface , ethano l undergoes the same reaction as 

shown in equations 1.10 and 1.11 forming an adsorbed aceta ldehyde intermediate. The 

water from the diluted ethano l fuel undergoes a dehydrogenation reaction forming hy­

droxyl species that are able to adsorb on the e lectrode. T he aceta ldehyde and hydroxyl 

adsorbates are then able to react to form the more oxygen rich species, acetic ac id ( equa­

tion 1.1 4). 

(1.14) 

T he two electron transfer from the adsorbed aceta ldehyde molecule coupled w ith a s ing le 

e lectron transfer from the dissociation of water and a sing le e lectron transfer from equa­

tion I . 14 make the partial oxidat ion of ethanol to acetic ac id a 4 e lectron transfer. T he 
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overal l reaction for EOR at high potential is represented by equation 1.15. Once again at 

high potential , the EOR reaction is significantly less effic ient than the complete 

CH3CH2 0H + H 2 0 __, CH3 C02 H + 4H+ + 4e- ( 1. 15) 

oxidation, s ince only a third o f the possible e lectrons are transferred. A second, less likely 

reaction can a lso occur in the high potential region. This is the complete oxidat ion to C02 

which involves the transfer o f 12 e lectrons (equation 1.16). T he selectivity for this reac­

tion is very low as the acetic acid pathway is dom inant. For this reaction to take place, the 

C-C bond must be broken. Many theo retical studies into the direct and indirect pathways 

of complete ox idation of ethanol into C02 have been reported and are discussed in up­

coming sect ions. T he complete oxidat io n into C02 at the anode can be descri bed as fol­

lows: 

( 1.1 6) 

T he reactio n at the cathode is s imilar to both HFCs and DMFCs. The oxygen pumped 

through the cathode compartment accepts the e lectrons and protons produced at the anode 

and is reduced to water. Depending o n which pathway the anode reaction takes wi ll de­

termine the amo unt of water produced at the cathode. As shown by the various pathways, 

the EOR mechanism at the anode is very complex, and multiple pathways resulting 1n 

multiple by-products for PEM cells are reported [63-65]. 

1.2.4. Alkaline Anion Exchange Membrane Fuel Cell (AAEMFC) 

Another type of fue l cell that has recently gathered s ignificant research inte rest for EOR 

a re AAEMFCs. Some of the first fue l cells invented were a lkaline fuel cells (AFC), such 
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as the cells used in the mid 1960s Apollo space miss ions [89]. These fuel cell s used a li q­

uid e lectrolyte (usually KOH). The research into these types of fuel cel ls quickly de­

creased as it was found that carbonates precipitated on the anode catalyst layer which was 

quickly deactivated [90]. With the development of sol id anion exchange electrolytes, this 

problem was solved. This type of fuel cell uses a solid electrolyte membrane similar to 

PEMFCs to shuttle ions from one side of the fuel ce ll to the other. The oxidation of etha­

nol in the alkaline membrane cell involves hydroxyl ions that are produced from the 

cathode (equation 1.17) that migrate through the membrane to the anode. At the anode 

the ethanol reacts with the OH. and is oxidized to C02 (equation 1.18). 

( 1.17) 

( I. I 8) 

This process is depicted in Figure 1.5. The primary advantage over PEMFC is the ability 

to use Pt-free catalysts in the EOR. Although the complete oxidation to C02 has not been 

observed on Pt-free catalysts in alkaline media, the format ion of by-prod ucts (acetalde­

hyde and acetic ac id) has been. Furthermore, the major product produced in AAEMFC 

for EOR is acetate and the average number of e lectrons transferred is ~8; which is signi f­

icantly higher than for the EOR in PEMFCs. Another possible advantage that a lkal ine 

media have over acidic med ia is the low overpotentials at which the ORR can occur on Pt 

[53, 91 ]. In alkaline media on a Pt catalyst, the direct 4 electron ORR (equation 1.3) oc­

curs at a potential of 0.401 Y, which is significantly lower than ORR in ac id ic media 
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( 1.229 V). Consequently, alkaline media is not favored for the EOR, leading to an in­

crease in overpotential at the anode, and no significant increase in cell potential. 

. PEM 

Anode 

120H· 

Cathode 

Figure 1.5. A Schematic of an AAEMFC for ethanol oxidation. 

The less corrosive environment and the decrease in fuel crossover (due to the opposite 

direction of ion migration through the membrane) also add to the advantageous properties 

of AAEMFCs. The main disadvantage of AAE MFCs is the conducti vity of the exchange 

membrane. Since the diffusion coefficient of H+ is ca. twice that of OH-, twice the 

amount ofOH- ions must be present to obtain similar results to PEMFCs [92] . This leads 

to a very basic environment (pH > 14) at the cathode and the MEA can easi ly be dam­

aged. Many research groups have reported sign ificant advancements in AAEMFC for 

EOR, but thi s is not discussed further as it is beyond the scope of this work. 
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1.3. Fuel Cell Theory 

For the proceeding chapters, it is important for readers to have a general understanding 

of: the electrochemistry behind the fuel cell reactions, the definition of terms used, and 

the concept of faradaic processes. 

1.3.1. Fuel Cell Performance 

Understanding the bas ic thermodynamics of a fuel ce ll is very important when describing 

its ·'performance". To understand performance in a fuel cell, some terminology and defi-

nitions must first be introduced. The theory described in this subsection is all obtained 

from [93]. 

During the fuel cell process, e lectrons flow from the anode, th rough a load, to the 

cathode. Thi s results in a current fl owing opposite of the electron flow and a di fference of 

potential from cathode to anode. The potential di fference in the cell is one of the most 

im portant parameters when describing the behavior of the ce ll. When the cell is operat ing 

at the most thermodynamically reversible conditions, the potential difference between 

electrodes is called the " reversible cell potential" (Erev). The Erev is the highest possible 

cell potential a fuel ce ll can obtain. When analyzing thermodynamic propert ies such as 

enthalpy, entropy and G ibb · s energy, equations can be derived to see the temperature, 

pressure and concentration dependence of Erev· The derived fo rmula fo r Erev 

is as fo llows: 

E,.,w (T,P) = 
11G (T, P) 

nF 
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Taking the derivative of the Gibb's function with respect to temperature, while 

leaving the pressure constant, results in the following: 

Substituting 1.19 

(atJ.G) = -!J.S 
ar p 

into 

!J.S 

nF 

(1.20) 

1.20 gtves: 

(1.21) 

Based on equation 1.21, it is shown that the effect of the temperature will depend on the 

entropy of the reaction in the fuel cell. When the i1S > 0, the reversible cell potential wil l 

increase with increasing temperature. When the i1S < 0, the reversible cell potential wil l 

decrease with increasing temperature. When the system has i1S = 0, the reversible ce ll 

potential is not dependent on the temperature. 

When the Gibb ' s function is differentiated with respect to the pressure, leav ing 

the temperature constant, the following formula is derived: 

(1.22) 

where !J. v is the change in volume between the products and reactants in the fue l cel l re-

action. Substituting equation 1.1 9 into 1.22, the fo llowing equation is derived : 

(
aE,·ev ') 

aP r 

!J.v 
(1.23) 

nF 
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Based on this equation, it is clear that the reversible cell potential is dependent on the 

vo lumes of the products and reactants in the fuel cell equation. Rearranging the ideal gas 

equation for volume (equation 1.24), it is shown that the Erev is dependent on the change 

in the number of moles of gas from products to reactants. 

6v = 6 n RT /P ( 1.24) 

This being said, when the pressure is increased or decreased in the fuel cell , the change in 

Ercv is complete ly dependent on which side of the equation has the largest number of gas 

molecules. When 6n > 0, the E rev will decrease with pressure. When 6n < 0, the Erev 

will increase with pressure. Mostly all reactions in fuel cells will fo llow 6n < 0, as is the 

case with the hydrogen fuel cell ( H1(n ) + ~ 0 2(n ) ~ H20 (g) ). When 6n = 0 any change 

in pressure will not affect the system. 

One major problem in fuel cells, part icularly in ethanol fuel cell s, is that the redox 

reactions are often not reversible. Such irreversible reactions lead to significant decreases 

in cell potential. The open circuit potential (OCP) is the potential difference observed be­

tween electrodes when no current is flowing in the cell. Once electrons start to migrate 

from the anode to the cathode, a current is produced and a decrease in the cell potential is 

observed. The difference in cell potentia l from the reversible cell potential is called the 

overpotentia l (11). As current density increases and the cell potential decreases (becom ing 

further away from the revers ible potential) the overpotential of the cell increases . The 

overpotential is reported to be a result of three separate issues in the fue l cell . 
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The best way to examine the performance of a fuel ce ll is by analyzing a polariza­

tion curve. The po larization curve is a plot of actual cel l voltage (V) against the current 

density U). Figure 1.6 illustrates a typical polarization curve for a DEFC. The straight line 

at the top represents the reversible cel l potential. As shown, the zero current output poten­

tial (OCP) is significantly lower than the reversible cell potential. This drop in cell poten­

tial is due to parasitic processes that are not completely understood but are most likely a 

consequence of fue l crossover. As the current density is increased and the reaction pro­

ceeds, it can be seen that the cell potential drops until it reaches zero. The resulting cur­

rent density when the potential is depleted is known as the " limiting current". 

As shown in Figure 1.6, the polarization curve can be divided into three sections. 

These sections can be classified based on the main cause of the increased overpotential in 

each potential region. The first region of the polarization curve occurring at low overpo­

tentials is often called the activation polarization (TJact) region and is shown to have a 

steep decrease in potential. The activation polarization occurs from the slow kinetics of 

the reactions occurring at the anode and cathode. Cell potential is quickly lost in this first 

region as energy is consumed to increase the rate of the electrochem ical reactions to sati s­

fy the current demand. The second region is often called the Ohmic polarization (TJohm) 

region. This middle section of the po larization curve illustrates an almost linear relation­

ship between the cell potential and the current density. This overpotential is caused by 

two factors . The first is the resistance to proton conduction through the electro lyte mem­

brane. The second is caused from the resistance to electron flow in the electrodes, fl ow 

plates, and connectors. The third section of the polarization curve is known as the con-
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centration polarization (llconc) region. T his overpotential ari ses from s low mass transfer of 

reactants to the e lectrode surfaces and to a lesser extent a build up of products at the ac­

ti ve s ites. In this high overpotential region, there is a signi ficant imba lance of reactant 

and products at the acti ve s ites. To account for the quick depletion of reactants and to sat­

isfy the high current output demand, the ce ll potential rapidly decreases unt il it reaches 

zero (limi t ing current). 

T he performance of a fue l cell is more of a comparative too l fo r fue l ce ll analys is. 

T he cell vo ltage at a given current dens ity or v ice versa in a po larization curve is usua lly 

compared between vario us fuel ce ll experiments to determ ine which has the best perfor­

mance. At a g iven current dens ity, the fue l cell that exhibits the h ighest ce ll potent ial is 

said to have the best pe rfo rmance. A nother characteristic often observed is the limi ting 

c urrent in a cell ; the higher the limiting current, the better the performance of the fuel 

cell . 

1.3.2. Fuel Cell Efficiencies 

T he overall effic ie ncy of a fuel cell is another very im portant characteristic to exam ine 

when determining the overall qua lity of a fuel cell. There are efficiencies that must be 

taken into consideration when ana lyzing the overall efficiency of a fuel ce ll , such as volt­

age effic iency, current effic iency, reversible efficiency, G ibbs energy conversion effi­

c iency, fue l cell system effic iency and auxiliary efficiency. For conciseness of this report, 

only voltage and current effic iencies are discussed . 
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Figure 1.6: A typical polarization curve for a fuel cell . Regions: I. Activation po­
larization. 2. Ohmic polarization. 3. Concentration polarization 
(Adapted from [93]). 

Based on the fundamental relationship between voltage across two electrodes (V) 

and energy dissipated (En) as shown in equation 1.25 (where Q is the charge), the voltage 

efficiency is essentially a specific form of energy efficiency. As mentioned in the 
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E 
' ' - n •' --

Q 
(1.25) 

preceding section, the actual cell potent ial (E) is lower than the reversible ce ll potential 

(Erev) due to the overpotentials. The ratio between E and Erev is known as the voltage effi-

ciency (-rE) and is always less than one. The voltage efficiency describes how far away 

the cell potential is from the idealized cell potential at any given current density. 

The current efficiency (-r1) in a fuel cell is a relationship between current produced 

and amount of fuel that is consumed by the fuel cell . This measurement is based on Fara-

day ' s law and is described by the fo llowing equation: 

I 
Tl= --

n F{J 
(1 .26) 

where n is the theoretical number of electrons transferred, F is Faraday's constant and f3 

is the rate of fuel consumption in the fuel cell. Thi s effi ciency measure is very im portant 

in DEFCs since one of the major problems is incomplete ox idat ion to C02. This causes 

the n value to vary depending on the anode products produced (nAA = 4, nAAL = 2, 

nco = 12), where acet ic ac id (AA) and acetaldehyde (AAL) are the dominant products 
z 

in the EOR. The experimental n values are much lower than 12, resulting in low currents 

and a severe decrease in current effic iencies. The efficienc ies descr ibed in the rest of this 

work are current ineffic iency un less otherwise stated. 
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1.3.3. Energy and Power Density 

Energy and power density are two very important parameters when describing a fuel cell . 

Energy density is defined as the amount of energy stored in a given system per unit vo l-

ume or mass and can be represented by: 

En 
D=­

E V (1.27) 

This parameter is very useful when describing and comparing various fuels. Table 1.1 

summarizes the energy densities of some common fuels used today. Since the volume of 

a gas is much greater than that of a liquid, it is shown that for all of the gaseous fue ls in 

the table, the energy density is very low in comparison to the liquid fuels . For the liquid 

fuels, as the molar mass is increased, the ability of the fuel to store energy also increases, 

increasing the energy density. 

For fuel cell applications, an alternate energy density definition is often used. It is de-

scribed as the amount of energy stored in a given system per unit mass. Comparing the 

energy density of hydrogen by unit volume and unit mass, H2 ranks from one of the worst 

to the very best. This is due to the very low mass of hydrogen. Thi s extremely high ener-

gy to mass ratio of hydrogen has been the primary reason for hydrogen becoming the 

most attractive fuel in the fuel cell community. However, the poor energy to volume ratio 

of hydrogen shows the inefficiency of the fuel when looking at storage and delivery of 

fuel to the cell. 
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Table 1.1: Energy densities per volume and per mass for many popular fuels used 
in combustion engines and fuel cells [Apadter from 94]. 

Fuel Energy Density (k W h C 1) Energy Density (k W h kg- 1
) 

Hydrogen (g) 0.003 33.3 

Hydrogen (I) 2.36 33.3 

Methane 0.011 15.4 

Methanol 4.33 6.09 

Ethanol 6.67 8.01 

Butanol 8.11 10.2 

Gasoline 10 12.7 

The power density is defined as the amount of power produced per unit volume, 

mass or area (eq uat ion 1.28) and power is defined as the amount of energy produced per 

unit time and has units of watts (W). Since power is proportional to power density, the 

rate at which energy is produced in a system will also be proportional to the power densi~ 

ty. Moreover, the faster the kinetics in the fuel cell , the higher the power, hence the 

p 
D =­

P V (1.28) 

higher the power density. In fuel cells, power density is often referred to as the amount of 

power produced per unit area hav ing units of mW cm-2. Since the power densi ty is direct-

ly related to the kinetics of the fuel cell reactions, it wi ll depend on many other parame-

ters such as the temperature and pressure of the cell, the concentrat ion of the fue l, and 

composition of the electrocatalyst. 
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1.3.4. Faradaic Processes 

A ll theory described in this section was obtained from [95]. A ll ca lculations shown in the 

bulk of thi s work are based on the faradaic princ iples. In e lectrochemical experiments, 

concentrations of products can be direct ly re lated to the current that is produced during a 

redox reaction. Every redox couple has a certain standard potentia l (P) where the elec-

troacti ve species is neutral. At potentia ls < E0
, the species w ill be in reduced and at po-

tential > P, they w ill be ox idized . At a given potential E, the Nernst equat ion (equation 

1.29) can be employed to determine the concentration ratio of oxidized vs. reduced spe-

c ies at the e lectrode surface. 

2 .3RT C0 (0, i) 
E = E 0 + -- log __::.....:.__.:... 

nF CR(o, t) 
(1.30) 

When a species loses or ga ins e lectrons, a current will be produced and is ca lled the fa ra-

daic c urrent. T he resulting current is a di rect measure of the rate of the react ion . When 

calculating concentrations and yie lds of the oxidized species (products) of the EOR, Far-

aday ' s law is used in order to determine the theoretical concentrat ion of products. To ob-

tain a y ield and to determine product distributions, the number of "experimental moles" 

of product is div ided by the " theoretical moles" of product obtained from the fo llowing 

equation: 

(1.30) 
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where n is the number of electrons theoret ically transferred in the reaction. All products 

yie lds reported in the proceeding chapters were calculated as fo llows: 

N 
% y ield= ~ x 100% 

N th <JO 

1.4. Limitations of the EOR in DEFCs 

( 1.31) 

This section will focus on the barriers, breakthroughs and future goals of EOR in DEFCs. 

T here are many factors that contribute to the lack of commercializat ion of DEFCs as a l-

ternative energy sources. T he barriers reviewed in this section inc lude the sluggish kinet-

ics of the EOR, the inefficiency of the EOR due to incomplete oxidation, the negative 

effects of fuel crossover, and the cost of electrode and Nation® membranes. 

1.4.1. Poor EOR Kinetics 

The primary reason for the s low kinetics of the EOR is poisoning of the anode by inter-

mediates adsorbed on the e lectrode surface. The effects of anode poisoning on a Pt cata-

lyst a re effect ively shown by data from Oejten eta/. [96] presented in Figure 1.7. This 

experi ment involved poisoning of the H2 anode stream w ith CO and observi ng the current 

density over time. It is c learly shown from the polarization curves that the performance of 

the cell was best for the pure H2 stream. When CO was first introduced into the fuel 

stream, a significant decrease in cell potential was observed . As the time interval of the 

runs was increased, a trend of decreasing performance was reported. At short time inte r-

vals, H2 and CO compete for active Pt adsorption sites. However, as time 
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Figure 1.7: Po larization curves for H2 oxidat ion at a 30% w/o Pt on Vu lcan XC 
72 anode at 80 oc at various steady-state time intervals. H2 was 
doped with CO to demonstrate the effects of electrode poisoning ( ob­
ta ined with permission from [96]). 

increased, the strongly adsorbed CO occupied most of the adsorption s ites, leav ing very 

little active surface area for the oxidation of H2. This leads to a decrease in the rate of 

e lectron transfer and current density. A lthough these po larization curves are for hydrogen 

oxidation and CO was introduced into the cell, this is a very good representation of what 

occurs o n a Pt anode in a DEFC. 

To better understand why some anode cata lysts a re more susceptib le to in termed i-

ate po isoning than others in DEFCs, the surface of the e lectrodes a long with their mecha-

nisms must be c losely examined . 
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Pt anode catalysts have been the most widely researched fo r the EOR. Pt has been 

reported to have the best selectivity towards complete oxidation, but is known to be ex­

treme ly susceptible to COads po isoning. The mechanism to complete oxidation and po i­

soning of the electrode on Pt is depicted in Figure 1.8 a. and b. respectively . As shown, 

when ethanol is dissociated on the Pt electrode, the COads forms linear and/o r bridging 

interactions with the Pt surface [97]. These Pt-CO bonds on the surface are extremely 

stro ng, and require large overpotentials and oxygenated species to be fully oxidized to 

C02. Since the potential to dissociate ethanol into CO is much lower than the potential to 

dissociate H20 into H+ and OHads, most ofthe active Pt adsorption sites are a lready occu­

pied by the CO before the OHads has the opportunity to form. As shown in the figure, for 

oxidation of CO into C02 to occur, adjacent COads and OHads must be present. When 

there is a s ignificant imbalance of the two adsorbates on the surface, CO is unable to oxi­

dize further and the current dens ity severely decreases. 

To limit or eliminate the poisoning of the electrode, many research groups have 

been developing new anode catalysts that have the ab ility to lower the overpotentia l for 

the dissoc iation of H20 and to decrease the bond strength of the CO on the e lectrode sur­

face. To understand how to deve lop new electrocatalysts that can overcome these barri­

ers, an explanation of the bifunctional mechanism and ligand (e lectronic) effects must be 

made. 
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a.) 

b.) 

) 

Figure 1.8. a.) Simpli fi ed mechanism fo r CO oxidation into C0 2. b.) Po isoning of 
the e lectrode by CO. 

For ethano l oxidation, the bifunctiona l mechanism [70, 98] is a process where the 

Pt catalyst is a lloyed with a secondary o r tertiary metal to lower the overpotential fo r the 

oxidation of CO on the surface. T he alloyed meta l is able to d issociate H20 and favors 

the adsorption of OHacts rather than COacts at the anode. T his e lim inates the competi tion 

between CO and OH, and leaves suffi cient active sites for the OH to adsorb on the sur-

face. The c lose proximity of the CO and OH mo lecules enhance the k inetics of the CO 

oxidation to C02. 
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Many metals including Ru [16, 48, 87], Sn [98-102] and Ti [103] have been in­

troduced into the Pt electrode surface and have shown increases in catalytic activity by 

increasing the CO tolerance at the surface. The secondary metal content has also been 

extensively examined in CO poisoning experiments. It has been shown that too much of a 

secondary metal can result in high OHads concentrations leading to significant OH poison­

ing [ 16, 48, 99] versus CO poisoning . 

The second major problem leading to CO poisoning at the electrode is the strong 

interaction between the Pt on the surface and the adsorbed CO molecules. This barrier 

and the theory on how to overcome it was successfully described by N0skov et a!.[ I 04-

1 06] using density functional theory (OFT) calculations. Their work has described cata­

lytic properties that can be altered with the incorporation of a secondary or tertiary metal 

in the catalyst composition. This theory, known as ligand (or electronic) effects, suggests 

that there are two main factors that contribute to the change in the electronic effects at the 

Pt surface which can result in weaker Pt-CO and Pt-OH bonds. 

The first property is producing a strain on the surface of the electrode. By alloying 

the Pt electrode with a secondary and/or tertiary metal, the bond lengths of the atoms ad­

sorbed on the surface of the electrode will be altered. This will result in either a tensile 

strain (which will lengthen the bond lengths) or a compressive strain (which will shorten 

the bonds). When an atom that is larger than Pt is introduced into the surface composi­

tion, the average bond lengths will increase leading to a tensile strain on the surface. 

When this occurs, the d-orbitals between atoms on the surface decrease in overlap wh ich 

leads to a higher surface energy and stronger adsorption energy for the CO molecules. 
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When a smaller atom is incorporated into the surface composition, the average bond 

lengths on the surface are decreased, leading to an increase in d-orbital overlap and a de­

crease in surface energy. This decreased in surface energy leads to a decrease in adsorp­

tion energy, hence a weaker Pt-CO interaction. 

The second property that can be altered is the e lectronic interactions between 

metal atoms in the composition of the catalyst. This is often referred to as the ligand ef­

fect. To investigate this effect, a layer of a secondary metal was placed just below the Pt 

surface layer [103]. No stra in on the surface of the electrode was reported, therefore all of 

the results were sole ly due to electronic interactions between the two different metals. 

Their results were calculated computationally, by examining the d-band centers of each 

3d transition metal - Pt compositions [ 1 03]. It was found that as they moved from right to 

left on the periodic table (decreasing atomic size) the d-band centers of the al loys de­

creased. Lowering of the d-band results in a weaker adsorption energy for OHacts and eas­

ier removal of the C0 2• Out of all the 3d transition metals examined in this work, the Pt­

T i surface was found to have the weakest adsorption energy, hence was the best for limi t­

ing po isoning on the electrode. 

1.4.2. Incomplete Oxidation of Ethanol 

As mentioned earlier in thi s work, when ethanol is not fully ox idized into C02, transfer­

ring 12 electrons (equation 1.16), the reaction is very inefficient. The major obstacle in 

achieving complete oxidation to C0 2 is the cleavage of the C-C bond which is only seen 

at very high positive potentia ls. [ 12, I 07, I 08]. It has been reported from a number of theo­

retical stud ies (using OFT) (63-65] that out of al l of the possible pathways by wh ich eth-
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anol ox idation can proceed, the C-C breakage is the most energet ically demanding. As 

shown by a theoret ical study carried out by Wang et a!. [63 ] (F igure 1.9) on a Pt elec­

trode, ethanol oxidation can fo llow a variety of pathways before being oxidized to one of 

the three main products. In each step of thi s reaction scheme, it is clearly shown that the 

energy barrier fo r the C-C cleavage is the highest. 

T hi s study shows a very high reaction barrier for an initial C-C cleavage (2.98 

eV), and w ill most likely not occur at this stage of the reaction. After aceta ldehyde is 

produced in the first step of the mechanism, a C-C bond cleavage is observed, w ith an 

energy barrie r of less than half of the direct c leavage. Th is indicates that the C02 that is 

produced in the EOR is most likely a by-product from aceta ldehyde production in there­

action . 

It has also been reported in an experimental study carried out by Rao et a l. [I 09] 

that acetaldehyde can eas ily be ox idized into C02 and acetic acid . However, once acetic 

ac id is produced, it is a fina l product and cannot be further converted to C02. Based on 

these reports, it is suggested that the production of C02 primarily results from an aceta l­

dehyde intermediate and only sma ll amounts of C02 are produced from the direct oxida­

tion from ethano l. The mechanism of ethano l oxidation is very complex and the under­

sta nding of what parameters of the catalyst must be altered to obtain the maximum effi ­

c iency and performance is stil l unclear. S ince the production of acetic ac id yie lds the 

transfer of 4 e lectrons and aceta ldehyde only 2, one would think it more effic ient to try to 

inc rease the selecti vity towards acetic acid. However, as j ust mentioned, acet ic ac id is a 
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Figure 1.9: A scheme of possible EOR pathways a long w ith the energy barriers 
calculated at each step using DFT, units of values in eV (adapted from 
[63]). 

final product, whereas acetaldehyde can be further oxidized to o btain complete oxidation. 

For the commercialization of DEFC it is imperative that EOR gets as c lose as possible to 

complete oxidation. With this being said, the selectivity towards acetaldehyde would be 

preferred over acetic acid, as the product cou ld be reused and converted to C02. 

As me ntioned earlier, the incorporation of a secondary or tertiary meta l into the 

e lectrode compos ition can s ignificantly increase the performance of the cell. PtRu and 

PtSn have been shown to g ive the best performance and the best power dens ity for EOR 

in DEFCs. However, it has a lso been shown that when Ru or Sn is introduced into the 

latt ice structure of the e lectrode, the selectivity towards C02 is significantly decreased ( in 

comparison to pure Pt). Rousseau et a l. [II 0] showed that the incorporation of Sn into a 

Pt electrode lowered both the yie lds of C02 and aceta ldehyde, while s ignificantly increas-
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ing the acetic ac id yield . This suggests that in order to adsorb dissociated ethano l on the 

surface and break the C-C bond, adjacent Pt sites are needed [Ill]. When the C-C bond 

in ethanol is not cleaved, adsorbed acetaldehyde covers the surface and by the bifunction­

al mechanism, the Sn activates H20 forming OHads, and the acetaldehyde and OHads react 

to form acetic ac id. 

The development of new anode catalysts is a very complicated procedure as bal­

ance between performance and selectivity is needed. As the performance of a catalyst is 

increased, it is generally found that the selectivity towards complete oxidation is de­

creased [II 0], and vice versa. As Pt catalysts are typically the best for selectivity towards 

C02, one of the objectives for improving catalyst technology is to increase the perfor­

mance ofthe electrode whi le leaving the C0 2 yield unchanged. 

The best reported yields of C02 were obtained at very high ce ll temperature on 

Pt/Ru catalysts. Arico et al. [52] reported a C02 yie ld of 90% at 145 oc resulting in a 

power density of II 0 m W em -2 and Wang et al. [ 11 2] reported a C02 yield of 79% at I 70 

oc (77 m W cm-2). Although these researchers have obtained very high C02 yie lds, the 

temperatures used are undesirable for functional use of a fuel ce ll. The most commonly 

used electrolyte membrane (Nation®) can only withstand temperature up to ca. I 00 °C, as 

they need to be continua lly hydrated. Moreover, high temperature fuel cells must be pres­

surized during operation. More recently, the focus has been shifted to low temperature 

fue l cells which would be much more suitable for commercial use. The best reported low 

temperature C02 yield was reported by Kowal et al. [65] using a novel Pt/Rh/Sn02 cata-
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lyst that can effective ly split the C-C bond at moderate temperature (60 °C) to g ive a C0 2 

product y ie ld of ca . 50%. 

1.4.3. Effects of Fuel Crossover 

Fue l crossover has been one of the most concerning problems in DAFCs [eg. 14, 55, 59, 

70] . In DEFCs ethanol crossover results in a decrease in fuel effic iency, hence energy 

density. As ethano l migrates from the anode to the cathode through the membrane, the 

usefulness of the fuel as an e lectron doner is lost. Furthermore, the ethano l can react w ith 

0 2 at the cathode at lower potentials fo r the ORR, resulting in a decrease in 02 reduction 

potent ia l. T hi s results in an overall decrease in the cell potential and fue l effic iency 

(known as a " mixed pote ntial"). 

T he rate at which ethanol is able to diffuse through the membrane is h ighly de­

pendent on the temperatu re of the cell , the concentration of the fue l and the th ickness of 

the solid e lectro lyte membrane. Li et a!. [72] effectively described how each of these pa­

rameters influenced the crossover rate in a DEFC using the limiti ng ethanol ox idation 

current. They reported that increasing the ethanol concentration by a factor of 4 resulted 

in a ca. 260% increase in crossover current . By increasing the th ickness of the membrane 

from ca. 125 ~tm to ca. 175 ~m , the crossover current was ha lved . Increasing temperature 

from 23 to 80 °C, increased the crossover current by a factor of 8. This study suggests 

that low ethano l concentration, thick membranes and low temperature is the recipe for 

low etha no l crossover in DEFCs. However, j ust like performance and selectiv ity, when 

overcoming one barrier in EOR, another proble m is exemp lified . Us ing low concentra­

tions of ethanol is great for decreasing crossover rates and increasing the fue l effic iency, 
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however too much wate r at the anode can cause serious mass transport problems. Us ing a 

thick e lectrolyte membrane reduces crossover, but increases the proton migration re­

s istance in the membrane. Low temperatures s ignificantly decrease di ffu sion rates, but 

performances, effic ie ncy and selectivity are also all reduced. 

1.4.4. Cost Analysis of PEM-DEFCs 

As mentioned above, one of the primary research areas in DEFC in recent years has been 

the deve lopment of low-Pt or Pt-free anode and cathode cata lysts . In a recent stati stic (Ju­

ly 20 12) it was shown that Pt meta l was the most expensive meta l on the market at over 

46 euros per gram [II 3]. Table I .2 shows the average prices in euros of most of the re­

ported metals found in DEFC cata lysts over a one year period. From an economic po int 

of view, it is c lear that the Pt loading of cata lysts must be reduced s ignificantly to make 

DEFCs ava ilable for commercia l products. In terms o f Pt loading and a lloying, signi fi ­

cant advancements have been made over the past decade . In 2002, the cost of ethanol fuel 

cells (production) per unit of energy produced was ca. $275 per kW [113]. In 2011 , it was 

reported that the cost had decreased by ca. 82% to ca. $49 per kW. To become commer­

c ia lly competitive w ith gasoline and internal combustion engines, the US department of 

energy estimated that the cost would need to be further reduced to $35 per k W. T he high 

costs of PEM-DEFCs in 2002 were a consequence of high Pt e lectrode loadings, high 

cost ofNafion® membranes [26] and small scale manufacturing. 

T he best measurement for describing and comparing how econom ical a fue l ce ll 

is, is power dens ity in terms ofpower produced per unit of mass (of Pt) . The Pt/ Ru 
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Table 1.2: Average price of metals used in catalysts for the EOR from July 20 11-
July 201 2 in Europe (Reproduced from [ 113]). 

Metal Average Price ( euros per g) 

Pt 46 

Rh 44 
Au 42.5 
Ir 31 
Pd 19 
Re 4.8 
Ru 3 
Ag 0.72 
Co 0.02 
Ni 0.01 
Sn 0.01 
Cu 0.00612 
AI 0.001 52 

catalysts prepared by Arico and Wang [52, 112] are the best in the fie ld with power densi-

ties of0.0275 mW J.lg-1rt and 0.0 115 mW J.lg- 1 r~> repectively. 
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1.5. Research Objectives 

The first goal of the current research project was to develop an online system to quantify 

product distribution in the EOR. As multi-catalyst screening techniques have been devel­

oped to quickly determine activity of electrodes and cell performance, it is very important 

to have a system that can determine EOR products in real time under working DEFC 

conditions. Current techniques used for product analysis are time consuming, costly and 

require a fair deal of expertise. The techniques described in this work are inexpensive, 

user friendly and can monitor product y ields as they are be ing produced. 

The second objective of thi s work was to examine crossover effects in DEFCs. It 

has been clearly shown that ethanol crosses through the membrane causing a mixed po­

tential , however, there have been no reports on how crossover affects the EOR product 

distribution. The negative effects of fuel and product crossover leading to s ignificant er­

rors in product ana lys is will be examined. 

A novel approach to operating a DEFC us ing a "crossover mode" to contro l the 

flux and concentrat ion of ethanol at the anode was another aspiration of this project. By 

allowing etha nol to diffuse through the PEM before applying current, we were ab le to 

e liminate C02 crossover, and obtain more accurate C02 measurements . This method a l­

lows for control of ethano l concentration at the anode (eliminating crossover fro m anode 

to cathode) which can a lso lead to improved product analys is. 

To better understand and he lp broaden the scope of the EOR, the kinetics of ad­

sorption of ethano l are examined using stripping techniques. T his technique involves al-

45 



tering pulsing and resting intervals, which help in understanding poisoning of the elec­

trode and the rate determining steps of the EOR. 

Finally, the last objective of this project is the development and characterization 

of new anode catalysts which are able to increase the perfo rmance of the cell (compared 

to Pt) while maintaining selectivity towards C02. 
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CHAPTER2 

Experimental 
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2.1. Chemicals and Materials 

Al l chemicals and materials, with the exception of the anode support plate of the fuel cell, 

were used as received. The inlet and outlet portions of the anode support plate of the fuel 

cell were modified to eliminate any contact between the anode solution and the metal of 

the plate. For acetic acid measurements, a large background was detected and was sus­

pected to be caused by metal ions dissolving from the metal block into the anode stream. 

The fue l ce ll used in all of the reported experiments of this work was a 5 cm2 sin­

gle cell fuel cell from Fuel Cel l Technology Inc. Nafion® 115 membranes were the onl y 

PEM used in this work. Al l homemade electrodes used Toray TM (0 .26 mm) carbon fiber 

paper (CFP). 

Commercial Pt anodes and cathodes (4 mg cm-2 loading of Pt black on Toray™ 

CFP) that were used in many of the experiments were donated by Ballard Power Sys­

tems. 

Chemicals used include: Anhydrous ethanol (Commercial Alcohols Inc.), acet ic 

acid (Fisher Scientific), acetaldehyde (S igma-Aldrich), 2,4-d initrophenol hydrazine 

(S igma-A ldrich), hydrochloric ac id (S igma-Aldrich), methanol (Fisher Scientific), sodi­

um hydroxide (S igma-Aldrich), potassium hydroxide (ACP Chemical Inc.), methyl or­

ange indicator (S igma-Aldrich), phenolphatle in pH indicator (Sigma-Aldrich), sulphuric 

acid (F isher Scientific), sodium borohydride (S igma-Aldrich), carbon black (V ulcan XC-

72, Cabot), sodium citrate (Anachemia), potass ium perruthenate (Aifa Aesar), chloropla­

tinic acid hexahydrate (Aifa Aesar), tin (IV) chloride pentahydrate (F isher Scientific) and 

Nafi on® solution (5%, Dupont). 
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Industrial grade nitrogen, oxygen and 5% H2/N2 from Air Liquide were used in 

fuel cell experiments. C02 (Air Liquide) was used in detector calibrations. 

2.2. Preparation of Electrodes and MEAs 

Homemade electrodes described in this work were prepared in a similar fashion to Li et 

a!. ( eg. [I ,2]). A catalyst ink was prepared by first dispersing the catalyst in sufficient 5% 

Nafion® solution (Aldrich) and the resulting mixture was sonicated for ca. 30 min. The 

ink was then well dispersed over a 5 cm2 piece of CFP (Toray™). The catalyst was then 

a llowed to dry overnight in a fumehood. 

For low or room temperature (RT) experiments, MEAs were prepared by hot­

pressing the electrodes and a Nafion® 115 membrane together at a temperature of 135 oc 

for 90 sec at a pressure of200 kg cm-2 using a Carver laboratory press. 

2.3. Electrochemical Measurements 

Electrochemical measurements (galvanostatic and potentiostat ic) were carried out with a 

Solartron 1286 electrochemical interface coupled with a 1250 frequency analyzer or with 

an Arbin® Instruments multi-channel potentiostat. CorrWear and E-DAQ software were 

used for measuring and recorded potential/current and conductivity responses respective­

ly. Logger Pro software was used for record ing C02 detector signals. 

Cyclic voltammetry measurements were carried out in a conventional three elec­

trode cell using an EG&PAR 273 potentiostat/galvanostat. This instrument used M270 

commercial software for recording results. 
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2.4. Product Analysis Instrumentation 

To determine the product selectivity in the EOR, three main instruments were used. For 

C02 analysis, a commercial C02 detector was used . In acetic acid analysis, a commerc ial 

flow-through conductivity detector was used . Acetaldehyde measurements were carried 

out using gas chromatography (GC). 

2.4.1. Non-Dispersive Infrared (NDIR) Carbon Dioxide Detector 

Most of the C02 measurements reported in this work were carried out using a commercial 

Telaire 700 I C02 detector. The detector uses a dual beam absorption infrared method 

with a gas flow-through inlet. It consists of an IR lamp which delivers waves of light 

through a tube of air (Figure 2. 1 ). The detector uses an optical filter which eliminates 

wavelengths from all likely interferences. When the tube is flushed w ith N2 none of IR 

waves are absorbed and all of the light is detected at the far end of the tube. Once C02 is 

introduced into the detecto r, the IR waves are absorbed by the C02, leading to a decrease 

in light detected. The difference in IR light detected (C02/N2 to N2) is used to determine 

the concentration of C02 present in the detector. Beer' s law represents the corre-

lation between analyte concentration and intensity of light by the following: 

(2.1) 
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Gas inlet Gas outlet 

I filter 

IR detector 

Figure 2.1: Gas chamber tube of a NDIR C0 2 monitor consisting of an IR lamp, 
optical fi Iter and I R detector. 

where I is the intens ity of the light striking the detector, /0 is the measured intensity of 

the light in the empty gas chamber, k is a system dependent constant and C is the concen-

tration of the gas to be measured . C02 calibration gases are use to obtain k for the device. 

T he C02 detector and product analysis are further discussed m the upcoming 

chapters of this report. 

2.4.2. Flow- Through Conductivity Detector 

A commercial liquid flow-through conductivity pod from E-DAQ was used in many of 

the acetic ac id measurements throughout this work. This dev ice detects substances that 
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Electrodes 

Inlet ~ Outlet~ 

Figure 2.2 : A schematic of a simple liquid flow-through conductivity detector. 

ionize in solution, and is therefore great for inorgan ic and organic acids, bases and salts . 

These systems are frequently used in environmental studies and many biotechnology ap­

plications. 

This simple detector consists of two electrodes which are both exposed to the liq­

uid feed (Figure 2.2) . Once the solution is in contact with the electrodes, the ions cause 

an electrical conductance between the electrodes. A potentia l pu lse is applied across the 

pair of e lectrodes and the alternating current (AC) (0.5, I or I 0 kHz frequency) is meas­

ured . A direct current (DC) voltage signal is produced that is proportional to the conduct­

ance. The conductiv ity is the reciprocal of the electrical resistiv ity and can be repre­

sented by the fol lowing fo rmula: 

1 
(2.2) a= 

The units of conductiv ity are usually expressed as J..LS cm-1 or mS cm-1
, where S isS ie­

mens and is the reciprocal of Ohms (fr1
). 
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For acetic ac id concentration analysis, standards of various acid concentrations 

were made and fed through the cell. A linear relationship between [H+] and signal was 

observed and used as a calibration curve. Accuracy of the conductivity cell results were 

frequentl y checked by titrating the anode product solution. The conductivity results and 

discussion are presented in chapter 3 of this work. 

2.4.3. Gas Chromatograph 

Gas chromatography was used 1n the determination of acetaldehyde produced in the 

EOR. A Varian 3400 GC was used with a RTX®- 130 I molecular sieve column (Restek: 

60 m x 0.25 mm, 1.4 f.tm thickness) and flame-ionization detector were used. Ethanol 

present in the samples and used as the fuel was used as an internal standard. 

Due to the high volatility of acetaldehyde it was important that all samples from 

the anode and cathode exhausts were cooled quickly after exiting the fuel cell (also for 

acetic ac id measurements as a is T dependent). At the anode, the outlet I ine was a metal 

coil that was cooled in an ice bath to limit the loss of acetaldehyde due to vaporization. 

For collection of product at the cathode, a liquid nitrogen trap was placed directly below 

the collection flask. The liqu id nitrogen was able to freeze the acetaldehyde produced, 

and the resu lting solid acetaldehyde was col lected and refrigerated at temperatures below 

its bo iling point (4 °C). 

Gas chromatography is an analytical technique fo r separat ing and analyzi ng com­

pounds by vaporization . Once the compounds in a solution are in the gas phase, they in­

teract with the walls of the column. The wal ls of the column are composed of an inert so l­

id coated with liquid or polymer known as the stationary phase. The mobile phase in GC 
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is an inert gas (usually helium or nitrogen) and is used to carry the vaporized compounds 

through the column. Every compound will pass through the column at a di fferent rate 

(depending on the strength of the interaction between compound and materia l on the co l-

umn wall ), and the time required is known as the retention time. The difference in reten-

tion times between compounds and the strength of the signal produced is what gives GC 

its analytical properties. 

Various acetaldehyde standards were made using the same concentration of etha-

nol that was used in the fuel cell experiments. The peak area ratios between the acetalde-

hyde and ethanol peaks were used to produce a linear calibration curve for acetaldehyde 

analys is. The GC analysis will be discussed in the proceeding chapter. 

2.5 Catalyst Characterization Techniques 

2.5.1. X-Ray Diffraction (XRD) 

Powder XRD was used in these experiment to identi fy crystalline components of the 

catalysts synthesized in this work and to determine particle sizes. The sample is exposed 

to a fi xed wavelength of x-ray waves and the intensity of the diffracted waves are record-

ed and analyzed based on the degree of constructive and destructive interference This 

method is able to determine various properties of the catalyst structure including unit ce ll 

parameters by altering the angle of x-ray waves on the surface and recording their scatter-

ing patterns. 

XRD patterns of the catalysts examined were obta ined on an X-ray diffractometer 

(Ri gaku Ultima IV) using a Cu-Ka source ( 1.54 18 A) which was generated at 40 kV and 

44 rnA by Wanda Aylward of CREAIT working in the Earth Science building. Continu-
63 



ous mode was used with a count time of 1.000 degrees per sec. The scan ranged from I 0 

to 90 degrees, with an overall scan time of 1.33 h. 

2.5.2. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

ICP-MS is an analytical technique for determining elemental contents in a sample. The 

sensitivity ofthi s technique is extremely good as it can detect elements at concentrations 

as low as I part per trillion. It uses an inductively coupled plasma to ionize samples and 

is then quantified using mass spectroscopy. 

ICP-MS measurements were carried out using an Elan DRC II ICPMS by Lakma­

li Hewa ofCREA IT working out ofthe Earth Science building. To first di ssolve the met­

als from the catalyst samples, 2 mL of 8 mol L-1 nitric acid was added to 8 mg of the 

sample in a Teflon screw capped jar and left to heat at 70 oc two days. The sample did 

not go into solution. The sample was then diluted to 8 mL with nanopure water. Assum­

ing the e lements have leached out into the final 8 mL solution, a dilution (M37367a) of 

the final solution was analyzed. 

2.5.3. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is another analytical technique very similar to ICP-MS in that the atoms in the 

solution are ionized by an inductively coupled plasma. The main difference between the 

two techniques is that ICP-OES uses the electromagnetic emissions from ionized atoms 

to determine concentrations, whereas the ICP-MS uses the mass of the ionized atoms. 

ICP-OES measurements were carried out on a Perkin Elmer 5300 DY by Dr. 

Geert Van Biesen . Samples were first diluted with aqua regia and then further diluted 
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with 2% HN03 for ICP-OES analysis. Yttrium was used as an internal standard. Calibra­

tion curves were prepared using various concentrations of Pt, Sn and Ru in 2% HN03. 

2.5.4. Thermogravimetric Analysis (TGA) 

TGA is a method of thermal analys is used in this work in which increasing the tempera­

ture of a sample leads to changes in the composition of the sample. Due to the very high 

vaporization temperatures of the transition metals involved ( in comparison to the com­

bustion of carbon, water and surface oxygen functional groups), by setting the tempera­

ture of the instrument to temperatures just above the evaporation temperature of water, 

oxygen groups and carbon (in separate steps), the content of each was determined by the 

difference in mass. 

TGA experiments were conducted using a TA instrument Q500 thermograv imet­

ric analyzer with therma l advantage software by Julie Coll ins of C REA IT. The scan rate 

ranged from I to 50 oc min-1 depending of the rate of the mass loss, us ing a dynamic, 

high reso lution scan option. Experiments were conducted under an a ir atmosphere. 

2.5.5. Energy Dispersive X-Ray Microanalysis (EDX) 

In EDX experiments, high energy electrons are applied to the surface of a sample and x­

rays are produced as a resu lt of the e lectrons ioniz ing the core she lls of the atoms. T he 

energ ies and inte ns ities of the x-rays are measured, and since each atom has unique ener­

g ies for each core e lectron she ll , atoms in the sample can be distinguished. 

EDX analysis of the cata lysts were carried o ut us ing a Bruker X Flash dual 5030 

energy dispersive X-ray analyzer by Michael Shaffer at Memorial University. 
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2.5.6. Transmission Electron Microscopy (TEM) 

T EM is a microscopy technique that passes an electron beam through a thin layer sample. 

As the electrons pass through the sample, an image is produced. T he extreme ly high reso­

lution of these images can help in characteriz ing a sample at a mo lecular level. 

TEM experiments were carried out at the University of New Brunswick (The M i­

croscopy and Microana lys is Facility) by Louise Weaver us ing a JEOL 20 II 200 keY 

scanning transmi ss ion e lectron microscope. T he sample was pre pared by carefully scrap­

ing Pt-RuSn02/C powder off of an e lectrode and was dispersed in ethanol and sonicated. 

A drop of the sample solution was then placed on a 200 mesh, carbon coated copper grid 

and a llowed to dry overnight. The chemical ana lys is was carried out us ing a EDAX anal­

ys is system . 
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CHAPTER3 

A Novel Methodology for Online 
Analysis of Products from a DEFC 
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3.1. Introduction 

Parts of this chapter were written by Dr. Peter Pickup and have been published in a peer­

reviewed journal [I). This work was initiated by Dwayne Bennett (in collaboration with 

Dr. Azra Ghumman, and Dr. Robert Helleur), who demonstrated the basic concepts of the 

methodology, and obtained preliminary results with the DEFC. None of these earlier re-

suits are used in this thesis. The guidance of Dr. Guangchun Li with the instrumentation 

and fuel cell theory is gratefully acknowledged. 

The quantitative detection of ethanol oxidation products has been a recently grow­

mg sub-field of direct ethanol fuel cell (DEFC) chemistry. The significant increase in 

DEFC performance may perhaps now be sufficient to justi fy commercialization; however 

their efficiency and undesirable formation of by-products could be a challenge. The main 

products of the ethanol oxidation reaction (EOR) are acetic acid (AA) and aceta ldehyde 

(AAL), which result in much less energy production than for complete oxidation to C02. 

In add itions these products wou ld need to be collected and somehow recycled. The de­

velopment of practical PEM-based DEFC technology requires new anode catalysts that 

can accomplish almost complete oxidation of ethanol to C02 at moderate temperatures 

(preferab ly below I 00 °C). With the search for new catalysts gathering momentum [2-9], 

and the use of multi-electrode sputtering deposition techniques [I 0-12], product analysis 

is becoming an increasingly important top ic. The literature has discussed results obtained 

with both liquid electrolyte cells [ 13] and fuel cells [ 14). Differential electrochemical 

mass spectrometry is the preferred method for liquid electrolytes cells, and has been used 

at elevated temperatures and pressures [13]. This technique is we ll suited fo r mechani stic 

69 



studies, but measurements on fuel cells are necessary to evaluate the transferability of 

knowledge and optimize catalysts and conditions for the fuel cell environment. 

Measurements of product distributions from DEFCs have taken many different 

paths with the surge in DEFC technology. Figure 3. 1 illustrates a complex methodology 

that Lamy and co-workers [ 15] use for quantitative product analysis. This three step pro­

cess begins with the anode solution entering the first flask in which the liquids (AA and 

non-volatilized AAL) are extracted for HPLC analysis. The gaseous products (C02 and 

volatilized AAL) are purged into a second flask and bubbled through a solution of 2,4-

dinitrophenylhydrazine (2,4-DNPH) solution. The 2, 4-DNPH solution acts as an alde­

hyde test solution and the AAL, in its gas phase, reacts to form a precipitate. This precipi­

tate is then solubilised in ethyl acetate and is analyzed by HPLC. The C02 is then purged 

into a third flask in which it reacts with sodium hydroxide forming carbonate that is once 

again collected for high performance liquid chromatography (HPLC). Many other groups 

have successfull y analyzed product distributions by gas chromatography [2, 16- 18], 

and/or titration [2, 19] . Transmission IR measurements of C0 2 have also been reported for 

the oxidation of formic acid [20] and methanol [21 ,22]. 

Although most studies have been shown to give accurate and reproducible prod­

uct distributions; the time, money, effort and expertise required for these experiments 

could delay the screening and advancement of new anode catalysts. Furthermore, most of 

the techniques described above do not allow for real time monitoring of products during 

ethanol ox idation. 
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Figure 3.1 : Schematic of methodology used by Lamy et a!. for the detection of 
ethanol oxidation products from a direct ethanol fuel cell (Obtained 
with permission from [ 15]). 

In this work, we report a novel way of quantifying ethanol oxidation products in a 

DEFC that is time efficient, inexpensive, requires little expertise, and most importantly 

can monitor the concentrations of EOR products moments after they are produced. This 

methodology couples a liquid feed conductivity detector for AA detection along with a 

non-dispersive infrared C02 detector. It is demonstrated that the AAL yield can 

be accurately obtained from these measurements using a fa radaic charge balance, resul t-

ing in a simple online system for rapid evaluation of anode cata lysts in DEFCs. Further-

more, we exam ine problems in product analys is that result from fuel crossover from the 

anode and oxygen crossover from the cathode. 

Since this work has been published, Andreadis et a!. [23] have successfully de-

veloped an on-line system for product analysis by coupling a GC with aMS and three IR 

gas analyzers. The anode products were first heated to ca. 200 °C to ensure the AA, water 
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and unreacted ethanol were vaporized fo r analys is. The anode port outlet was directly 

connected to a GC/MS for AA and AAL measurements. The C02 produced in the EOR 

was analyzed using an IR detector selective fo r C02. Although this system can monitor 

products produced in rea l time (delayed ca. 20 min by retention times) expensive instru­

mentation and eq uipment expert ise are st ill required . 

The work described in thi s chapter was originally in collaboration with the Jeff 

Dahn group at Dalhousie Uni versity. They had used a 64-electrode fue l cell for high 

throughput screening of Pt and PtRu catalysts. A sputtering system was used to alter the 

composition of the catalyst. A constant 0.1 5 mg em -2 was first applied to the catalysts fo l­

lowed by a linear gradient of the metal (s). Activities of the catalysts were determined in 

the multi-electrode cell using cyclic voltammertry (CV). Once the best compos ition fo r 

the PtRu catalyst was determined, based on its activity, 5 cm2 catalysts were prepared and 

sent to us for product analysis. On this end, it was our objective to develop a fast, simple 

and inexpensive way of testing these catalysts in a DEFC for product analysis. A !though 

the performance and selectivity towards C02 for the prepared cata lysts did not show sig­

nificant enhancements, the results will still be briefly described in this chapter. 

3.2. Experimental 

3.2.1. Materials 

Electrodes used in this work consisted of 4 mg em -2 Pt black on To ray ™ carbon fibe r pa­

per donated by Ba llard Power Systems. Anhydrous ethanol was obta ined from Commer­

cial Alcohols Inc., while acetic acid and acetaldehyde were obtained from Sigma­

Aldrich. 
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3.2.2. The Fuel Cell 

A 5cm2 commercial cell (Fuel Cell Technology Inc.) was used. The anode inlet and outlet 

were both modified to prevent the anode solution from contacting any metal parts of the 

hardware since corrosion within the ports was found to lead to large background conduc­

tivity readings. Membrane and electrode assemblies were prepared by hot pressing a 5 

cm2 anode and a 5 cm2 cathode onto a Nation® I 15 membrane (Dupont) at a pressure of 

200 kg cm·2 at 135 oc for 90 s. The cell was operated with an anode feed of 0.50 mol L-1 

ethanol solution at 0.50 mL min-1
. The cathode feed was 5% H2 in N2 (v/v) at I 0 cm

3 

min-1 to provide a stable reference potential and prevent the formation of oxidation prod­

ucts from ethanol crossing through the membrane. Electrochemical (galvanostatic) meas­

urements were made using a Solartron 1286 electrochemical interface. 

3.2.3. Product Analysis 

A schematic of the online product analys is system is shown in Figure 3.2. A flow-through 

conductivity cell (eDAQ Inc.) was used to measure the conductivity due to AA (see sec­

tion 2.4 .2.) . After cool ing to approximately RT, and passing though the conductivity cell , 

the exhaust from the fuel cell was collected in a I 00 mL flask that was continually 

flushed with N2 (at 90 mL min-1
) to extract the C0 2. The C02 concentration in the exiti ng 

N2 was measured with a Telaire 700 I non-dispersive infrared C02 monitor (see section 

2.4.1 .). Calibration of the C02 monitor is described in Ref. [ 14] and will be described in 

chapter 4. 
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Figure 3.2: Schematic of the online system for product analysis from the direct ethanol 
fuel cell (adapted from [I]). 

Gas chromatography (GC) was periodically used to measure AAL levels in the 

solution from the anode, without extraction ofthe C02 which wou ld cause loss of AAL. 

A Varian 3400 GC was used with a RTX®-130 I molecular sieve column (Restek: 60 m x 

0.25 mm, 1.4 f.llll thickness) and flame-ionization detector. Ethanol present in the samples 

and used as the fuel was used as an internal standard (see section 2.4.3). 

All yields reported in this work are faradaic yields based on the current passed by 

the fuel cell. To calculate the product yields, the experimental number of moles of each 

of the products was first determined and using Faraday's law of electrolysis, theoretical 

moles were calculated. A simple %yield calcu lation followed and these were the values 

reported in this chapter. For experimental moles of C02 (Nc02), the following formu la 

converts the measured concentrat ion (in ppm s-1
) to moles s-1 taking into consideration 

the tota l number of moles of gas passed through the detector per un it time: 

(3.1) 

Experimental moles of AA are easil y calculated as each method (conductivity detector 
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and titration) gives the concentration of AA in the solution. Using the flow rate of the 

ethanol at the anode and the concentration, the experimental moles s- 1 are calcu lated as 

follows: 

NAA 
- = [AA]·p 

t 
(3.2) 

where [AA] is the concentration of AA in mol L- 1
, pis the flow rate of ethanol in L s-

1 

and t is time in s. 

Using the current passed at the anode, the theoretical number of moles of each 

product is calcu lated using equation 1.30. For C02, AA and AAL the n values are 6, 2, 

and 4, respectively. 

More in depth non-fa radaic methods to calculate product yields are also reported 

in the literature [15 ,23]. Andread is et al. [23) use a more complex method to calculate 

product yields based on ethanol conversion (XEtOH) and product selectivity ( eg. 5 co ) by 
~ 

the fo llowing formu la: 

(3.3) 

where ethanol conversion is calcu lated from ethanol concentration (EtOHin) , ethanol 

crossover (EtOHcross), the volume fluxes at the inlet and outlet (Yin and Yout), and the 

concentrations of each by-product by the fo llowing formu la: 

(3.4) 
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The selectivities towards each product are dependent on the concentrat ions of each by-

product and the volume of the product at the outlet (V out). An example of selectiv ity to-

wards acetic acid is as follows: 

3.3. Results and Discussion 

3.3.1. Conductimetric Analysis of Acetic Acid 

The analys is of acetic ac id used here is based on the fact that thi s is the only component 

of the fuel cell anode exhaust stream that should contribute to its ionic conductivity. Thus 

the conductivity measured with a simple flow-through ce ll can be used to monitor acetic 

ac id production. 

The use of a conductivity flow-through cell for the analys is of acetic acid is a 

novel approach to online fuel cell product analys is. To evaluate the method, cali bration 

curves were obtained by pumping standard solutions of acetic acid through the conductiv-

ity cell until a steady reading was obtained. The results did not vary significantly depend-

ing on whether the solution was passed though the anode compartment of the fuel cell 

first, or simply pumped directly into the conductivity ce ll , although the background con-

ducti vity was higher when the fuel cell was used. Plots of conductivity versus [H+] (e.g. 
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Figure 3.3) were linear, indicating that the primary contributor to the conductivity is from 

dissociation of acetic acid. 

The origin of the relatively high background conductivity was examined using 

flame atomic absorption spectroscopy (FAA). It was first presumed that thi s background 

was due to metal ions that were leaching out of the fuel cell block supports and into the 

liquid stream of the anode. A number of metals including: Fe, Ni, Zn, Pb, Cu and Na 

were tested as they were the most likely candidates for the background problem. No sig­

nal was observed for any of the transition metals tested, however a signal was observed 

for Na. Na standards ranging from I - 20 ppm were made and a cal ibration curve was 

constructed and is observed in Figure. 3.4. A quadratic curve fit the standards very nicely. 

Based on this curve we calcu late the Na concentration in our sample to be ca. 2.3 

ppm. It was speculated from these experiments that the source of Na was from the Nafi­

on® membrane that was used in the MEA of the cell. As Nafion® is a cation exchange 

membrane, some H+ in the membrane could have been replaced by Na + ions extracted 

from the walls of the glass container used to store the Nafion®. It was calculated that the 

conductance of 0.1 mmol L-1 (ca. 2.3 ppm Na) corresponds to ca. 0.1 mS cm-1 of the sig­

nal in the detector. The background observed was ca. 0.2 mS em - I (at the time of this ex­

periment), so it was concluded that approximately half of the background conducti vity 

was due to Na + ions. The other half of the background was thought to be a consequence 

of AA leaching from the graphite blocks of the fuel cell . This was presumably AA that 

had permeated into the blocks during previous experiments, and we have not been able to 

effectively remove it. It was assumed that this relatively stable background 
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Figure 3.3: Conductivity versus hydrogen ion concentration for acetic ac id stand­
ards passed through the fuel cell prior to the conductivity detector 
(Obtained with permission from [I]) . 
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Figure 3.4: Na calibration c urve for fl ame atomic absorption (FAA) testing fo r 
ionic conduct iv ity background in fue l cell. 

l 

would have a s imilar effect on both the standards and unknowns, and so unknown AA 

concentrations were determined from the uncorrected conductiv ity, and the regress ion 

parameters from Figure 3.3 . Solutions collected from the fue l ce ll were regularly titrated 

with base to check the accuracy of results from the conductiv ity measurements. 

Recent studies have suggested that background conductivity in a typ ical DEFC 

could be a result of a di fferent problem. Experiments performed by Jablonski et al. 

[24,25] in 20 I I and 201 2 have shown that oxygen gas has the ability to permeate th rough 

a Nation® I 17 membrane. They report that under fue l ce ll conditions, (oxygen is used at 

the cathode) the oxygen is able to d iffuse th rough the PEM from the cathode to anode and 
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is able to chemically ox idize ethanol at the anode to produce acetic acid and acetalde­

hyde. Their results stem from the observed AA and AAL at OCP where no current was 

passed through the cell. Significant amounts of both products were observed. Further­

more, they reported that at high cell potentials (above 0.3 V) and low current densities, 

where water is not activated at the anode, the production of AA is not feas ible and any 

reported AA must be a consequence of oxygen permeation. Temperature dependence ex­

periments for oxygen permeation through Nation® I 17 membrane were a lso carried out. 

It was reported that an a lmost exponential relationship was observed between tempera­

ture increase and oxygen permeation [25]. 

S ince H 2/N 2 gas was used at the cathode for the experiments described in this 

c hapter, oxygen permeation did not affect the results . If oxygen were used, it would be 

expected that oxygen permeation would affect the results that were reported in this cha p­

ter, since Nafion® 11 5 membranes (thinner than Nation® 117) were used and wou ld be 

more susceptible to oxygen diffus ion. Jablonski et al. [24,25] had not reported oxygen 

permeation at RT, therefore the RT experiments described in the proceed ing chapter (us­

ing 0 2 at cathode and cell vo ltages be low 0.3 V) should not be s ignificantly affected. 

A nother problem that could add to an increase in background conductiv ity and 

could significantl y affect the results for product ana lys is in the literature is the crossover 

of ethanol from the anode to the cathode. It is well known that s ignificant amounts of fue l 

(based on ce ll parameters, MEAs and fue l type) are able to di ffuse th rough the PEM. In a 

subsequent paper [26] (see chapter 4), we have shown that when fue l crosses through the 

membrane it is able to react chemically with the oxygen at the cathode. T his leads to not 
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only a large decrease in fuel efficiency and a depolarization (mixed potential) at the cath­

ode, but it can result in excess production of EOR products. When AA L and C02 are 

produced, they will mainly be carried out by the gas stream since they are in the gas 

phase. However, when acetic acid is produced in the liquid phase, it mainly di ffuses back 

to the liquid anode stream. This will lead to an overestimation of the AA yield since fara­

daic yields are calculated from the observed current in the cell and this chemical reaction 

is not accounted for. 

The conductimetric system was first tested by using a DEFC operated at ambient 

temperature with a Pt black anode catalyst. Figure 3.5 shows a conductivity vs. time plot 

fo r operation of the cell at a current density of 12 mA em -2 with H2/N2 as the cathode gas. 

The initial decline in conducti vity, before the current was switched on, is due to slow re­

moval of AA from the cell following the previous experiment. Diffusion of AA into the 

membrane and cathode catalyst layer creates a reservoir of AA that can only slowly be 

removed. After the current was started, the conductiv ity rose slowly to a plateau of 0.172 

mS cm-1
• Based on the calibration data in Figure 3.3, this corresponds to an AA concen­

tration of 8.8 mmol L-1
, while NaOH titration of the so lution collected from the cell over 

the final 30 min gave 8.4 mmol L-1
• 
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Figure 3.5: Conductivity of the exhaust solut ion (solid) and potent ial (dashed) vs. 
time at 60 mA and room temperature fo r a DEFC with a Pt anode 
(obtained with perm iss ion from [ I]). 

Since the detector works on detecting conductivity in a liquid feed, when large 

amount of C0 2 are produced, a large fluctuation in the signal is observed. The liquid is 

cooled to RT before the conductivity measurements; therefore the fluctuation would not 

be caused by evaporated water in the stream. Figure 3.6 illustrates the behav ior of the 

conductiv ity detector at various temperatures and applied currents. At ambient tempera-

ture and a relatively low current of 80 mA (Figure 3.6.a), a smooth conductivity curve 

was observed . The curve plateaued at ca. I 0 min and remained constant at ca. 0.183 mS 
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cm-1 for the duration of the run. Based on the ca libration curve in Figure 3.3, this repre­

sents an AA concentration of 0.0141 mol L-1
• To verify a ll our conductivity results, a 

s imple acid-base titration was perfo rmed in each case. Here the titration gave an AA con­

centrat ion of 0.0145 mo l L-1
, which is a deviation of only ca. 2.8%. In Figure 3.6 .b, the 

temperature of the fue l cell was increased to 80°C and the current was increased to 200 

mA. It is expected that at e levated temperatures and c urrents the amount of C0 2 produced 

in the system would s ignificantly increase and that is what was observed from this con­

ductiv ity trace. T his graph is much choppier than that in Figure 3.6.a due to the higher 

production of C0 2. As the C0 2 bubbles are fo rmed and exit the cell, the liquid feed is in­

terrupted and that is why we observed a much more no isy response in the conductiv ity 

trace. In this trace, it was less obvious where the conductiv ity became stable. For this rea­

son we once aga in titrated the liquid feed and found that us ing the upper limit of the trace 

gave the appropriate conductivity traces. Us ing the upper po rtion of the trace and com­

paring it to the titration we obta ined a deviation of ca. 3.0% between the concentrat ions 

from the conductiv ity and t itration . Figure 3.6.c illustrates a conductiv ity trace where the 

temperature was ramped to 100°C and 200 mA was once again app lied. As shown, the 

qua lity of the trace is fu rther degraded as the fluctuations increased. However, once aga in 

tak ing the upper portion of the trace gave a very acceptable percent di fference of ca. 

7.3%. In Figure 3.6.d, the tempe rature remained at I 00 °C, but the current was doubled to 

400 m A. T he pe rcent di fference in this trace was very sma ll at 3.4% . 
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Figure 3.6: .Conductivity traces obtained for acetic ac id quantificat ion at various tempe r­
atures and currents. a.) A mbient temperature and 80 rnA, b.) 80°C and 200 
rnA, c.) I 00°C and 200 mA, and d.) I 00°C and 400 rn A. A ll measurements 
were obta ined us ing a commercia l 40% Pt anode and cathode (Ballard) in a 
direct ethanol fue l cell. 
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The slow response observed in the conductivity traces is due mainly to the large 

volume of the fuel cell 's flow channels and outlet tubing re lative to the solution flow rate 

(0.5 mL min.1
). The total dead volume of ca 1.4 mL was found to result in a ca. 15 min 

response time when an impermeable separator was placed between the two flow fields of 

the cell. The response time in Figure 3.5 is only s lightly higher than this, indicating that 

the effects of diffusion of acetic ac id out of the MEA are relative ly minor. While the flux 

of AA between the cell (graphite blocks and MEA) and ethanol solution will in fl uence 

changes in the AA concentration in the anode exhaust, it will become negligible relative 

to the rate of electrochemical acetic acid production under steady state conditions. AA 

concentrat ions and yields reported here are therefore based on steady state conductivities. 

Results from the data in Figure 3.5 and other room temperatures experiments are 

summarized in Table 3 . I, together with results from titration of the AA produced. Thert: 

was generally good agreement between the calculated AA yields measured by the two 

methods, indicating that the conductivity cell prov ides accurate online measurements. 

The yield of AA was found to increase somewhat with increasing current density, and 

thi s is discussed below with the analytical data for C02 and AAL. The reason for the 

anomalously low conducti vity result at 80 rnA is unclear. An experiment on another 

MEA (with 40% Pt/C as the anode catalyst) at 80 mA gave good agreement between the 

AA yields determined from the conductivity and by titration, and good agreement be­

tween the titrations results for the two MEAs (Table 3. 1 ). 
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Table 3.1: Faradaic yields from conductivity, titration, GC, and C02 measure­
ments on the anode exhaust solution from a DEFC with a Pt anode op­
erated at constant current and ambient temperature. Values in paren­
theses are based on the titration results (reproduced from [I]). 

Acetic acid Acetaldehyde 
CwTcnt (rnA) 

Conductivity (%) Titration (%) 
c o ? (%) 

GCa (%) - Charge Balance(%) 

20 29.9 26.5 5.7 64.4 (67.8) 58.3 

40 36.3 34.8 2.7 6 1.0 (50.9) 56.5 

60 47.3 45.2 1.7 50.9 (53.0) 48.4 

80 40. 1 55.5 1.4 57.9 (43 .1) 43.8 

80 ( 40% Pt/C) 56.7 58.3 3.0 40.3 (38. 7) Not measw·ed 
a relative standard deviations for multiple measurement were 3-6% 

Table 3.2: Faradaic yields of the EOR products from conductivity, titration, GC 
and C02 measurements on the anode exhaust solution from a DEFC 
with a Pt anode operated at constant current and 80 oc. Values in pa­
rentheses are based on the titration results (Reproduced from [I]). 

Acetic acid C0
2 

(%) Acetaldehyde 
Current (rnA) 

Conductivity (%) Titration (%) Charge Balance(%) GC (%) 

50 26. 1 28.0 14. 1 59.8 (57.9) 8.4 

100 30.9 34.6 13.5 55.6 (5 1.9) 4.3 

150 37.6 40.9 15.6 46.8 (43.5) 3.0 

200 39.5 40.7 18.6 41.9 (40.7) 2.4 

250 37.3 39.4 6 .1 56.6 (54.5) 2.0 
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Results for Figure 3.6.b and other 80 oc experiments are repo rted in Table 3.2. 

Once aga in it is shown here that there seems to be a trend between the AA y ie lds and the 

current applied to the cell. As mentioned above, the values of the titrated AA concentra­

tions and those obta ined from the conductivity detector (us ing the upper limit) are in very 

good agreement ra nging from 3.0-1 0 .7% di ffe rence, w ith a ll conducti v ity results s lightly 

underestimating those of the titration. 

3.3.2. C02 Measurements with a NDIR Based Detector 

The use of the Tela ire® 700 I NDIR detector for online C0 2 measurements has been pre­

vious ly described [ 14]. The C0 2 y ield vs. time trace recorded concurrently w ith the con­

ducti vity trace shown in Figure 3.5 is shown in Figure 3.7. T he peak at ca. 24 min was 

caused by admiss ion of a ir into the collection fl ask when it was emptied, and so is ex­

c luded from the fo llowing analys is. The peak in C0 2 yie ld at ca. 8 min is attributed to 

stripping of adsorbed CO from the anode, as previous ly discussed [ 14]. 

T he average C0 2 yie ld over I h from the data in Figure 3.7 was 1.7%, and data 

fo r other currents at ambient temperature are presented in Table 3 . 1. T hese results are 

consistent w ith prev ious ly reported va lues [ 14], a lthough somewhat lower because of av­

erag ing over a longer time period. The decrease in average yie ld with increasing current 

is thought to be due to a decreasing influence of the fi xed amount of pre-adsorbed CO 

[ 14]. 

When the temperature was increased to 80 °C, the C02 yie lds s ignifi cantly in­

creased as expected [27] . T he C02 va lues shown in Table 3.2 are in good agreement w ith 

prev ious reported literature results under similar ce ll conditions [ 15,23]. 
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3.3.3. Acetaldehyde Analysis and Charge Balance 

Two of the ma in products of the electro-oxidation of ethanol were analyzed with the con­

ductiv ity cell (AA) and the C0 2 monitor. The concentration of the thi rd significant prod­

uct, AAL, can be estimated by difference because only trace amounts of other products 

are produced by PEM DEFCs [ 15,28]. In this work, product yields (faradaic) have been 

calculated based on the current produced by the cell. Thus the percentage of the current 

producing AAL Ciaa1) is calculated as: 

(3 .6) 

where iaa and ic02 are the percentages of the current producing AA and C02, respectively. 

To check the validity of us ing equation 3.6, the AAL level in the solut ion exiting the an­

ode was measured by GC. The results of these calculations and the GC analyses are g iven 

in Table 3. 1. The yie ld of AAL has been calculated from the AA yie ld from both the 

conductivity and titration measurements. 

To determine the concentration of AAL from GC, aceta ldehyde standards ranging 

from 0.00635 to 0.100 mo l L-1 were made us ing ethanol as an internal standard . Due to 

the broad peaks of both AAL and ethanol (Figure 3 .8), peak height rat ios were not suita­

ble for calibrating our system. Instead we found that AAL!EtOH area ratios were more 

acceptable. As shown in Figure 3.9, a linear relationship between the [AAL] and AA LI 

EtOH peak area ratios was obta ined. The shoulders observed in some of the peaks are 

most like ly due to the degradation of the column that was used in these experiments. 
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Figure 3.7. Carbon dioxide yield vs. time at 60 rnA for a DEFC with aPt anode 
(obtained with permission from [I]). 

89 



0.4 

0.35 

0.3 
~ 
~ 0.25 = = c.. 0.2 
~ 

~ 0.15 

0.1 

0.05 

0 
. 

7 

AAL 

! : ... . . 
8 

\ EtOH 

k/ 
,,• . . . 

.. . 
·' . 

r • 
•' . ... 

&.· ., . 
9 

. . 

10 

Time/min 

• • • • • • 0 .06 M AA L 

0 .00 635 M AAL 

11 

Figure 3.8: Chromatograms for 0.00635 mol L-1 and 0.0600 mol L-1 AAL stand­
ards. Peak area ratios were used to calibrate the GC for AA L sample 
analys is. 

The calculated AAL yie lds in Table 3.1 are generally in reasonable agreement 

with the values measured by GC. In all but one case (titrat ion at 80 rnA), the GC results 

are low. Since some AA L should be lost from the ce ll by crossover, it is very likely that 

the GC results underestimate the true yield. The results from equation 3.6 are therefore 

likely to be more accurate. Since it was reported that 0 2 is able to cross through the PEM 

[24,25], it can be assumed that the smaller diatomic gas (H2) wil l a lso diffuse from the 

cathode. This could lead to oxidation of H2 at the anode resul ting in an overestimat ion of 

AA L yield by equation 3.6. 
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Figure 3.9: Cali bration ofGC for aceta ldehyde analysis. AAL!EtOH peak area 
ratios were used. 

Whichever AAL resu lt is used, the general trend is the same with the yield de-

creasing somewhat with increasing current. The C02 yield a lso decreases, and these two 

trends are compensated by an increasing yie ld of AA. Th is is consistent with reports that 

AA L production takes place at lower potentials on Pt than AA production [23 ,29,30]. The 

ratios of AA to AAL are similar to values reported at ambient temperature for ethanol 

ox idation in liquid electrolyte cells [31 ,32]. 

GC experiments were also performed with the fue l cell operated at 80 °C. The an-

ode exhaust was cooled with an ice bath in an attempt to lose as li tt le volatilized AAL as 

possible (see section 2.4.3). However, as shown in Table 3.2, GC analys is of the cooled 

solution indicated that very low amounts of AAL were collected. For example, at a cur-

rent of 200 mA (40 mA cm-2) , the yield of acetic ac id was 39.5% from the conductivity 
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( 40.7% by titration) and the C02 yield was 18.6%. These results give a calculated ( equa­

tion 3.6) aceta ldehyde yie ld of 41 .9%, while GC anal ys is gave only 2.4%. Since the C02 

and AA measurements were made following cooling of the exhaust, their accuracy does 

not depend on the cell temperature. 

It therefore appears that at elevated temperatures, most of the AAL produced in 

the cell is lost, presumably via crossover to the cathode and evaporation. Since the low 

volatility of AA and low solubility of C02 wou ld result in much lower loss of these prod­

ucts by crossover, the AAL yie ld from equation 3.6 should be much more accurate than 

the value determined by GC. The crossover of AAL into the cathode stream was later 

confirmed (see chapter 4 ). 

3.3.4. Pt and PtRu Anodes Prepared from Dalhousie University 

Catalytic acti vities of Pt and PtRu catalysts were monitored for a variety of di fferent cata­

lyst loadings by Professor Jeff Dahn ' s group at Dalhousie University (Dal). Electrodes 

prepared with the most active Pt and PtRu catalysts were sent from Dalhousie University 

for us to evaluate under our standard DEFC conditions with product analysis. Figure 3 .I 0 

illustrates the polarization curves of these catalysts at 80 oc and 0.5 mol L-1 ethanol solu­

tion. As shown, the performances of both the Pt and PtRu electrodes were almost identi­

cal to that of a commercial Pt black electrode from Ballard Power Systems. It was antici­

pated that the Pt catalyst would be similar to the commercial Pt catalyst, but based on lit­

erature results and the Dalhousie results, the PtRu should exhi bit significant 
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Fig ure 3 .10 : Polarization curves for the Pt and PtRu anode catalysts prepared by 
Dahn et a/. and a commercial Pt catalyst from Ballard Power Sys­
tems. 

enhancements in performances. The OCP for a ll three of the catalysts shown in Figure 

3.10 was ca. 575 mY . 

Product analyses for the Pt and PtRu electrodes were carried out using the method 

described in this chapter. The results are described in Table 3.3. When comparing these-

lectivity towards C02 of these cata lysts to the Ballard Pt electrode described in Table 
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Table 3.3: Faradaic yie lds of the EOR products fo r Pt and PtRu catalysts prepared 
at Dalhousie University. C02 yields were measured with the NDIR de­
tector, AA yields were calcu lated from conductivity cell and AAL 
yields were calculated with equation 3.6. Experiments were conducted 
at 80 °C, usi ng 0.5 mol L-1 ethanol solution and H2/N2 gas at the cath­
ode. 

Pt (Dalhousie) 

C tUTent (rnA) C02 (%) Acetic Acid (%) Acetaldehyde (%) 

50 14.2 11.7 74.1 

100 8.9 8.7 82.4 

200 8.1 14.6 77.3 

250 7.7 13.8 78.5 

PtRu (Dalhousie) 

C tUTent (rnA) C02 (%) Acetic Acid(%) Acetaldehyde (%) 

50 16.0 14.0 70.0 

100 8.9 24.2 66.9 

200 7.1 29.5 63.4 

250 7.4 31.6 61.0 
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3.2, a significant decrease in shown. Furthermore, both catalysts show a significant de­

crease in AA production and increase in AAL production. As expected [ 15] the PtRu cat­

alyst shows a larger yield of AA than the Pt catalysts, however the decrease in C02 yie ld 

that has been reported for PtRu alloys is absent. 

Based on reports in the literature, a few conclusions can be made about these cata­

lysts. First, the s ignificant decrease in C02 selectivity of the Pt catalyst compared to that 

of the commercia l Pt catalyst suggests that the Pt loading was too low (0.15 mg cm-
2

, 

where that of the Ballard electrode was 4 mg em·\ In a Ballard e lectrode, much of the 

AA L produced within the catalyst layer will be able to react to AA and C02 before it can 

diffuse out of the electrode. Due to the thin catalyst layer in the Dal e lectrodes, they are 

mo re permeable and more of the AAL will escape, resulting in higher AAL yields. This 

behaviour is observed for methanol oxidation and similar behav ior would be expected for 

ethano l oxidation [33,34]. 

A lthough these results are not encourag ing in terms of the effic ienc ies of the new 

e lectrodes, they illustrate the value of our ana lys is system and prov ide useful information 

on the kinetics and properties of electrode surfaces in the EOR. 

3.3.5. Product Analysis for Homemade High Performance Catalysts 

Many cata lysts have been tested for performance for the EOR in DEFCs, but very few 

studies have reported product distribution. Dr. Guangchun Li prepared a series of cata­

lysts usi ng the methods described in [35,36] to be used for product analys is using the 

methodo logy described above. Electrodes were prepared on CFP w ith compositions of Pt, 

PtRh, PtSnRh, PtSnRu, and PtSnPb. It is known from the literature that Rh is ab le to in-
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crease the selectivity towards C02, but tends to show a decrease in performance [6,37]. 

On the other hand, the incorporation of Sn into the catalyst has been shown to decrease 

C02 selectivity but increase cell performance [8,38]. Using our product analys is method­

o logy, we were able to quick ly assess product se lecti vit ies for Dr. Li's catalysts. 

Table 3.4 describes our results in a DEFC at 100 oc using 0.5 mol L"
1
ethanol and 

at 0 2 gas at the cathode. As shown in this table, there was a sma ll increase in C02 selec­

tivity at the low curre nts w hen Pt was a lloyed with Rh . This is cons istent with literature 

reports [ 6,3 7]. When Pt is was a lloyed w ith Sn and/or Pb a large decrease in C02 and in­

crease in acetic ac id was observed . T his is also consistent w ith previous experimental 

va lues [8,38]. When Sn and Rh were simultaneo usly introduced into the Pt catalyst, only 

a s light decrease in C02 yield was observed. This was probably due to opposing effects 

on the C02 selectivity. When Sn and Pb were introduced, a very large decrease was ob­

served, and at the higher currents, very little C02 was produced. 

It should be noted that in some of these experiments, it was calculated that the 

combined C02 and acetic acid y ields were over I 00%. T his would suggest that no aceta l­

dehyde was produced . It is shown in the proceeding chapters that at high temperature us­

ing 0 2 at the cathode, crossover, resulting in inaccurate acetic ac id yields occurs. There­

fore the acetic ac id measurements in table 3.4 are most like ly inaccurate . T he C02 meas­

urement in table 3.4 shou ld however be fair ly accurate as wi ll be described in chapter 4. 
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Table 3.4: Faradaic yie lds for C02 and acetic acid with various anode catalysts, at 
I 00 °C, 0.5 mol L-1 ethanol solution with 0 2 at the cathode. 

Catalyst CWTent (rnA) C02 (%) Acetic Acid (%) 

Pt 50 80 31 
PtRh 50 90 32 
PtSnPb 50 14 58 
PtSnRh 50 35 53 
Pt 100 66 28 
PtRh 100 68 17 
PtSnPb 100 6 65 
PtSnRh 100 50 68 
Pt 200 58 22 
PtRh 200 55 15 
PtSnPb 200 3 66 
PtSnRh 200 47 60 
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3.4. Conclusion 

A system for continuous monitoring of C0 2 and AA levels from a DEFC has been 

demonstrated. AAL levels can be determined by di fference from the applied current, 

providing continuous monitoring of the distribution of a ll major (> I%) products from 

ethanol oxidation in a DEFC. Although it could not be shown that the charge balance is 

accurate at high temperatures due to loss of AAL, we believe that this system provides a 

more accurate account of AAL produced during EOR. Since it has been shown that even 

at elevated temperatures, C0 2, AA and AAL are the onl y significant products [39]; it can 

be assumed that the charge balance equation (equation 3 .6) is an accurate way of deter­

mining AA L production. By using H2/N 2 at the cathode to prov ide a reference potential, 

the negative effects are fuel crossover and oxygen permeation on product selectivity are 

eliminated. 
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CHAPTER4 

Effects of Ethanol and Product 
Crossover on the EOR 
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4.1. Introduction 

Parts of thi s chapter were written by Dr. Peter Pickup and have been published in a peer­

reviewed journal [I]. 

Because of the overriding influence of product distributions on the efficiencies of 

DEFCs [2], and the problems that would be associated with recycling of the by-products, 

product anal ysis is becoming a central feature of DEFC research. There has also been a 

great deal of fundamental research on product distributions from the electrooxidation of 

ethanol in conventional cells (e.g. [2, 3-9]). However, since this chapter is focussed on 

compl ications related to the fue l cell configuration, on ly methods that have been applied 

to fuel cells are rev iewed here. 

Products from DEFCs have been measured by gas chromatography (GC) [I 0], 

liquid chromatography (HPLC) [ II], titration [1 2], non-dispersive in frared spectrometry 

(NDIR) [13, 14], differential electrochemical mass spectrometry [15], and ion ic conduc-

tivity measurements [1 4]. In a ll cases, it has been assumed that all products exit the cell 

via the anode exhaust of the fue l cell, and there has been no consideration of possible 

losses of products via crossover to the cathode. Furthermore, in most cases (except 

[ 14, 15]) the cell has been operated with oxygen or air passing over the cathode. Although 

this represents normal operation of the DEFC, it complicates the product analysis prob­

lem because of ethanol crossover from the anode to the cathode, where it can react with 

oxygen to produce ox idation products. To avoid the production of ethanol ox idation 

products at the cathode, results have been reported for experiments with an N2/H2 mixture 

at the cathode [ 14, 16]. Oxygen permeating through the membrane from cathode to anode 
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has a lso been recently reported [ 17, 18]. This leads to oxygen reacting w ith ethano l at the 

anode leading to a chemical reaction that can produce acetic acid and acetaldehyde. At 

OCP, significant amounts of both acetic acid and acetaldehyde were detected . Recent pa­

pers reporting on product analysis have corrected for both the ethanol/product crossover 

from the anode and oxygen crossover from the cathode [19,20]. 

Lamy and co-workers [I I] have repo rted a comprehens ive analysis of product 

d istributions from DEFCs with various anode catalysts. H PLC was used to measure ace­

tic acid , acetaldehyde, and C02• The charge needed to generate the measured levels of 

these products was summed and compared with the charge passed by the ce ll (Table 4. 1 ). 

Exce llent agreement was obtained, apparently indicating that acetic ac id, aceta ldehyde, 

and C02 were the only s ignificant products (except at high currents where it was thought 

that there might be significant formation of ethyl acetate). The good charge balance 

obta ined also suggests that loss of products via crossover to the cathode was neglig ible, 

a lthough s ignificant crossover of ethanol was observed . 

We have a lso attempted to obta in a charge balance for products measured at the 

anode exhaust of a DEFC, us ing a combination of NDI R (C02) , ionic conductivity (acetic 

acid), titration (acetic ac id), and GC (acetaldehyde) (see chapter 3) [ 14] . A reasonable 

balance was obta ined at ambient temperature with N 2/H2 at the cathode, although it did 

appear that some acetaldehyde was lost to crossover. However, the charge could not be 

fully accounted for when the temperature was increased to 80 °C, suggesting cons iderable 

loss of aceta ldehyde to crossover or lost during product collect ion. Li and Pickup [ 12] 

have previously described the influence of elevated temperatures on ethanol crossover. It 
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Table 4.1. Product analysis for the EOR on a Pt-Sn (9: I) anode catalyst at 80 °C, 
3 bar and 2 mol L- 1 ethanol solution using 0 2 gas at the cathode 
(adapte from [I I]). 

Current density (rnA cm-2) Acetic Acid C02 Acetaldehyde Total 

24 74.8% 8.0% 17.2% 100% 

32 76.9% 7.7% 15.4% 100% 

40 79.7% 4.4% 15 .9% 100% 

was reported that the current density as a function of temperature showed an almost ex-

ponential relationship. From room temperature to 80 °C, the current density increased by 

more than 8 times. By increasing the temperature, the kiSince the current density is a 

good measure for the concentration of ethanol reaching the anode, it is also an appropri-

ate measurement of ethanol flux through the proton exchange membrane. Since it was 

shown that liquid ethanol is able to cross through the membrane to the gas stream of the 

cathode, it is very likely that any gaseous products (C02 and AAL) formed when operat-

ing a DEFC normally would also diffuse through the membrane. Jablonski eta!. have re-

ported on oxygen permeation from the cathode to the anode [ 17, 18]. It was shown in 

these studies that the concentration of oxygen diffusion through the membrane a lso in-

creases in an exponential way as temperature was increased. 

In these studies, N2/H2 instead of 0 2 or air was used at the cathode to prevent the 

formation of ox idation products from ethanol crossing through the membrane and oxygen 

diffusion from the cathode. 
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The purpose o f these experiments is to document the effects of ethanol and prod­

uct crossover on product distributions measured at the anode exhaust of a DEFC. The 

ma in obj ective is to explain the apparent discrepanc ies between the charge ba lance results 

repo rted in [ 11 , 14] and to suggest a more accurate method of product analysis. 

4.2. Experimental 

4.2.1. Materials 

Electrodes cons isted of 4 mg em - 2 Pt black on Toray™ carbon fi ber paper donated by 

Ballard Power Systems. Anhydrous ethanol was obta ined from Commerc ial A lcoho ls 

Inc., w hile acetic acid and acetaldehyde were obtained from Sigma-A ldrich. 

4.2.2. The Fuel Cell 

A 5 cm2 commercial ce ll (Fue l Cell Technology Inc.) was used. T he anode in let and out­

let were both modified to prevent the anode solution from contact ing any metal parts of 

the hardware. Membrane and electrode assemblies were prepared by hot pressing a 5 cm
2 

anode and a 5 cm2 cathode onto a Nafion® 11 5 membrane (Jon Power) at a pressure of 

200 kg cm- 2 at 135 oc fo r 90s. The cell was ope rated w ith an anode feed of0.50 mo l L-
1 

ethano l solut ion at 0.50 mL min- 1
• T he cathode feed was 5% H2 in N 2 at 10 mL m in-

1 
or 

dry 0 2 at 30 mL min - I . Electrochemical measurements were made using an Arbin In­

struments potent iostat. 

4.2.3. Product Analysis 

A flow-through conductiv ity cell (eDAQ Inc .) was used to measure the conductiv ity of 

the anode exhaust solution, which is due to acetic ac id. After passing though the conduc-

106 



ti vity cell, the exha ust from the fue l cell was collected in a I 00 mL fl ask that was contin­

ually flushed with N2 (at 90 mL min- 1
) to extract the C02. The C02 concentration in the 

ex iting N2 stream was measured with a Tela ire 700 I non-dispers ive infrared C02 moni­

tor. The C02 measurements were performed as prev ious ly described in section 3.3.2, and 

calibration of the detecto r is described in the proceeding sub-section. Conductivity meas­

urements and calibration of the conductivity cell were carried out as described in section 

3.3. 1. Gas chromatography (GC) was used to measure aceta ldehyde levels in the solution 

from the anode, without extraction of the C02 which would cause loss of acetaldehyde, as 

previous ly described section 3.3.3 . To prevent loss of acetaldehyde by evaporation, the 

solutio n exiting the anode was passed through a metal coil cooled w ith ice and collected 

in a flask cooled with ice. T he good charge ba lances obtained at ambie nt temperature 

(Tab le 4 .3) confirm the efficacy of the acetaldehyde co llection procedure. A ll yields re­

ported in this work are fa radaic y ie lds based on the current passed by the fue l cell. 

4.2.4. Calibration of the NDIR Detector with Pure C02 

T he calibration of the C02 detector was performed in two different manners. A pure C02 

method which w ill be described here and a methanol crossover method which wil l be de­

scribed in the suceed ing chapter (section 5.3. 1 ). 

T he sensitiv ity of the detector to atmospheric C02 caused many problems when 

using thi s system for C02 detect ion in our experiments. In some cases the concentration 

of C02 produced was lower than atmospheric C02 (ca. 450 ppm), resulting in large back­

ground readings when the N2 flush rate was low. Furthermore, the detector gave varied 

background readings based on the amount of use of the detector. For thi s reason, the de-
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tector needed to be calibrated before each series of experiments and was periodically cal­

ibrated during a series . For this reason, a quick and easy method for calibrating the sys­

tem was needed. 

T he calibration of the detector used pure C 0 2 which was obtained directly from 

the gas line w ith a I cm3 gas-tight syringe. An initial reading on the syringe was taken 

and a set administration rate of the C0 2 was implemented . N 2 was passed directly to the 

C02 detector (bypassing the fuel cell) . A 3 way va lve was placed in the N 2 stream for de­

livery of the C0 2 to the N 2 stream and into the detector. The C02 was passed fo r 300 s 

and a final C0 2 reading on the detector was obtained at the end of the time interval. 

Based on the flo w rate of C0 2 and the time passed, the theoretical mo les of C02 per s 

was calc ulated . T he reading obtained on the detector was then converted to moles per s 

and was plotted aga inst the theoretical moles per s. The linear equat io n o btained from this 

graph was used to correct for the experimenta l readings obta in o n the detector throughout 

the experiments. 

4.3. Results and Discussion 

4.3.1. The Effects of Ethanol Crossover 

T he crosso ver of etha no l from the anode to the cathode in DEFCs has been quantified in 

a number of publications [ 12,2 1-23]. One of the maj or pro blem s assoc iated w ith crosso­

ver is the c reatio n of a mixed potentia l at the cathode due to simul taneous reduction of 

oxygen and oxidation of ethanol (equation 4 .1 ). 

CH 3CH20H + n02 ---:; xC02 + yCH3 CHO + zCH3C02 H + mH2 0 (4. 1) 
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This reaction generates C0 2, acetaldehyde and acetic ac id in the cathode catalyst 

layer. These products can exit the fuel cell via the cathode stream, or they can crossover 

through the membrane and exit with the fuel stream. In addition, the acetaldehyde can 

undergo further electrochemistry as it passes through the anode catalyst layer. 0 2 crosso­

ver to the anode has a lso been reported [ 17, 18] and can generate ethanol oxidat ion prod­

ucts at the anode via reaction ( 4.1 ). It is important to note that the production of C02, ac­

eta ldehyde and acetic acid by reaction (4.1 ) does not produce a current in the external cir­

cuit. If these products cross over to the anode they will cause overestimation of the prod­

uct yie lds measured in the anode exhaust. 

In order to investigate the effects of reaction ( 4.1 ) on the apparent product yields 

from a DEFC, results were compared fo r experiments with either 0 2 or N2/H2 pass ing 

through the cathode compartment. Use of 0 2 corresponds to the normal operation of the 

DEFC (use of air would not significantly change the results, except for a decrease in cell 

performance), while use of N2/H2 prevents reaction (4.1 ) from occurring. The l-1 2 was in­

cluded to provide a stable reference potentia l, but was diluted with N2 to minimize the 

effects of 1-12 crossover. 

Initial experiments were conducted with the cell at open circuit with 0 2 at the 

cathode in order to assess the non-electrochemical formation of acetic ac id via reaction 

(4.1 ). Since reaction (4. 1) will occur under all operating conditions when 0 2 is present at 

the cathode, the open circuit data provide an assessment of the errors that can be produce 

in the measurement of electrochemical product yie lds. Since the publ ication of these re-
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suits, other research group have calculated products yields by first correcting for the 

products produced at open circuit [ 19,20]. 

4.3.2. Acetic Acid Produced by Ethanol Crossover 

A conductivity cell was used to monitor acetic acid levels in the anode exhaust from the 

fuel cell. This method has been shown to provide accurate online measurements of acetic 

acid yield [ 14] and has provided a very convenient way of making a preliminary assess­

ment of the effects of crossover. Figure 4.1 shows a conductivity trace for the anode ex­

haust with the fuel cell at ambient temperature under various open circuit conditions. Ini­

tially, N2/H2 was passed through the cathode compartment and deion ised water was 

passed through the anode compartment, in order to establish a background reading. The 

high initial conductivity was due to residual acet ic ac id from previous experiments. As 

seen in Figure 4 .1, there was still a significant concentration of acet ic acid leaching from 

the cell after an hour of flushing with water at 0.5 mL min - I . This was traced to acet ic 

ac id that had absorbed into the graphi te blocks of the cell and sod ium io;1s in the Nafion® 

membrane (see section 3.3 .1 ) . Since, this background acetic ac id was also present during 

calibration, it has li ttle effect on the accuracy of acetic acid yields determ ined from 

steady-state conductivity readings [ 14], except at very low acetic acid concentrations. It is 

important to note that the accumulation of acetic acid and other products in the fue l cell 

plates is probably very common, but has not previously been reported . 
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Figure 4.1: Ionic conductivity of the anode exhaust of a DEFC at open c ircuit and 
ambient te mperature with N2/H2 at the cathode and water at the anode 
(0- 67 min), N 2/H2 at the cathode and 0.5 mol L-1 ethanol at the anode 
(75- 105 min), 0 2 at the cathode and water at the anode ( 110- 185 
min), and 0 2 at the cathode and 0.5 mol L-

1 
ethanol at the anode 

( 190-250 min) (Obtained with permission from [I]). 

O nce the background reading was reasonable stable (33 11S), the anode stream 

was changed to 0.5 mol L- 1 ethano l to check whether the reaction w ith oxygen disso lved 

in the ethano l solution would contribute to the apparent acet ic acid y ie ld. T here was a 

transient increase in conductivity due to leaching of acetic ac id from the ce ll during the 
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switch over (while the anode fl ow was off), but the reading fell back to the 33 fl S back­

ground relatively quickly (the dead volume limits the response to ca. 15 min [14]). Then, 

the anode stream was switched back to water, and the cathode stream was switched to 0 2. 

There was a larger transient increase in conductivity thi s time because the 0 2 was able to 

react with res idual ethanol in the cell that had crossed over to the cathode. However, 

again the conductivity fell reasonably quickl y, and would presumabl y have reached the 

previous va lue of 33 fl S given sufficient time. Finally, the anode stream was switched to 

0.5 mol L-1 ethanol with 0 2 at the cathode. The conductivity of the anode exhaust rose 

over a period of an hour to reach an approx imate ly constant value of 140 flS . This co n­

ductivity corresponds to an acetic ac id concentration of ca. 5 mmol L-1
, which can be at­

tributed to the reaction of ethanol with 0 2 at the cathode. More recent results suggest that 

a portion of this acetic ac id produced is like ly caused by the oxygen permeating through 

the Nation membrane reacting with ethanol at the anode [ 19,20]. However, at ambient 

temperatures, it is most likely due to ethanol crossover. 

An assessment of the fraction of the acet ic ac id produced at the cathode that is de­

tected in the anode exhaust can be made by considering the flu x of ethanol that crosses to 

the cathode. Under the conditions used here, the flux of ethanol reaching the cathode can 

be estimated to be ca. I .6 x I 0-8 mol em -2 s - I (based on n = 4 and 6 mA em -2
; afton® 

11 5, 0.5 mol L-1 ethanol) [ 12]. This fl ux of acetic ac id crossing back to the anode would 

yield a concentration in the anode exhaust of9.3 mmol L-1 (0.5 mL min- 1
). Since the data 

in Figure 4.1 show that ca. 5 mmol L-1 acetic ac id was detected, and the yield of acetic 

acid would not be expected to be much greater than 50% (see Table 4.2), it appears that 
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most of the acetic acid produced at the cathode exits the cell via the anode. This is pre­

sumably because the low volatility of acetic acid favours crossover relative to evapora­

tion into the cathode gas stream. 

Confirmation that acetic acid crosses through the membrane was obtained by 

passing 0.5 mol L-1 acetic ac id through the cathode compartment of the cell (5 mL min-
1
) 

and measuring the conductivity of water pass ing through the anode compartment (5 mL 

min-1
). Changing from pure water at the cathode to 0.5 mol L-1 acetic acid produced an 

increase in the conductivity at the anode from the background level to a new steady-state 

level. At ambient temperature, the conductivity of the solution exiting the anode corre­

sponded to an acet ic acid concentration of 0.1 mmol L-1
, while at 80 oc the acetic acid 

concentrat ion at the anode rose to 21 mmol L-1
• Although these concentrations may ap­

pear to be too low to be consistent with the interpretation of the data in Figure 4.1, it 

should be noted that the concentration of acetic acid in the cathode catalyst layer in that 

experiment is determined by the balance of the flux of ethanol to the cathode and the rate 

of evaporat ion of the acetic acid produced. Because of its low volatil ity, very high con­

centrations of acetic acid can quickly accumulate in the cathode. 
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Table 4.2: Faradaic yields from titration (acetic acid) and NDIR (C02) measure­
ments on the anode exhaust solution from a DEFC with a Pt anode. 
The cathode gas was either N2/H2 or 0 2 (adapted from [ I]). 

Current (mA) T (OC) Acetic Acid C02 

N2/H2 0 2 N2/H2 0 2 

20 Ambient 26.5% 42. 1% 5.7% 6.6% 
40 Ambient 34.8% 48.4% 2.7% 4.0% 

60 Ambient 45 .2% 57.1% 1.7% 2.5% 
80 Ambient 55.5% 61.8% 1.4% 2.0% 

50 80 28.0% 49.4% 14.1% 20.0% 
100 80 34.6% 54.2% 13.5% 25.4% 
150 80 40.9% 46.7% 15.6% 25.0% 
200 80 40.7% 46.1% 18.6% 24.0% 

Some results previously reported in chapter 3. 

The results shown in Figure 4.1 clearly demonstrate that reaction ( 4. 1) at the 

cathode produces acet ic acid that exits the cell via the anode exhaust. It should be noted 

that all of the data shown in Figure 4. 1 were obtained at open circuit, and that the acetic 

acid produced at the cathode is not the result of current passed by the cel l. In order to as-

sess the effects of reaction ( 4 .1 ) on the measured fa radaic yields of acetic acid when the 

cell is operating, yields measured with 0 2 and N2/H2 at the cathode were compared . Re-

suits fo r operation of the cell at ambient temperature and 80 oc are shown in Table 4.2. 

Under all conditions, the apparent yield of acetic acid in the anode stream was signi fi-

cant ly higher when 0 2 was used at the cathode, indicating that the contribution from reac-

tion ( 4 .1 ) caused large errors. At both ambient temperature and 80 oc, the absolute error 

in the acet ic acid yield decreased significantly with increasing current density. Th is is ex-
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pected because the amount of acetic ac id produced by reaction ( 4. 1) would be expected to 

be almost constant, regardless of the applied current, while the total amount of acetic acid 

increases with increased current dens ity. 

4.3.3. C02 Yields 

C0 2 yie lds measured with the NDIR detector are repo11ed in Table 4.2. At both ambient 

temperature and 80 °C, the yie ld was higher at all currents when 0 2 was used at the cath­

ode . It seems unlikely that s ignificant amounts of C0 2 produced at the cathode would 

cross the membrane to the anode, s ince it can much more readily diffuse into the 0 2. T he 

effect is more likely a consequence of the higher C02 concentration in the cathode 

cata lyst layer, which would inhibit C0 2 crossover from the anode. T he error in the C02 

y ie ld (here the result w ith 0 2 is presumably most accurate) generally decreased w ith in­

creas ing current dens ity (Table 4.2), as expected for a constant flux of C02 produced at 

the cathode. However, the effect is less c lear cut than fo r acet ic acid because of the great­

er uncertainties in the C0 2 results (resulting from the lower yields and greater time de­

pende nce). 

4.3.4. A cetaldehyde Crossover 

Aceta ldehyde production at the cathode by reaction ( 4. 1) would be expected to be sma ll 

relative to acetic acid product ion because o f the low flux of ethanol and high concentra­

tion of oxygen. In addition, aceta ldehyde produced at the cathode would be expected to 

exit the cell prima rily v ia the cathode gas stream because of its high volat ili ty. No at­

tempts were therefore made to measure crossover of aceta ldehyde from the cathode to the 

anode . Much more of a concern is the crossover of aceta ldehyde from the a node to the 
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Table 4.3: Faradaic yields from titration, GC, and NDIR measurements on the 
anode exhaust solution from a DEFC with a Pt anode. The cathode gas 
was N2/H2 (adapted from [I]). 

CwTent (rnA) T(OC) Acetic Acid C02 Aceta ldehyde Total 

20 a Ambient 26.5% 5.7% 58.3% 90.5% 

40 a Ambient 34.8% 2.7% 56.5% 94.0% 

60 a Ambient 45.2% 1.7% 48.4% 95.3% 

80 a Ambient 55 .5% 1.4% 43 .8% 100.7% 

50 80 28.0% 14. 1% 8.4% 50.5% 

100 80 34.6% 13.5% 4.3% 52.4% 

150 80 40.9% 15.6% 3.0% 59.5% 

200 a 80 40.7% 18.6% 2.4% 61.7% 

a Results previously repotted in chapter 3. 

cathode during operation of the cell, which would result in underestimation of acetal de-

hyde yields. In order to investigate this, full product analyses were perfo rmed with 2/H2 

at the cathode to avoid complications due to reaction (4. 1). In these experiments, the C02 

yie ld was determined with a commercial NDIR monitor interfaced to the anode exhaust 

[1 3], while acetic ac id in the anode exhaust was titrated with NaOH (conducti vity meas-

urements gave simi lar results [ 14]) . Acetaldehyde in the anode exhaust was determined 

by GC [1 4]. Apparent yields of all products measured at the anode exhaust with the cell 

operated at ambient temperature and 80 oc are listed in Table 4.3 . 

At ambient temperature, a reasonable charge balance was obtained at all current 

densities employed. There did appear to be some loss of products at low currents, but th is 
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0.5 mol L-1 Aceta ldehyde 

Acetic Acid 

Anode thod 

Figure 4.2: Schematic of DEFC setup in crossover mode w ith 0.5 mo l L-
1 

aceta l­
dehyde at the cathode and N2 at the anode fo r determinat ion of acet­
aldehyde flux thro ugh membrane . 

is more like ly to be due to a systematic error that is more s ignificant at low concentra-

tions. If it were due to loss of aceta ldehyde by crossover (or during col lecti on of the acet-

a ldehyde), a s imilar discrepancy would be observed at each current. 

In contrast, the charge balance was poor w hen the cell was operated at 80 °C, in-

d icating substantia l product loss at a ll currents employed. The low acetaldehyde concen-

trations measured and the fact that the loss inc reases w ith increasing aceta ldehyde con-

centration both suggest that acetaldehyde loss (by crossover) is the ma in factor, a lthough 

crossover of C02 and acetic ac id must also occur. It should be noted that the low total 
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product yield at 80 oc should not be due to inaccuracies in the product analyses, since 

these were all pe rformed after cooling of the anode exhaust stream to ambient tempera­

ture. 

In o rder to confirm that acetaldehyde crossover does occur, and to attempt to 

quantify its rate, experiments were conducted with aqueous acetaldehyde as the fuel w ith 

the cell operated in "crossover mode" (Figure 4 .2). Thus 0.5 mol L- 1 
aqueous aceta lde­

hyde was passed through the cathode compartment and N 2 was passed through the anode, 

as o riginally reported for measuring methano l crossover [24] . In this mode, aceta ldehyde 

cross ing the membrane is oxid ized at the anode while water is reduced at the cathode, 

which acts as a dynamic hydrogen electrode (DHE). The limiting current should provide 

a measure of the acetaldehyde flux across the membrane. 

At ambient temperature, the current due to aceta ldehyde crossover was too small 

to be unambiguously detected. However, at 80 oc substantial currents due to acetalde­

hyde oxidation at the N 2 flushed anode were measured. Unlike in similar experiments 

with methano l, the current at constant potential did not reach a steady state, continuing to 

decay over the ca. 30 min measurement times employed . This is illustrated in Figure 4.3, 

where the c urrent range over ca. 30 min at each potential is shown as a series of po ints at 

5 s intervals. The highest currents were seen at 700 and 800 mY vs. DH E (depending on 

the time). T he lower currents at higher potentials appear to be due to changes in product 

distributions (see below), which change the effecti ve n-value (e lectrons per aceta ldehyde 

mo lecule) of the reaction. 
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Figure 4.3: Current vs. potential for acetaldehyde oxidation in crossover experi­
ments with 0.5 mol L-1 acetaldehyde at the cathode (DHE) and N2 at 
the anode. Individual points show the currents (decreasing with time) 
at 5 s intervals at each potential (obta ined with permission from [I]). 

In order to convert the currents in Figure 4.3 to acetaldehyde fluxes, it is neces-

sary to know the n-value. The yields of C02 and acetic acid were therefore measured by 

passing the N2 from the anode through the NDlR detector (after condensing vapours) and 

passing the liquid cathode exhaust through a conducti vity detector, respectively. The liq-

uid cathode exhaust was also titrated with NaOH(aq) to obtain more accurate average 
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Table 4.4: Average Faradaic yields from titration (acetic acid) and N DIR (C02) 

measurements during acetaldehyde crossover measurements at 80 oc 
(reproduced from [I]). 

Potential (mY vs. DHE) C02 Acetic Acid 

600 87% 2 1% 

700 90% 18% 

800 54% 20% 

900 33% 27% 

1000 25% 30% 

acetic ac id yields. Average yie lds from these experiments are reported in Table 4.4. It is 

assumed here that most of the acet ic ac id crosses through the membrane to the cathode 

because of its low volatility 

At a ll potentials, the yield of C02 was found to decrease with time, from values 

above 100% (e .g. 140% at 700 mY), whi le the yie ld of acet ic ac id increased somewhat. 

The high apparent initial C0 2 yie lds can be attributed to stripping of CO from the anode 

[ 13] which requires only two e lectrons versus five electrons (per mole of C02) for pro-

duction of C02 from acetaldehyde. The add itional current due to CO ox idation accounts 

in part for the observed current decay, particular at short times. However, there was also 

an increase in acetic ac id (n=2) to C0 2 (n=5) ratio with time, which would result in a cur-

rent decay at constant aceta ldehyde flux. 

At the end of the 700 mY run, the measured C02 yie ld (with n=5) was ca. 70%, 

whi le the acetic ac id yie ld was ca. 20% (averages for the fu ll run were ca. 90% and 18%, 
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respectively) . The charge balance here is satisfactory in light of the complications from 

adsorbed CO and the changing product distribution. However, the C02 yie ld dropped 

sharply at higher potentials, while the acetic acid yield increased only slightly, leading to 

large fractions of the charge unaccounted for (Table 4.4 ) . This must be due to a combina­

tion of acetic acid evaporation into the gas stream, and crossover o f C0 2 to the liquid 

stream. 

An estimate of the steady-state flux of acetaldehyde across the membrane was 

made us ing the current and product distribution measured at the end of the run at 700 

mY. The n-value (per acetaldehyde molecule) was take n as 8.2, which is a product 

weighted average of n = 2 for acetic ac id production and n = I 0 for C02 production. A 

flux of 4.3 x I o-8 mol s- 1 was obtained. This corresponds to only ca. I% of the acetalde­

hyde entering the cell , which appears to indicate that acetaldehyde crossover cannot ac­

count for the very low apparent acetaldehyde yields observed for ethanol oxidation at 80 

oc (Table 4 .3). However, it is poss ible that the very low bo iling point o f acetaldehyde 

could result in evaporation of a large fraction be fore it can be oxidized in the crossover 

experiments. To test thi s, the N2 fl ow at the anode was stopped during a crossover exper­

iment at 700 m V in order to s low down the evaporation of acetaldehyde. T he result, 

shown in Figure 4.4, was a large jump in the current to a re lative ly stable value . This pro­

vides c lear ev idence that the e lectrochemical method greatly underestimates the crossover 

of aceta ldehyde. 
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Figure 4.4: Current vs. time at 700 m V vs. DH E for acetaldehyde oxidation dur­
ing a crossover experiment with 0.5 mol L-1 aceta ldehyde at the cath­
ode (DH E) and N2 at the anode. The N2 flow was stopped at ca. 700 s 
(obtained with permission from [I]). 
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4.3.5. Product Analysis at the Cathode 

It is clear from the results presented above that accurate ana lys is of product y ie lds and 

distribut ions from e lectrochemical ox idation of ethanol in a DEFC requires analysis of 

products ex iting at both the anode and the cathode, as well as the absence of oxygen at 

the cathode (which would lead to a mixture of chemical and e lectrochemical products). In 

o rder to assess the loss of C0 2 via the cathode, the C02 concentration was measured in 

the N2/H2 exhaust from the cathode fo llowing collection ofthe liquid products in a cooled 

fiask. The results are reported in Table 4.5 as the percentage of the charge passed re­

quired to produce the C02 measured at the cathode . Based on the C0 2 y ields measured at 

the anode (Table 4.3), which increased slightly w ith increasing current, the yield at the 

cathode due to crossover should also increase slightly. T he decreasing y ie lds actually ob­

served at the cathode therefore suggest a systematic error in the measurements. This can 

be attributed to the effect of the background C02 reading which can lead to significant 

overestimation of C02 yie lds at low currents. At 200 rn A, where the results shou ld be 

most accurate, it can be seen by comparing the result in Tables 4 .3 and 4 .5 that ca. 23% 

of the C02 produced at the anode crossed to the cathode, and that the total C02 yield was 

ca. 24%. 

In another set of experiments, aceta ldehyde and acetic ac id in the cathode gas 

(N2/H2) were collected w ith a cold trap (cooled w ith liquid N2) and ana lysed by CG (ac­

eta ldehyde) and titration (acetic acid). The results are reported in Table 4.5 as farada ic 

y ie lds. It is clear from these results that there was substantial crossover of both acetic ac id 

and acetaldehyde to the cathode . However, the precis ion and accuracy of the results is 

123 



Table 4.5: Faradaic y ie lds from t itration, GC, and NDIR measurements on the 
cathode exhaust gas from a DEFC operated at 80 oc with a Pt anode. 
T he cathode gas was Ni H2 (adapted from [ I]). 

C urrent (mA) Acetic Acid (%) C02 (%) Acetald ehyde (%) 

50 0 13 26 
100 8 7.4 12 
150 136 6.2 7.5 
200 72 5.4 41 

obvious very poor. For acetic acid, the problem appears to be due to its low volatility, 

which causes it to exit the cel l randomly in water droplets that condense in the cathode 

gas stream . For aceta ldehyde, the h igh volatil ity makes it d ifficu lt to avoid losses during 

trapping and pre paration of the sample for analysis. The main issue in the experiments 

reported here appears to be loss of aceta ldehyde during the rap id re lease of C02 that was 

a lso collected in the cold trap. Further work is focussed on developing better methodolo-

gy for a complete and s imultaneous measurement of all products from both sides of the 

cell. 

4.4. Conclusions 

T he results presented here show that it is very difficult to make accurate measurements of 

product distributions from a DEFC, particularly at e levated temperatures. Even if a ll 

products where dete rmined at both the anode and cathode exhausts, it would be extreme ly 
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difficult to divide the results into individual values fo r the anode (due to the current flow) 

and cathode (due to reaction with 0 2) . At ambient temperature, acceptable accuracies for 

acetic acid and acetaldehyde yields can be obtained by analysing the anode exhaust with 

N2/H2 at the cathode. However, the cell is no longer a fuel cell under these conditions, 

and the C02 yield measured at the anode may be inaccurate. 

At e levated temperatures, all crossover rates are greatly elevated, and there is the 

added complication of acetaldehyde crossover. Product yie lds should be determined with 

N2/H2 at the cathode and by summing the products at both exhausts. 

Finally, it is necessary to consider the origin of the excellent charge balances, 

based on analysis of the anode exhaust only, reported by Lamy and co-workers for a 

DEFC operated at 80 oc with 0 2 at the cathode [II] . Under these conditions, the acet ic 

acid yield would be overestimated because of the contribution from reaction ( 4.1 ), while 

the acetaldehyde and C02 would be underestimated because of their crossover to the 

cathode. It therefore appears that these two effects cancelled each other in Lamy' s work. 
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CHAPTER 5 

Measurement of Carbon Dioxide Yields 
for Ethanol Oxidation by Operation of a 

Direct Ethanol Fuel Cell in Crossover 
Mode 
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5.1. Introduction 

Parts of this chapter were written by Dr. Peter Pickup and have been pub! ished in a peer­

reviewed journal [I]. 

In assessing the efficiency of anode catalysts, and operating conditions, for break­

ing the C-C bond of ethanol it is crucial to employ reliable and accurate methodology for 

measuring C02 yields. Spectroscopic methods such as in situ FTIR [2-1 2] and diffe rential 

electrochemical mass spectrometry (OEMS) [7, 13-2 1] are extremely valuable for mecha­

nistic studies, but the results are generally dominated by transient (from adsorbed CO) 

rather than steady-state C02 production . In addition, such experiments do not usually rep­

resent fue l cel l operating conditions. Measurements on the anode exhaust from DEFCs 

[22] can provide C02 yields averaged over periods of hours, as well as real time monitor­

ing of C02 production [23]. However, they suffer from crossover effects [24,25] due to 

the diffusion of oxygen, ethanol, and its oxidation products across the Nafi on® membrane 

(PEM). It is also possible that the build-up of ethanol oxidation products in the anode 

flow field can cause product d istributions to vary along the length of the fl ow fie ld. 

In order to minimize the effects of C02 crossover and variations in concentra­

tions along the flow fie ld on measured C0 2 yields in a DEFC we report here on the ef­

fects of controlling the flux of ethanol to the anode, by operating the cell in crossover 

mode, where the rate of ethanol oxidation is limited by its rate of diffusion 
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Figure 5.1: Schematic diag ram of a DEFC operated in crossover mode with C02 
monitoring ofthe anode exhaust using a non-dispers ive infrared 
(N DIR) detector (obtained with permission from [I]). 

though the Na fion® membrane (crossover). T he experimenta l set-up is illustrated sche-

matica lly in Figure 5. 1. A conventional PEM fuel cell was used with Pt black e lectrodes 

sandw ic hing a Nation® 11 5 membrane . Aqueous ethanol was de livered to the cathode 

a nd N2 was passed through the anode compartment. The C02 concentrat ion of the anode 

exhaust gas was continuously monito red w ith a non-dispersive infrared (NDIR) C02 de-

tector. We demonstrate that thi s configuration virtually el iminates inaccurac ies due to 

crossove r effects (ethano l, oxygen, and carbon dioxide) and prod uces high yie lds of C02. 
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5.2. Experimental 

5.2.1. Materials 

Electrodes consisted of 4 mg cm-2 Pt black on Tora/M carbon fiber paper donat­

ed by Ballard Power Systems. Anhydrous ethanol was obtained from Commercial Alco­

hols Inc. 

5.2.2. The Cell 

A 5 cm2 commercial cell (Fuel Cell Technology Inc.) was used. The cathode inlet 

and outlet were both modified to prevent the ethanol solution from contacti ng any metal 

parts of the hardware. Membrane and electrode assemblies were prepared by hot pressing 

a 5 cm2 anode and a 5 cm2 cathode onto a Nation® 115 membrane (Ion Power) at a pres­

sure of 200 kg cm-2 at 135 oc for 90 s. The cell was operated with a cathode feed of 

0. 10- 1.0 mol L- 1 ethanol or methanol solution at 0.50 mL min- 1
• The anode feed was N2 

at 45 or 90 cm3 min- 1
• Electrochemical measurements were made using a Solartron 1286 

potentiostat operated with Corrware software. 

5.2.3. C02 A nalysis 

The N2 exhaust from the fuel cell was passed through a 125 mL flask to collect 

condensates and then into a Telaire 700 I non-dispersive infrared C0 2 monitor [23]. All 

C02 yields reported in this work are faradaic yields based on the current passed by the 

fuel cell. Since it was found that the accuracy of the detector deteriorated with time when 

used in these experiments over long periods (weeks), it was necessary to recalibrate regu-
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larly either with known concentrations of C02 in N2 or using methanol in crossover mode 

and assuming a I 00% yield of C02 (see below). 

5.3. Results and Discussion 

5.3.1. Testing and Calibration of the System with Methanol 

The accuracy of the system for measuring C0 2 yields was first eva luated using 

methanol as the fue l, which was expected to give close to a I 00% faradaic yield. A I mol 

L-1 methanol solution was fed through the cathode compartment of the cell at a flow rate 

of 0.50 mL min - I. At the anode, N2 gas was passed at a rate of 90 mL min- 1
. Methanol 

crossing through the afi on® 115 membrane was oxidized at the anode, using constant 

currents ranging from 5 to 80 mA, while the cathode acted as a dynamic hydrogen elec­

trode (DHE). As shown in Figure 5.2, the C02 concentrations measured in these experi­

ments agreed well with the calculated concentrations based on a I 00% fa radaic yield of 

C02. The slope of the data shown in Figure 5.2 was 1.03, indicating that the system pro­

vides an accurate measure of the C02 yield, and that methanol is a lmost exclusively ox i­

dized to C02 under the conditions employed. Crossover of C02 to the cathode must also 

have been insignificant in these experiments. 

Many of the previously reported measurements of C02 yields from methanol oxi­

dation have shown yields below I 00% due to incomplete oxidation to fo rmaldehyde and 

formic ac id [26,27]. However, since these two intermediates can both be oxidized to 
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Figure 5.2: Measured C0 2 concentrat ion in the anode exhaust vs . theoretical con­
centrat ion for a I 00% faradaic y ield for constant current (5- 80 rnA) 
oxidation of methano l crossing through a Nation® 115 membrane (T 
= 80 °C) (obtained with permission from [ I]). 

C02 within the porous structure of a fuel cell electrode [28,29], high C02 yie lds and low 

levels of formaldehyde and formic acid are achieved in d irect methano l fuel cel ls [30]. 

In order to assess the effects of C0 2 crossover in conventional measurements (i.e. 

measuring the C02 in the fue l stream exhaust; "normal" mode), the anode and cathode 

connections in Figure 5.1 were reversed . Thus, in these experiments the cathode was 

flushed w ith N2 and acted as a DH E and the anode was supp lied w ith 0 . 1 mo l L-1 
metha-

no l. The C02 concentration was measured in the N2 ex iting the cathode chamber and in 

the 0. 1 mo l L-1 methanol ex iting the anode chamber (fol lowing extraction into an N2 

stream [23]). It was found that at 30 rn A, ca. 34% ofthe measured C02 exited the ce ll in 
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the N2 stream from the cathode, while 66% exited in the anode exhaust. C learly, there 

was a great deal of C02 crossover from the anode to the cathode, as would be expected 

given the high activ ity of C0 2 at the anode (ca. 0.53 for C02 gas saturated with water at 

80 oq and low acti vity at the cathode (close to 0 for ca. 650 ppm C02 in N2). T hese re­

sults confi rm [24] that conventional measurements of C02 yields in direct alcohol fuel 

cells ( i.e . measurement of C02 in the anode exhaust only) underestimate the true yie ld 

due to crossover. Indeed, such measurements on the DM FC here gave s ignificantly lower 

C0 2 yields (ca. 70% on average over a 2- 30 mA current range) than the measurements 

reported in Figure 5.2 . 

5.3.2. Ethanol Oxidation 

T he crossover of ethano l through proton exchange membranes in fue l cells has been de­

scribed in a number of papers [24,3 1-33]. The effects of oxygen permeation from the 

cathode compartment of a fue l cell through the membrane have also recently been de­

scribed [25]. It has been shown that the use of oxygen at the cathode can result in both a 

mi s interpretation of ethanol oxidation products, due to ethanol crossing through the 

membrane and chemically reacting with oxygen at the cathode [24] and a lso acetic ac id 

and aceta ldehyde formati on at the anode due to oxygen permeation [25]. In order to avo id 

these problems, the experiments reported here employed N 2 at the cathode, and a refer­

ence potentia l was prov ided by the cathode acting as a dynamic hydrogen electrode. The 

ma in focus of these experiments was not to measure the rate of ethano l crossover but to 

provide a contro lled and limited flux of ethano l to the anode by de livering it from the 

cathode via diffusion through the membrane. 
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Figure 5.3: Polarization curves at 80 oc recorded in the crossover mode shown in 
Fig. I. Current measurements were made (averaged over 30- 100 s) 
following ca. 4 min at each potential. N2 was passed over the anode at 
45 mL min - I whi le 0.1 or 0.5 mol L-1 ethanol solution was supplied to 
the cathode which acted as a DHE (obtained with perm ission from 
[I]) . 

It is we ll known that the rate of diffusion of ethanol through a Nafi on® membrane 

is dependent on the concentration of the ethanol solution [32,33]; th is is illustrated in 

Figure 5.3 which show polarization curves for the oxidation of ethanol cross ing the 
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membrane from 0 . 1 to 0 .5 mol L-1 ethano l solutio ns on the cathode s ide of the cell. The 

diffus ion limited flux of ethano l across the membrane is indicated by the approximate ly 

consta nt (limiting) currents at potentials above 0 .5- 0 .7 V, and can c learly be contro lled 

by varying the concentration of the ethanol feed solutio n. However, it is curious that in-

creasing the ethano l concentratio n by a factor o f 5 on ly increased the limi ting current by 

a facto r of ca . 2 .1. T his suggests that the average number of e lectrons re leased per ethanol 

molecule must have been significantly highe r at the lower concentration. Th is is con-

firmed by the higher C0 2 yie lds measured at lower ethano l concentrat ions (see below). 

F ig ure 5.4 shows a typical C0 2 concentration vs . time trace fo r constant potent ia l ox ida-

t ion of ethano l crossing through the membrane from 0. 1 mo l L-1 ethano l at the cathode, 

together with the current vs. time curve. The ri se in C02 concentration was slow because 

o f the large dead volume of the tubing and g lassware used to condense and remove wate r 

fro m the anode exhaust gas (N2 + C02 + water vapo r, etc .) before it was passed through 

the C0 2 detector, w hich is eas ily damaged by water condensation. However, a steady 

C02 reading was established afte r ca. 5 min, and the current was a lso reasonably stable. 

T he fa radaic y ie ld of C02 (%C0 2) was calc ulated from the average C02 concentration 

(ppm C02) and average c urrent (1), after the first 5 min, to be 63% us ing Equation (5. 1), 

o/oC0 2 = nFp(ppm CO: ) 

100o/o ( 2.4 2 X 107 ) / 
(5.1) 

where n = 6 and p is the N2 flow rate in L s - I . 

Table 5. 1 shows the farada ic C02 yie lds for ethano l oxidatio n at various poten-

tia ls and ethano l concentratio ns. As the ethanol concentratio n was decreased, a s ignifi -

cant increase in C02 selectiv ity was seen. When comparing the 0 .5 mol L-1 to the 0 . 1 mo l 
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Figure 5.4: C02 concentration and current vs. time traces recorded during the ox­
idation of ethanol at 80 oc and 0.70 V vs. DHE. 2 was passed over 
the anode at 45 mL min - I while 0.1 mol L.1 ethanol olution was sup­
plied to the cathode (obtained with permission from [I]). 

L.1 concentrations, the faradaic C02 yield was more than fou r times higher for 0.1 

mol L.1 ethanol at the lowest potential (500 m V) and two times higher at the limiting cur-

rent (700 mY). Since the rate of diffusion through the membrane increases with increas-

ing EtOH concentration, it is evident from these results that a lower di ffusion rate is pre-

ferred for optimal selectivity toward C02. 
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Table 5.1: Faradaic yields of C02 for ox idation of ethanol crossing over through 
a Nation® 115 proton exchange membrane at 80 oc in a DEFC. The 
anode gas was N2 (adapted from [ I]). 

[Ethanol] (mol L-1
) Cell Potential (mY) C02 (%) 

0.1 500 42±6 
0.1 600 60±3 
0.1 700 64±2 
0.3 500 27±3 
0.3 600 39±2 
0.3 700 43±2 
0.5 500 <10 
0.5 600 21 ±1 
0.5 700 28±2 

Uncertainties are standard deviations based on the standard 

deviations of the cahbration parameters and the average 

C02 readings. 

In order to investi gate whether the high yields with 0.1 mol L-1 ethanol reported in 

Table 5. 1 were due to limitation of the flux of ethanol by the membrane, add itional ex-

periments were performed in which C02 yields were compared for operation of the ce ll in 

·'normal" and ·'crossover" modes with 0. I mol L-1 ethanol. These experiments were per-

fo rmed at constant current ( I 0, 20, 30,.and 50 rnA). The measured C02 yields are plotted 

as a function of cell potential in Figure 5.5. Interestingly, the highest C02 yield (68%) 

was obtained in normal mode at the lowest potential (- 0.34 V vs. DH E; I 0 rnA). Yields 
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dropped with increasing current in normal mode, but increased in crossover mode, reach­

ing limiting values in both cases. It has commonly been reported that C02 yields from 

ethanol ox idation decrease as the potential [ 13,34] or current density [23,35] is increased, 

which is the trend seen here in normal mode. The increasing yie lds with increasing poten­

tial and current seen here for crossover mode in both Table 5.1 and Figure 5.5 are there­

fore anomalous. This effect may be due to the decreasing ethanol concentration at the an­

ode as the current increases. Based on a linear concentration gradient across the mem­

brane, the ethanol concentration at the anode would be proportional to (i11m- i)/ilim, where 

i1im (- 72 mA) is the limiting crossover current. When compared at similar cell potentials, 

yields were clearly higher in crossover mode than in normal mode. This can be attributed 

to loss of C02 though the cathode in normal mode, which was demonstrated to result in a 

ca. 30% underestimation of the C02 yield in the methanol oxidat ion experiments. Since 

the yields in normal mode at the lowest potentials should have been sim ilarly underesti­

mated, the actual yield at I 0 rnA (ca. 0.34 V vs. DHE) must have been significantly 

greater that 68%. 

The highest yields of C02 observed in thi s work (64- 68% in Figure 5.5 and Table 

Figure 5.1 ) are significantly higher than the highest previously reported yields for ethanol 

oxidat ion at 80 oc in DEFCs. We have previously reported a yield of 15% for oxidation 

of0.5 mol L-1 ethanol at 40 mA cm-2 [23], wh ile Rousseau et al. [22] obtained a faradaic 

yield of 35% at 8 mA em -2 with 2 mol L-1 ethanol. A yield of 62. 1% has been reported 

for ethanol oxidat ion at 80 oc (86.9% at I 00 °C) in a high- temperature/high-pressure 

DEMS study with 0.0 I mol L-1 ethanol [ 13]. 
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Figure 5.5: Measured C0 2 yie ld vs. ce ll potentia l for DEFCs operated in no rmal 
and crossover modes w ith 0 .1 mo l L' 1 EtOH at 80 oc. In each case, 
the C0 2 was measured only in the anode exhaust stream (obtained 
w ith permiss ion from [1]) . 

T he hi gh yie lds in the current work are c learly due in part to the lower ethanol 

concentration employed (0 .1 mol L' 1
) , and a lso to the lower current densities (2-8 mA 

em - 2) . Insight into the orig ins of such sensitiv ity of the C0 2 yie ld, or product distribution, 

to operating conditions has recently been provided by a dens ity functional theory study of 
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the key steps in the mechan isms for C02 and acetic acid formation during ethanol oxida­

tion [36]. It was shown that the activation barriers for these steps were influenced by both 

the presence of urface hydroxyl groups (OHads) on the catalyst, and the presence o f wa­

ter mo lecules. T he route to acetic acid requires the OHads functionality while the route to 

C02 is inhibited by OHads· In contrast, the presence of water increases the rates of both 

routes, but speeds up C0 2 production more than acetic acid production. The high yields 

of C02 seen here at low currents/potentials in no rmal mode can reasonably be attributed 

to low OHads coverage and high water ac tivities. The lower yield in crossover mode at the 

lowest current may be due to a lower water activity at the anode, which was flushed with 

dry N2 at 80 oc in these experiments . At higher currents, this effect may be compensated 

by the decreas ing ethano l concentration at the anode, as suggested above. A lthough fur­

ther work is needed to explore these effects in more detail, it seems clear from both ex­

perimenta l and theoretical perspectives that it wil l be possible to further increase the se­

lect iv ity of ethanol ox idation for breaking the C-C bond by tuning the cell operating con­

ditions. 

5.4. Conclusions 

Operation of a direct methano l fue l cell (DM FC) in crossover mode has been 

shown to produce C02 quantitative ly without significant crossover of C02 to the fuel 

stream (cathode). In contrast, ca. 30% of the C02 produced when the cell was operated 

norma lly crossed to the cathode gas stream. Consequently, measurements of C02 in the 

anode exhausts of both DMFCs and DEFCs greatly under-estimate the y ield of C02. 

Making these measurements in crossover mode should therefore be the preferred method 
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for fundamental studies and for comparing and screening catalysts. An add itional ad­

vantage of using crossover mode, not explored here, is that measurements of C02 in the 

anode gas exhaust can be made with a much faster response time [3 7] than measuring 

C02 in a liquid anode exhaust. 
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CHAPTER6 

Kinetic and Mechanistic Study 
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6.1. Introduction 

Poisoning of the e lectrode by CO and other ethanol oxidation intermediates is a major 

concern in direct ethano l fuel ce lls . It has been reported for decades that Pt catalysts are 

severe ly susceptible to CO po isoning due to strong interactions between Pt and CO mole-

c ules on the surface of the e lectrode (see section 1.4). A lthough most of the highest yields 

towards C0 2 (complete oxidation of ethanol) have been reported for Pt catalysts [1 -3], 

the ir vo ltage effi cienc ies are moderate to low compared to those of bi- and tr i- metal lic 

a lloyed catalysts [ 4-6]. As mentioned in the introduction of this work, computational 

studies o f Pt cata lysts show that the CO and other ethanol oxidation intermediates formed 

on the surface of the catalyst from the dissociation of ethano l are highly attracted to Pt. 

T he energy re leased when CO adsorbs on the Pt surface is much higher than that of oxy­

genated species [7]. S ince oxygenated species are needed for further oxidat ion to the 

more oxygenated products (C02 and acetic acid), the poisoning of the electrode decreases 

the average numbe r of e lectrons transferred by forming large amounts of the least oxy­

genated product, aceta ldehyde. 

Two very important aspects to examine when trying to understand the inefficien­

c ies of ethano l oxidation are the dissociation of ethanol on the surface of the electrode 

and the kinetics of the oxidation of CO into C02 at the electrode surface. T he rate deter­

mining steps in ethanol ox idat ion have been reported to be a combination of the dissocia­

tion of ethano l into CO, CHx and CHxO species ari sing from the difficu lty in cleav ing the 

C-C bond and the ox idation of CO into C02 ari sing from strong CO surface adsorption 

energ ies. To better understand and improve catalyst performances, many research groups 
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have developed new anode catalysts that have been shown to increase ethanol oxidation 

efficiencies by altering product distributions. The primary objecti ves of this work were to 

gain insight into both the ethanol adsorption/desorption processes and to increase C02 

yields in DEFCs. 

It has been reported in chapter 3 of this work that at the start of each experiment 

at RT (Figure 3.7), there is a large amount of C0 2 that is produced and high cell e ffi cien­

cies are observed. However, after short periods of time, large decreases in both the C02 

yie ld and effi ciencies are seen. This is due to a build up of CO and other intermediates on 

the electrode surface. This po isoning of the e lectrode (using Pt catalysts) can be mi tigated 

by periodicall y oxidiz ing the adsorbed species and this is the main focus of this chapter. 

In this work, we report a series of electrode surface cleaning experiments in which 

potentia l steps are applied to the anode at small ti me intervals. After each of the pu lsing 

intervals, the cell is allowed to return to open circuit. During the rest period, ethanol was 

able to adsorb to the surface . Di fferent pulsing and resting time intervals were monitored, 

giving an indication of the times needed for ethanol adsorption and oxidation of CO to 

C0 2. Various magnitudes of pulses, pulse times and rest times were examined and con­

clusions about the adsorption and desorption kinetics are made. 

The motivation behind these stripping experiments can be attributed to previous 

work done by the Pickup group in 2008 [8] . They had used stripping techniques to in­

crease the C02 yield to more than 60% at room temperature. As shown in Figure 6. 1, 2 s 

pulses were applied to the anode followed by 30 s rest interva ls at open c ircuit and room 

temperature. The 2 s pul se at 0.82 V vs. H2 seemed to be suffic ient to strip the intermedi-
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Figure 6. 1: Current and concentration of C02 produced during stripping 
experiment with 2 s pulses at 0.82 V and 30 s resting intervals 
between pulses at open circuit [8]. 

ates from the surface . The long resting interval was applied to make sure there was ample 

time for the ethano l to dissociative ly re-adsorb on the surface. In this instance, the fi rst 

pulse gave a C02 yie ld of ca. 34% and the second pulse more than 60%, based on the as-

sumption that the C02 was due to the 12 e lectron oxidation of ethano l. The s ignificant 

increase in C02 can be attributed to the clean surface of the e lectrode after the first pu lse 

stripped the adsorbed intermediates from the surface. The first pulse may have been low-

er because of long period at open circuit before the first pulse was app lied, leading to a 

large bui ld up of adsorbates that were not CO. After the first pulse, the ce ll was a llowed 
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to return to open c ircuit, but during the slow relaxation period, the anode was still at a 

higher potential than the origi nal OCP a llowing the majority of the ethanol to dissociate 

into CO. Therefore, prior to the second pulse, the surface contain more CO adsorbates 

that were then ox idized to C02. This increase in C02 concentration at the second pulse 

was observed in most of the experiments described in this chapter. Comparing these re­

sults to some of the room temperature results obtained in chapter 3 of thi s work, yields 

are significantly enhanced using the stripping method. This study also reported that the 

large peak current observed early in a potentiostatic experiment is primarily due to ad­

sorbates such as CO being oxidized to C02 and the current produced throughout the rest 

of the experiment is increasingly due to acetic ac id and aceta ldehyde formation . 

In this work, the resting period between pulses is closely examined and altered to 

give the shortest resting period possible without losing selectivity towards C02 • Also, the 

magnitude of the potential applied and the pulsing time is analyzed to determ ine the 

shortest pulse times and smallest magnitudes of potential needed to optimize the system. 

Various trends in results are reported in this chapter and wi ll be further discussed 

givi ng some insight into the mechani sm of ethanol ox idation at the surface of the elec­

trode. All results for pulsing experiments are at room temperature unless stated otherwise. 

The oxidation of acetaldehyde in direct ethanol fuel cells wi ll also be reviewed in 

this chapter. It has been reported from various theoretical studies (see section 1.4.2) that 

one of the most energetically favored first steps of the complex mechanism of the oxida­

tion of ethanol is the production of acetaldehyde [9-1 I]. The fi nal section of this chapter 

will be focussed on the oxidation of aceta ldehyde in a fuel cell at various fuel cell cond i-

150 



tions. By testing known concentrations of acetaldehyde directly fed into the fuel ce ll and 

examining the product distributions, we were able to gain some insight into the overall 

reaction mechanism. Conclusions will be made on the accuracy of the theoretical calcula-

tions and assumptions reported in literature. 

6.2. Experimental 

6.2.1. Materials 

2 TM 
Electrodes used in this work consisted of commercial 4 mg em· Pt black on Toray 

carbon fiber paper donated by Ballard Power Systems. Anhydrous ethanol was obtained 

from Commercial Alcohol Inc. Acetaldehyde (99.5%) was obtained from Sigma-Aldrich. 

6.2.2. The Fuel Cell 

A commercial 5 cm2 fuel cell was used fo r all experiments in this chapter. The anode and 

cathode inlets were both modified to avo id any corrosion of metal in the cell which could 

affect results. Membrane and electrode assemblies were prepared using the same method 

as mentioned in previous chapters with 5 cm2 electrodes and Nation® 11 5 ion exchange 

membranes from Dupont. The cell was operated in both normal and crossover mode. In 

normal mode, 0.1, 0.5, and I mol L-1 ethanol was used as the fuel. The ethanol solution 

was purged with N2 at a flow rate of ca. 27 mL min-1 in a 500 mL sealed metal cyl inder 

(Figure 6.2). The gas stream containing N2 and ethanol vapour was fed through the anode 

compartment of the fuel cell where the oxidation took place. 5% H2 in N2 gas was used at 

the cathode at a feed of I 0 mL min-1 to prov ide a stable reference potential. H2/N 2 was 
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Figure 6.2 : Schematic of the system used for room temperature adsorbate 
stripping experiments in normal mode with H2/N2 as the cath­
ode gas. 

used in these experiments at the cathode instead of 0 2 to limit the amount of chemically 

produced products of EOR as prev iously mentioned in chapter 4. 

Stripping experiments carried out in crossover mode used 0. 1 and 0.5 mol L-
1 

eth-

anol so lution and were performed at ambient temperature. The ethanol solution was fed 

through the cathode at 0.50 mL min-1
• The ethanol was allowed to cross through the 

Nation® membrane to the anode where oxidation took place. At the anode, N2 was fed at 

a rate of27 mL min-1 wh ich carried the C02 to the detector for analysis. All anode prod-

152 



Cathode liquid 
outlet 

Anode 

Ethanol solution 

N 2 gas 

Figure 6.3: Schematic of the fue l cell setup for stripping experiments carried out 
in crossover mode. 

ucts were found to be in the gas phase suggesting that the acet ic acid produced in the N2 

anode stream crossed back through the membrane and exited via the liquid cathode 

stream . S ince the anode outlet contained no liquids, a collection flask was not needed and 

the C02 detector was directly linked to the anode outlet (F igure 6.3). 

For aceta ldehyde oxidation experiments (normal mode), 0.5 mol L-1 aceta ldehyde 

solution was pumped through the anode compartment at 0.50 m L min-1
• At the cathode, 
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distilled water (0.50 mL min-1
) or H2/N2 (- 10 mL min-1

) were used to g ive a stable refer­

ence potential (DH E for water). These experiments were carried out at room temperature, 

40, 60, 80, and 100°C. 

6.2.3. C02 Analysis 

As illustrated in Figure 6.2, after oxidation, the anode products are passed d irectly 

through the N Dl R detector fo r C02 concentration analysis . The tubing fro m the anode to 

the detector was shortened to a llow quick readings and good reso lution of C02 peaks. At 

room temperature, thi s system worked very well as all of the products were in the gas 

phase and there were no problems due to condensation of products. At higher tempera­

tures, it was found that sma ll amounts of condensed liquids w hich were fo rmed in the gas 

stream entered the detector. T he detector was found to be very liqu id sensitive and maj or 

problems occurred at elevated temperatures. 

Due to the very short pulsing intervals that were used in this work, the farada ic 

C02 yields were a bit more cha lleng ing to calculate . For calculations of the theoretical 

mo les of C02, the charged passed by the cell must be used, as shown in chapter 3 . When 

pulsing the cell w ith a known potentia l it is seen (Figure 6.4) that the current quickly 

drops over the interval, even at very small pul s ing intervals. Therefore, we needed to in­

tegrate the current vs . time plots to obtain the total charge over the given interval. Figure 

6.4a illustrates the signi ficant drop in current w ith a 15 s pulsing interval at 0.8 V. In this 

experiment, the resting intervals were at open c ircu it. In some experiments using a sma ll­

er concentrat ions of ethanol (0. 1 mol L-1
) , it was fo und that in order to obtain significant 

and distinguishable C02 concentrat ion peaks, the cell needed to be d ischarged 
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during the resting interva ls . To do this, we set the resting interva l to 0 V vs. H2 instead of 

leaving the ce ll at open c ircuit. Fo r calculating fa radaic yie lds in these experiments, it 

was important for us to integrate over both the pu ls ing and resting potentia ls to correct 

for the negati ve (discharg ing) current. By integrating over the complete interval, we were 

able to obta in the net charge for the pulses, and hence able to calculate the theoretical 

mo les of C0 2. F igure 6.4b illustrates the C0 2 production obtained from applying pulses 

o f 0.8 V o f potential (vs. H2). To obta in our net experimenta l mo les of C02, the traces 

recorded from the C0 2 detecto r were converted to mo l s- 1 then integrated . 

6.2.4. Acetic Acid Analysis 

Acetic ac id yields reported in this chapter were only calculated for the aceta lde­

hyde oxidation experiments. Only the anode solution was collected fo r titration in these 

experiments. It is possible that small amounts of acetic ac id could have crossed through 

the membrane and therefo re our repo rted resul ts could be s lightly overestimated in this 

chapter. 

6.3. Results and Discussion 

6.3.1. Linear Sweep Experiments 

To first investigate an optima l pul sing potentia l for oxid izing CO into C02 fro m the an­

ode under our fuel ce ll conditions, linear sweep experiments were carried out. ( ote: In 

this section, ··CO" refers to both CO and other adsorbates on the electrode surface 
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Figure 6.5: Current and C02 concentration measurements by applying a linear 
potentia l sweep from 0 to 1.1 V (vs. H2). Room temperature experi­
ment using 1.0 mol L- 1 ethanol vapor as the fuel and H2/N2 at the 
cathode to obta in a stable reference potential. 

resu lting from the dissociation of ethanol). Ethanol vapor (from I mol L-1 
EtOH (aq)) 

was used as the fuel and H2/N 2 as the cathode gas. The sweep rate was I 0 m V s-
1 

and 

experiments were performed at room temperature. These experiments invo lved increasing 

the potential from 0 to 1.1 V (vs. H2) . The current and C02 produced were both moni-

tored as a function of time and potential and are shown in Figure 6.5. As shown in this 

graph, there was a ri se in current start ing at ca. 700 m V which continued to rise through-

out the high potential region. This increase in current in this potential reg ion is the oxida-

tion of ethanol and its adsorbates on Pt and is well documented in the literature [8, 12, 13]. 

Monitoring of the C02 produced in this region also suggests the stripping CO into C02 as 
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a large burst was observed. Calculation of the C02 faradaic yie ld for the entire sweeping 

experiment was carried out (assuming that n=6 for C02 formation) and was found to be 

ca. 43%. However, between 0 and 0.3 V (vs. H2) a large peak in current was observed. 

This peak is the desorption of hydrogen, and this region should be excluded from the C02 

yield calculations. It should be noted that this peak appears to be larger than normal (usu­

ally 0 2 or N2 is used at the cathode) and may be due to crossover of the hydrogen that is 

used in the cathode stream or H2 produced at the anode at 0 V. The C02 yield was calcu­

lated to be ca. 52% from 0.3 V onwards. These experiment show a significant increase in 

C0 2 yield on Pt at room temperature compared to those reported in the literature (highest 

yield ca. 13%) [14] . This suggests that applying a potential in the CO ox idation region 

(0.7-0.9 V vs. H2) can strip the CO from the electrode and reduce the amount of CO po i­

soning on the electrode. 

The pulsing potential for the stripping experiments is very important when trying 

to obtain the highest yields ofC02. If the chosen potential is too low the oxidation of CO 

to C02 may not be carried out fully, resu lting in CO poisoning and the formation of acet­

a ldehyde could be favored. A potential too high (vs. H2 ~low cell potential) cou ld result 

in large production of OH adsorbates which wi II then favor the production of acetic ac id, 

which is known to be formed at high currents. 

To monitor the hi gh current I high C02 potential range, constant potential experi­

ments were carried out. These potentiostatic experiments used 700, 800, 900, and I 000 

m V (vs. H2) over 180 s intervals. The current vs. time traces were integrated to obtain 
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Figure 6.6: C0 2 traces for constant potential experiments for 700, 800, 900, and 
I 000 m V (vs. H2) using vapour from 1.0 mo l L-1 

ethanol at room 

temperature. 

c harges, and the C0 2 vs . time traces were integrated to obtain the total mo les of C02 pro-

duced. The C0 2 vs. time traces for each potential are shown in Figure 6 .6. In each of the 

traces in Figure 6 .6, it is shown that a large burst of C02 occurs at the start of the experi-

ment. T his spike in C02 is caused by adsorbed CO, formed on the e lectrode prio r to the 

run while the system was at open c ircuit, which is oxidized to C02. For each potential, 

the farada ic C02 yields were calculated for the ent ire run , for the first 50 s and for the 

fina l 50 s. As shown in Table 6.1 (and can be interpreted from Figure 6.6), high C02 

159 



Table 6.1: Faradaic C02 yields for potentiostatic experiments at 700, 800, 900 and 
1000 mY (vs. H2). C02 yields were calcu lated for the entire run and 
for various regions ofthe experiment. 

Potential (mY vs. H2) C02 yie ld (total) C02 yield (first 50 s) C02 yie ld (final 50 s) 

700 31.0% 37.9% 23.0% 

800 31.9% 51.8% 2 1.9% 

900 2 1.4% 29.8% 16.4% 

1000 19.8 % 30.9% 11.2% 

yields were observed for the first 50 s (29.8-5 1.8%). After the CO was stripped from the 

e lectrode, the concentration of C02 decreased until it became relatively steady at ca. 120 

s. The C02 yields decreased with time as the concentration decreased but the current re-

mained steady from ca. 50 s onwards. These results suggest that the current produced at 

the start of these experiments was primari ly due to the formation of C02 from adsorbed 

CO, and at longer times was from the production of acetic ac id and aceta ldehyde. 

The sharp spike observed at the beginning of each run indicates that each poten-

tia l tested is sufficient for CO stripping. However, the 800 mY (vs. H2) was shown to 

have the largest C0 2 production in the first 50 s (which wil l be the important time inter-

val for pulsing) and was therefore chosen to be the optimal potential to use for the pulsing 

experiments. To further demonstrate the importance of the pulsing potential, a 500 mY 

(vs. H2) constant potential experiment was carried out. Absolutely no C0 2 was produced 

in this run, indicating that the potentia l was not high enough for CO str ipping. 
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6.3.2. Increasing C02 Yield Using Pulsing Techniques 

As mentioned in the introduction of this work, the complete oxidation of ethanol into 

C02 is normally very min or on Pt at room temperature. Using galvanostatic (constant 

current) experiments and liquid ethanol, the highest C02 yield reported at room tempera­

ture is ca. 13% [1 4]. As just shown in the linear sweep and constant potential experi­

ments, yields much higher than 13% can be achieve when a proper potential is applied to 

the anode. By applying a potential in the CO oxidation region and stripping the CO and 

other intermediates into C02, then allowing the system to return to open circuit (where 

ethanol is able to re-adsorb to the surface) and re-applying the potential, the high yields 

seen in the first 50 s of Figure 6.6 can be continually achieved. By allowing the cell to 

return to open circuit between pulses, all of the current will be anodic and will all con­

tribute to the C02 yield calculations. 

To demonstrate the effects on C02 yield using thi s technique, a pulsing experi­

ment using 5 s pulses at 0.8 V (vs. H2) followed by 5 s resting intervals at open circuit 

was carried out. In this experiment 5 pulses were applied to the anode and the resulting 

current and C0 2 concentration were recorded (Figure 6.7) . It is shown that the fi rst pulse 

produced a fa irl y low concentration of C0 2. This has been observed in prev ious pulsing 

experiments [8] and is observed in almost all of our pulsing experiments. As mentioned 

earlier in thi s chapter, this low C0 2 concentration produced during the fi rst pulse (in 

compari son to the proceeding pulses) is thought to be caused by a large concentration of 
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Figure 6.7: Pu ls ing experiment using 5 s pulses at 0.8 V (vs. H2) with 5 s resting 
interva ls at open circuit between pu lses. The slow response time of 
the C02 measurements was corrected for. 
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non-CO adsorbates on the electrode surface. In each of the fol lowing pulses, CO was 

produced on the electrode at the high anode potentials while the cel l was returning to its 

OCP. It would seem that the 5 s resting interval was enough time for ethanol to dissociate 

to CO on the surface. 

As shown in Table 6.2, the first pulse (based on the first current peak) gave a C02 

yield of 28.2%. The following peaks (2-5) gave yields between ca. 74-91 % and the over­

all yie ld for the 5 peaks was calculated to be ca. 76%. It should be noted that the percent 

yield of all of the pulsing experiments wou ld be most likely overestimated due to the ox i­

dation of CO into C02. As mentioned earlier, as the cell is returning to open circuit po­

tential , ethanol is oxidized to CO on the surface of the electrode. Once the potential is re­

applied to the cell , the CO gets oxidized into C02 wh ich would only require the transfer 

of 2 electrons. For all the calculations for theoretical moles of C02 in this chapter, it is 

assumed that ethanol is completely oxidized into C0 2 and the number of electrons trans­

ferred are 6 per mole of C0 2. Since the oxidation into C0 2 in these experiments involves 

a complex oxidation mechanism in which a mixture of ethanol, acetaldehyde and CO 

would be further oxidized to C02, the true number of electrons transferred would be most 

likely less than 6, resulting in an overestimation of the faradaic yields. The true number 

of electrons transferred in these experiments would be a much more complicated calcu la­

tion that is beyond the scope of this work. Many of the calculated C02 yields are larger 

than I 00% in this section, and are therefore only used as a comparison between other pa­

rameters and methods. 
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Table 6.2: Charges and moles of C02 obtained from graphs in Figure 6.7. 

Pulse Charge I C Moles of C0 2 I 10-7 
C02 yield I% 

# I 0.146 0.7 1 28.2 

#2 0.150 2.20 84.9 

#3 0.136 1.74 74.1 
#4 0.132 2.03 89.0 
#5 0.133 2.09 90.9 

Total 0.697 9.18 76.2 

6.3.2.1. Resting Time Dependence on C02 Yield 

By varying the resting intervals between pulses, insight into the adsorption/di ssociation 

rate of ethanol on the electrode surface can be gained . If the open circuit resting interval 

is too short, the ethanol will not have time to dissociate on the electrode and only small 

C0 2 yields wi ll be observed. Since the adsorption of ethanol on Pt is known to be very 

quick and not the rate determining step (in the low potential region), very short intervals 

between pu lses would most likely be sufficient. If the resting interval is too long (cell is 

allowed to return to open circuit potential) the ethanol could poss ible favor to dissociate 

into non-CO adsorbates (such as an acetaldehyde intermediate) and reduce the C0 2 pro-

duced for the pulse. In this work, pu lsing experiments were performed in which the open 

circuit resting intervals were varied between pulses. These experiments were perfo rmed 

using I mol L-1 ethanol vapor from aqueous ethanol at room temperature. For this series 

of experiments, a complete run consisted of three pulsing intervals of 2 s each at 0.8 V 

(vs. H2) each with various resting intervals in between. 
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Table 6.3: C02 yie lds for pu lsing experiments using 2 s pulses of0.8 V of with 
various resting intervals at open circuit. Ethanol vapor from I mol L-1 

aqueous ethanol was used as the fuel. Experiments carried out at room 
tern perature. 

Resting Interval I s Charge I C Moles ofC02 I 10-7 Apparent C02 Yield I % 

0.5 0.177 2.71 88.4 
0. 175 2.69 89.0 

5 0.187 2.95 9 1.3 
10 0.189 3.56 109 
15 0.185 4.4 1 138 

The resting intervals app lied between pulses were 0.5, I, 5, I 0 and 15 s. The open 

c ircuit potential prior to these experiments ranged from 0.41 to 0.43 V (vs. H2) . The re-

suits for this series of experiments are shown in Appendix A and summarized in Table 

6.3 . It is shown from these results that the rest time between pulses does not seem to sig-

nificantly influence the overall C02 yield throughout the run. The calculated faradaic 

C02 yields for the shorter resting intervals (0.5, I and 5 s) were all fair ly close ranging 

from 88.4 to 9 1.3 %. This could suggest that 0.5 s is suffic ient time for the ethanol to dis-

soc iate into CO on the surface of the electrode. It appears that at the higher resting inter-

vats (I 0 and 15 s), there is an increase in C02 yield. This could be a result of slow diffu-

sion of C02 through the membrane. The longer resting intervals cou ld allow for all ofthe 

C0 2 that is produced to reach the detector before the proceeding pulse. This can be veri-

fied by observ ing the steady state moles s·1 of C02 between pulses. For example, for the 5 
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s resting interval, the lowest C02 reading between pulses was found to be ca. 2.7 1 x I o-9 

moles s· 1
, whereas that for the 15 s resting interval was found to be ca. 8.33 x I o- 10 moles 

s- 1 (see Appendix A). This cou ld suggest that the longer resting interval may be needed 

for the system to record all of the C0 2 produced from each pulse. 

Another interesting observation from these results is that at the highest resting in­

terval ( 15 s) there was no significant change in current. This could suggest that the 

amount of CO that is produced on the electrode during the relaxation period (to open cir­

cu it) is similar for the 0.5 and 15 s resting interval, suggesting quick kinetics, making 

these pulsing experiments rest-time independent. 

The traces found in Appendix A show a similar trend for this series of experi­

ments in that the first pulse gives a significantl y lower number of moles compared to the 

proceeding pulses. In the short resting interval experiments, there is very poor resolution 

between peaks, and would be very tough to associate a C02 yield per peak. At the longer 

rest ing interval experiments (I 0 and 15 s), where there is good resolut ion between peaks, 

it is shown that the number of moles of C02 produced are ca. 2 times larger for the sec­

ond and third peak compared to that of the first. Again, this trend can be attributed to the 

format ion of CO intermediates on the surface of the electrode as the anode is returning to 

open circuit. 

6.3.2.2. C02 Yield Dependence on Pulse Time 

By altering the pulse time and comparing C02 yields and/or moles of C02 produce, some 

insight into the ox idat ion of CO to C02 could be gained. Since it is thought that the rate 

determining step in the complete oxidation of ethanol in a DEFC is the oxidation of CO 
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into C02 [ 15], monitoring the C02 yield as a function of pulsing time could be of im­

portance. 

This series of experiments once again used ethanol vapor from I mol L-1 aqueous 

ethanol as the fuel and H2/N2 gas at the cathode as reference potential. The resting inte r­

vals were held at 5 s to ensure that the ethanol had sufficient time to re-adsorb and disso­

ciate on the electrode. The pulsing times used were 0.5, I, 5, I 0, and IS sand the pulsing 

potential was 0.8 V (vs. H2). The C02 yields calculated for the entire run are reported in 

Appendix B and summarized in Table 6.4. It is shown that at low pulsing times, large 

C02 yields were obta ined. This could suggest that only short pulsing times at an appro­

priate potential are needed to completely strip the CO from the electrode into C0 2. The 

yields above I 00% at low pulsing intervals indicate that the num ber of electrons trans­

ferred is most likely less than 6. This is an indication that the C02 produced at these low 

intervals is primarily due to CO that is adsorbed to the electrode (where the number of 

electrons transferred is 2). As the pulsing time was increased, a significant decrease in 

C0 2 yield was observed. These resu lts suggest that once a ll of the CO on the electrode is 

oxidized to C02, the ethanol wi ll most likely react with the dissoc iated water (OH-) to 

form significant amounts of acetic acid. The formation of acetic acid during the pulsing 

interval wi ll significantly decrease the production of C02, lead ing to an overall decrease 

in the C02 yield for the entire run. Comparing the tota l number of moles produced at the 

0.5 and I s pulsing intervals, only a small increase in C02 is reported (2.46 x I o-7 to 3.04 

x I o-7 moles) . If it is assumed that 0.5 s is sufficient time to strip all the CO into C02, 

then the majority of the C02 observed at 0.5 s would be attributed to CO oxidation (with 
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Table 6.4: Faradaic C02 yields for pulsing experiments using 0.8 V (vs. 1-h) puls­
ing potential and a constant resting interval of 5 sat open circu it. 

Pulsing Interval I s Charge I C Moles ofC02 I 10-7 Apparent C02 Yield I % 

0.5 0.081 2.46 176 
0.124 3.04 142 

5 0.394 5.02 74.3 
10 0.689 7.7 1 65.2 
15 0.971 9.30 55 .1 

an n value of 2) . As the pulsing interval increased to I s, it is likely that the increase in 

moles of C0 2 would be attributed to ethanol dissociation and oxidation on the clean elec-

trode surface (in the fina l 0.5 s of the I s pulse) resulting in an n value closer to 6 and 

lowering the apparent farada ic yield. 

Determining the actual faradaic C02 yield is very di fficult in thi s set of experi-

ments due to the number of electrons varying from the oxidation of mixed intermediates. 

It can be assumed that these yie lds are much more overestimated at the lower pul sing po-

tential where the majority of the C02 produced is attributed to the ox idation of CO. How-

ever, at the lower pu lsing intervals, the charge passed is most li kely sign ificantly overes-

timated as well. Since the charging current wou ld account for a large portion of the over-

all charge at the low pu lsing interval, the theoretical moles calculated would be overesti-

mated and the faradaic yie ld would be underestimated. As the pu lsing times increase, the 

charging current becomes much less significant and would therefore not affect the farada-

ic yield as much. 

168 



Once again for this set of experiments, a low C0 2 yie ld was observed for each of 

the initial pulses (see Appendix B). The second and third pulses showed much high 

yields, which support our assumption of CO being produced at potentials between 0 .8 V 

and OCP (ca. 0.42 V). 

6.3.2.3. Temperature Dependence on C02 Yield 

The production of C0 2 has been reported to be dependent on the temperature of the fuel 

cell. As temperature increases, the cleavage of the C-C bond occurs more easily resulting 

in high production of C0 2. The highest C0 2 yield ever reported was ca. 95% and oc­

curred at 145 oc [ 16] . However, most Nation® membranes can only withstand tempera­

tures to ca. 100 oc due to low water transport resulting in dehydration and degradation of 

the membrane. 

In this set of experiments, the temperature of the fuel cell was increased from am­

bient temperature to 50 °C and the corresponding yields using pulsing were measured. 

Temperatures beyond 50 °C resulted in small production of liquid products in the anode 

line which could significantly affect the detector and possibly compromise the results; 

therefore only experiments at 50 oc and below were carried out using this method. 

To show the temperature dependence on C02 yield using the stri pping method, 2 s 

pulses at 0 .8 V (vs. H2) with 15 s rest intervals at open circuit were used. The C02 con­

centration traces for the various temperatures are depicted in Figure 6.8. It is clear from 

these traces that as the temperature was increased, significant increases in C02 produc­

tion were observed. Table 6.5 reports the calculated charges and farada ic C02 yields for 

the experiments at 30, 40 and 50 oc. As would be expected, increasing temperature 
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Figure 6.8: C0 2 traces for stripping experiments using various fuel cell tempera­
tures. Vapour from I mol L-1 ethanol solution, 2 s pulses at 0.8 V (vs. 
H2) with I 5 s resting intervals at open circuit. 
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Table 6.5: Apparent faradaic C0 2 yie ld calculated using the in tegrated moles of 
C02 and the charge produced in the cell using 2 s pulsing interva ls at 
0.8 V (vs. H2) and 15 s resting intervals at open circuit between puls­
es. 

Temperature (°C) Charge (C) 

30 0.2485 

40 

50 

0.2635 

0.4859 

6.71 

8.06 

19.60 

C0 2 yie ld (% ) 

156 

175 

234 

showed an increase in y ie ld . When the temperature was increased from ambient tem pera-

ture (Table 6.3) to 30 and 40 °C , onl y a small h ike in C02 yield was observed. However, 

the increase from 40 to 50 oc showed a very large j ump in the C02 yie ld ( 175-234%). 

T his could be indicative of an exponential re lationship between C02 yield and tempera-

ture . A lso, as expected, the performance of the ce ll (current produced) at e levated tem-

peratures was also inc reased. 

6.3.2.4. Pulsing in Crossover Mode 

As shown in chapte r 5, running a DEFC in crossover mode can increase the Faradic C02 

y ie ld by more than 30% at low concentrations of ethano l. T his increase is most likely due 

to s low di ffus ion of the ethanol through the membrane resulting in a decrease in CO poi-

soning at the anode. In this series of experiments, the stri pp ing technique was employed 

to the crossover method of running a fuel ce ll (described in chapter 5). T he concentra-
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tions of ethanol used for these experiments were 0.1 and 0.5 mol L-1 since it was shown 

in the previous chapter that lower concentrations lead to high yields in crossover mode. 

This series of stripping experiments used 5 s pulses at 0.7, 0.8 and 0.9 Y (vs. H2) and 5 s 

resting intervals at open circuit between pulses. Only two pulses were app lied for each 

run . All C02 and current traces can be found in Append ix C. 

Table 6.6 reports the results obtained at room temperature for anode stripping ex­

periments in crossover mode. As shown, the average yield using 0. 1 mol L-
1 

ethanol 

throughout the CO oxidation potential region (700-900 mY) was ca. 49%. If compared 

with the results obtained using normal mode (see section 6.3 .2.1) there is a significant 

decrease in C02 yield using the crossover stripping method. For example, the highest 

C02 yield reported in this chapter for the RT normal mode stripping experiments was ca. 

176% (see Table 6.4), whereas in crossover mode, the highest yield was calculated to be 

ca. 50%. This significant decrease in C02 yield in crossover mode could suggest that the 

crossover method limits the amount of CO build-up on the electrode, hence, limiting the 

amount of C0 2 produced from CO stripping. If this is the case, then these calculations 

would most likely be fair ly accurate as a smaller percentage of the C02 produced wou ld 

be from CO adsorbants and the number of e lectrons transferred wou ld be closer to 6. 

These results were very interesting, as the trends in fuel concentration using strip­

pmg method and normal method in crossover mode on C02 yield were reversed (see 

chapter 5). In the regular crossover mode, it was shown that decreasing the ethanol con­

centration increased the C02 yield . Using the stripping technique, where the CO poison­

ing of the anode is assumed to be eliminated, the more concentrated fue l showed a higher 
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Table 6.6 : Faradaic C02 yie lds calculated in crossover mode using stripping 
methodology. The pulse times were 5 sand the resting time between 
pul ses was 5 sat open circuit. 

[EtOH] Potential (mV vs. H2) C02 yield (o/o) 

0.1 700 45.1 

0.1 800 47.7 

0.1 900 54.0 

0.5 700 50.5 

0.5 800 51.9 

0.5 900 57.6 

yie ld tha n that of the lower concentrated fuel. T hese results suggest that our assumption 

that the high yie lds in crossover mode, at low concentrations of ethano l, are a conse-

quence of decreased poison ing of the e lectrode. Since less ethano l is reaching the elec-

trode in crossover mode and is dependent on the fuel concentrat ion, sma ller amounts of 

CO and other intermediates are occupying the adsorption s ites reduc ing the poisoning of 

the electrode. 

6.3.3. Acetaldehyde Oxidation 

In a lmost a ll theoretica l studies involved in propos ing the EOR mechanism, the formation 

of aceta lde hyde is the most kinetical ly favoured and is therefore the most like ly fi rst 

product produced a t the electrode surface. From adsorbed acetaldehyde, further oxidation 

can take place to form C0 2 which invo lves I 0 electron trans fers or to acetic acid wh ich 

involves 2 electron transfers. T he desorption of aceta ldehyde is a lso very commonly ob-
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served in the EOR especially at low current dens ities. 

In these experiments, 0.5 mol L-1 acetaldehyde (in distilled water) was used as the 

fuel and was passed through the anode compartment of the fuel cel l. Distilled water was 

used at the cathode to obtain a DH E. The cell was operated at constant current. T he oxi­

dation reactions at the anode for the production of C02 and acet ic acid are shown in equa­

tion 6.1 and 6.2 respectively. 

CH3 CHO + 3H 2 0 4 C02 + 10H + + 10e- (6.1) 

(6.2) 

The results for these experiments are shown in Table 6.7 and all C02 traces can be 

found in Appendix D. In most of the experiments, we were able to obta in a charge bal­

ance ( I 00% total y ield) using the C02 detector or the conductivity cell for C02 and acetic 

acid ana lysis. In some cases, usually at low currents, the combined C02 and acetic acid 

y ie lds gave yields > I 00%. This is most like ly due to cali bration errors in the detection 

systems. At low currents there are only small concentrations of products being produced 

which leads to higher errors in the calibration of the system. 

As shown in Table 6.7, at low currents, the production of C02 was the highest. 

When the current was increased, the acetic acid y ield a lso increased which is shown for 

the EOR as well . At RT, the oxidation of AAL to AA is dominant and only small 

C02yie lds are observed . As temperature is increased, a s ignificant increase in C02 yield 
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Table 6.7: Acetaldehyde oxidation (0.5 mol L-1 in distilled water) product analy­
sis at various temperatures and currents. Water was passed through the 
cathode in these experiments. 

Temperature (0 C) I (rnA) C02 Yield (%) AA Yie k:l (%) Total Yield (%) 

ambient 20 39. 1 79.6 118.7 
ambient 50 15 .1 87.3 I 02.4 

ambient 100 11.8 82.7 94.5 
40 20 18.9 76.1 95.0 

40 50 22.9 85 .2 108. 1 

40 100 13.2 78.4 9 1.6 

60 20 58.8 53 .2 112.0 

60 50 25.2 77.4 102.6 

60 100 14. 1 76.5 90.6 

80 20 63 .2 64.3 127.5 

80 50 36.4 68.4 104.8 

80 100 27.3 63.4 90.7 
100 50 57.2 59.0 11 6.2 

100 100 55.5 45 .0 100.5 

100 200 48.9 42 .5 9 1.4 
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is observed resulting in a large decrease in AA yie ld. 

Table 6. 7 is great fo r understanding the behaviour of aceta ldehyde at various tem­

peratures and currents w hen it is produced in a DEFC. The trends in C0 2 yield fo r 

ethanol ox idation based on temperature and current are very s imilar to those for aceta l­

dehyde ox idation. This data can suggest that ethano l undergoes oxidation to acetaldehyde 

prior to formation of C02 and most like to acetic acid as well. 

6.4. Conclusions 

Pulsing the anode to a potentia l in the region where CO oxidation takes place can strip 

the CO from the surface to produce C02. This results in a clean surface fo r ethano l to re­

adsorb and dissociate. This method had been shown to signi ficantly increase the C02 

yield at ambient temperature. T he calculated yie lds in this chapter for the pu lsing exper i­

ments are overestimated as the oxidation tak ing place is for a mixture of CO and ethano l 

which require 2 and 6 e lectrons, respective ly. A ll our calcu lations assumed only ethanol 

ox idation and a 6 e lectron transfer, resulting in an underestimation of theoretical moles of 

C02. T he pulsing times were examined and it was fo und that at the shorter the pulsing 

times, the C02 yield was higher. T his is a result of quick stripping of CO into C0 2 during 

the first instances of the pulse, and production of more acetic ac id and/or aceta ldehyde 

later in the pulse. T he resting interval between pulses was a lso examined . It was shown 

that the dissociation of ethano l on the anode surface seems to occur very quick ly and 0.5 

s rests between pu lses at open circuit were suffic ient time for re-adsorption of ethano l. 

The initia l pulse in each series of experiments showed a lower C02 yie ld than the 

fo llowing pulses and could be caused by non-CO intermediates adsorbing to the electrode 
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surface at open c ircuit. It can be suggested that as the ce ll slowly returns to open c ircuit 

during the resting intervals, the potential remains high enough for CO to form on the 

e lectrode surface resulting in higher CO concentrations on the surface and higher C02 

yields for the second and third pulses. 

The temperature dependence was also briefl y examined. It was shown that in­

creasing the temperature to 50 oc from ambient temperature can increase the C02 yie ld 

by ca. 58%. Increasing the temperature in the cel l higher than 50 oc resulted in formation 

of liquid products in the anode feed, which can destroy the detector. A detector wh ich is 

liquid friendly would be needed to conduct experiments at high temperatures. 

Puls ing experiments in crossover mode were carried out and it was fo und that the 

C02 yields were significantly lower using th is mode than in normal mode. This cou ld be 

due to the s low build-up of CO on the e lectrode surface in crossover mode compared to 

that in norma l mode, leading to a smaller CO concentrat ion and in turn a smal ler C02 

concentration. 

Aceta ldehyde ox idat ion in a DEFC was exam ined at various temperatures and 

currents to determine the product distribution. It was shown that acetaldehyde oxidation 

products are affected in a similar manner to the EOR. For example, as the current is in­

creased, the production of acetic ac id is also increased and when the temperature is ele­

vated, the C02 y ie ld significantly increases. 
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CHAPTER 7 

Enhanced Performance and C02 
Selectivity with a Pt-RuSn02/C Catalyst 
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7.1. Introduction 

Direct alcohol fuel cells (DAFC) are a continually growing field of electrochem istry. 

Their abi lity to use a liquid feed at moderate temperatures to generate significant energy 

makes them very attractive as a futuri stic bulk energy source [ 1-5]. Methanol and ethanol 

fue ls have been the most widely researched alcohols for DAFCs. Methanol, wh ich is cur­

rently used in many small commercial applications such as cell phones and laptops, has 

been a very promising candidate due to its low cost, ease of storage and transport, and 

ease of oxidation [6, 7]. However, the toxicity of methanol and its oxidat ion products has 

limited its use in large commercial applications. Ethanol on the other hand is non-toxic, 

renewable, easily produced in large quantities, and has a higher energy density than 

methanol (8.0 I vs. 6.09 kWh kg-1
), making it an excellent candidate for mass commer­

cialization [8, 9]. However, there are many obstacles that must be overcome in making 

ethanol a competitive fue l in DAFCs [2, 3]. 

The main drawbacks of direct ethanol fue l cells (DEFC) are performance and selec­

tivity towards carbon dioxide (C02) . The ethanol oxidation reaction (EOR) involves 

complex mechanisms that are concentration and temperature dependent [ I 0- 12], and is 

still not completely understood by researchers. In the case of complete oxidation to C02, 

12 electrons are transferred. When oxidation is not complete, acetic acid (AA) and acet­

a ldehyde (AAL) are produced, need ing 4 and 2 electrons to be transferred, respectively. 

The production of the AA and AAL by-products significant decreases the performance 

(energy density) of the reaction and may cause concern about disposal of the by-products 

[3, I I, 13]. 
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To increase the efficiency of the EOR, metal catalysts are needed . Pt catalysts have 

been shown to exhibit the highest C02 yields in DEFCs [ 11 , 13] (besides a study Arico et 

al. [ 12] using a PtRu catalyst and a study by Kowal et al. [ 14] using a PtRhSn02/C cata­

lyst). Despite the high selectivity towards C02, Pt catalysts show very poor overall effi­

ciency due to low cell voltage. The poor efficiency of Pt electrodes can be attributed to 

the strong interactions between the Pt surface and the adsorbed CO and CH intermediates 

(COads and CHx, ads), leading to high overpotentials for the EOR to occur. For the ad­

sorbed species on the surface of the electrode to be oxidized, a sufficient amount of oxy­

gen containing species must be present and in close proximity with the COads and CHx, ads· 

At low potentials, all adsorption sites are occupied by the COads and CHx, ads and no hy­

droxyl (OHads) are able to adsorb on the surface, poisoning the electrode [ 15]. 

To improve the performance of the EOR, many secondary and tertiary metal catalysts 

have been investi gated . Studies have shown that the best binary catalysts for EOR are 

PtSn [ 16, 17] and PtRu [ 12, 18, 19], the former being the best. Since Sn and Ru atoms 

can exist in their oxidized forms, they can supply the catalyst with the oxygenated spe­

cies, lower the onset potential of the EOR, and limit poisoning of the electrode. In the 

case of PtSn, the highest performances were reported at low potentials, due to its ability 

to dissociate adsorbed ethanol on the surface of the electrode. Whereas, for PtRu the best 

performances were obtai ned at high potentials, suggesting that the Ru atoms aid in the 

dissociation of water and the oxidation of adsorbates to form the EOR products [20]. 

Although the incorporation of Sn, Ru and other metals has been shown to significantly 

increase the electroactivity of the catalyst, significant decreases in C02 yields (in compar-
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ison with pure Pt) have been observed [ 13]. The drop in C02 yield with an increase in 

current density can suggest an increase in the un favorab le AA product yie ld. Many 

groups have also tried alloying Pt with both Sn and Ru [ 13,2 1 ,22]. Rousseau and his co l-

leagues have shown that incorporating a small amount of Ru into a PtSn catalyst can in-

crease the performance and the selectivity towards C02 in comparison to the PtSn and 

PtRu catalysts [ 13). Although the reported yields were still significantly lower than those 

obtained using a Pt cata lyst, the PtRuSn system has shown potential to be an ideal cand i-

date for the EOR in DEFCs. 

Taking into consideration the importance of Pt for selectivity towards C02 along with 

the reported enhanced performances of Sn and Ru, Pt-RuSn02/C catalysts have been syn-

thesized. A slow deposition of Pt nanoparticles on carbon black coated with a mixed Ru 

and Sn ox ide has allowed us to synthesize a catalyst that exhibits the benefits of Ru and 

Sn while maintaining the se lectiv ity of Pt towards C0 2. To gain insight into the mecha-

nism and product distribution of the EOR; C0 2 and AA products were analyzed and re-

ported. Characterization of the catalysts was carried out using energy dispersive x-ray 

spectroscopy (EDX), x-ray diffraction (XRD), inductive ly coupled plasma optical emis-

sion spectroscopy ( ICP-OES), thermogravimetric analysis (TGA) and transmission elec-

tron microscopy (TEM). 

7 .2. Experimental 

7.2.1. Chemicals and Materials 

Anhydrous ethanol (Commercial Alcohols Inc.), sulphuric ac id (F isher Scientific), carbon 

black (Vulcan XC -72, Cabot), KRu04 (A lfa Aesar), SnCkS H20 (F isher Scientific) 
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H2PtCI6·6H20 (Aifa Aesar), sodium citrate (Anachemia), potassium hydroxide (ACP 

Chemical Inc.), Nation® solution (5% Dupont) and sod ium borohydride (Sigma Aldrich) 

were used as received. Double distilled water was used throughout a ll experiments. 

Commercial e lectrodes (used where indicated in this work) consisted of 4 mg cm-
2 

Pt 

black on Tora/M carbon fiber paper. 

7.2.2. Cells 

Ini tial electrochemical measurements (cyclic voltammetry) were carried out in a conven­

tional three electrode cell with an EG&G PAR 273 A model Potentiostat/Galvanostat us­

ing M270 commercial software. A 5 cm2 commercial cell (Fuel Cell Technology Inc.) 

was used for fuel cell testing. The cathode inlet and outlet were both modified to prevent 

the ethanol solution from contacting any metal parts of the hardware. Membrane and 

e lectrode assemblies were prepared by hot pressing a 5 cm2 anode and a 5 cm2 cathode 

onto a Nation® 11 5 membrane (Jon Power) at a pressure of 200 kg cm-2 at 135 oc for 90 

s. The cell was operated with an anode feed of 0.50 mol L-1 ethanol solution at 0.50 mL 

min-1• The cathode feed was 0 2 or N2 at 50 mL min-1
• Use ofN2 allows the cathode to act 

as a dynamic hydrogen electrode (DH E). Electrochemical measurements in fuel cell ex­

periments were made using a Solartron 1286 potentiostat operated with Corrwear soft-

ware. 

7.2.3. Electrochemical Measurements 

Cycl ic vo ltammograms of the Pt-RuSn02/C electrodes were performed in a standard 3 

electrode cell. To prepare the working electrodes, I 0 drops of methanol was added drop­

wise to I 0.4 mg of the catalyst powder, to form a suspension of the catalyst that would 
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adhere to carbon fiber paper. The catalyst and methanol mixture were then spread across 

a 0.5 em by 0.5 em section of a strip of carbon fiber paper to give a catalyst area of 0.25 

cm2
. The 3 electrode cell contained an Ag/AgCI reference electrode and a Pt counter 

electrode. The 0.25 cm2 tip of the electrode was placed in 15 mL of 0.1 mol L-1 H2S04. 

The cell was purged with nitrogen for 15 min before measurements. 

7.2.4. Product Analysis 

Both the anode solution and the cathode gas were passed through a 125 mL flask. The 0 2 

or 2 at the cathode was purged through the solution of the collection flask and into aTe­

laire 700 I non-dispersive infrared C02 detector for C0 2 analysis. The C02 detector was 

calibrated using a methanol crossover method and a controlled C02 concentrat ion method 

(see section 5.2.3 and ref (23]) regularly throughout the runs as it was found that the de­

tector readings tended to decrease with extensive use. Anode and cathode solutions were 

periodically titrated to check C02 yield accuracy. This two step titration began with the 

combined anode and cathode exhausts being bubbled through a cold condensing flask 

containing I mol L-1 NaOH solution. The C02 first reacted with the NaOH to form 

Na2C03 (equation 7. 1 ). This solution was then titrated with 0.100 mol L-1 HCI using a 

phenolphthale in indicator to remove all excess NaOH in the solution and to convert 

Na2C03 to NaHC03 (equation 7.2). The NaHC03 was then further ti trated with 0.00 I 00 

mol L-1 HCI using a methyl orange indicator. As shown in equation 7.3 of the equation 

below, there is a I : I mole ratio between the HCI and the C02 produced in the final step. 

The moles of C02 are directly proportional to the moles of HCI used in the final titration. 

Step I : C02 + 2NaOH -7 a2C03 + H20 
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Step 2: Na2C03 + HCI --7 NaHC03 + NaCI 

Step 3: NaHC03 + HCI --7NaCI + C0 2 + H20 

(7.2) 

(7.3) 

Acetic acid measurements were made by titrating the anode effluent with 0 .0 I 00 mo l L-
1 

NaOH solution. The background acetic acid (collected from zero current experiments) 

was titrated and subtracted from the measured acetic acid in each run. 

All yields described in thi s section are faradaic y ields and are calc ulated based 

only on the magnitude of current that is passed at the anode (see sect ion 3.2 .3). 

7.2.5. Characterization of the Catalysts 

X-ray diffraction, inductively coupled plasma optical emission spectroscopy, energy di s­

pers ive x-ray microanalys is, thermogravimetric analysis and transmission electron mi­

croscopy experiments were carried out to characterize the composition and other physical 

characteri stics of the synthesized cata lysts . The descr iption of the processes and proce­

dures fo llowed for these instruments are described in section 2.5. 

7.2. 6. Preparation of Catalysts 

7.2.6.1. Method 1 (M1) 

Carbon black (CB) powder was dispersed in O.lmo l L-1 H2S04 then collected by filtration 

and rinsed with distilled water. Co-deposition of Ru and Sn oxides on carbon was as fo l­

lows: 0.025 mol L-1 (0. 151 3 g) KRu04 was dispersed in 0.1 mol L-
1 

(30 mL) KOH . A so­

lution of 0.025 mo l L-1 (0.2668 g in 30 mL of 0.1 mo l L-
1 

KOH) of SnCk 5H20 was then 

added to the ruthenium mixture drop wise. T he RuSn solution was then added to 0 .6000 g 

of carbon black ( in 45 mL of dist illed water) and was stirred vigorous ly for 0.5 h, collect-
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ed by filtration and rinsed several times with distilled water. The Ru and Sn oxide on C 

powder was then dried under vacuum overnight. 

Pt nanoparticles were introduced into the catalyst powder using a method similar 

to Yang et. a! [24]. The RuSn02/C powder (0.20 18 g) was first dispersed in 30 mL of di s­

tilled water. H2 PtCI6 (0. 1828 g) was dissolved in I 0 mL of distilled water then added 

drop wise to the CB-RuSn mixture and stirred for 0.5 h. A 12 mL volume of 50 

mmol L-1 tri odium citrate (0.1778 g) was then added drop wise. After mixing for I h, 

0.0902 g of sodium borohydride was added to the solution dropwise. The entire mixture 

was sti rred for 3 h, filtered, washed several times and was a llowed to dry overnight. 

0.252 1 g of Pt-RuSn02/C was produced. 

74.4 mg of the Pt-RuSn02/C catalyst was dispersed in 184.5 mg of 5% Nation® 

solution by son ication for 30 min. The resulting ink (ca. 250 mg) was then deposited onto 

a 5cm2 piece of carbon tiber paper with a micropipette and spatula and allowed to dry for 

I day. This gave the electrode a 9.74 mg cm-2 tota l catalyst loading. Th is number was ob­

tained by taking the difference of the mass of the electrode prior to applying cata lyst and 

after the catalyst was dried on the CFP (the overall loading of the catalyst and Nation® 

solution). The low loading (ca. 50 mg) in comparison to the total catalyst ink produced 

(ca. 250 mg) is due to evaporation of the Nation® solution upon drying and loss of cata­

lyst during the spreading process. 

7.2.6.2. Method 2 (M2) 

Carbon black (CB) was first activated by adding 5 mL of concentrated HN03 and stirred 

for 0.5 hours. The carbon was then collected by filtration and washed with copious 
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amounts of distilled water, and dried under vacuum for I h. The activated carbon black 

(0 .6028 g) was then dispersed in 50 mL of 0. 1 mol L-1 KOH and stirred for 0 .75 h. In 

separate beakers, 0 .0513 g of KRu04 and 0. 1034 g of SnCI4· 5H20 were weighed out and 

each dispersed in 30 mL of 0. 1 mol L-1 KOH forming a dark black solution and a c lear 

colorless solution, respectively. Both the KRu04 and the SnC I4·5H20 solutions were 

stirred for I 0 min. The Ru and Sn solutions were then added simultaneously dropw ise to 

the C B solution over a one hour period. No precipitate was observed during this step. The 

resu lting mixture was then suction filtered (3 h) and was washed with large amounts of 

disti lled water. T he modified C B was then dried under vacuum fo r 2 h. 0 .2645 g of 

RuSn02/C powder was formed. 

T he addition of the Pt to the RuSn02/C powder was carried out us ing the same 

method as described in method I . The RuSn02/C powder (0.20 17 g) was suspended in 30 

mL of distilled water. The H2 PtC I6 (0. 1853 g) was dispersed in I 0 mL of distilled water. 

The Pt solution was then added dropwise to the RuSn02/C solution over a 15 min period. 

T he mixture was then stirred for 15 min . 12 mL of 50 mmol L-1 trisodium citrate (0. 1764 

g) was then added dropwise to the resulting mixture and al lowed to st ir for an additiona l 

0 .5 h. Sodium borohydride (0.0923 g dispersed in 20 mL of distil led water) was then 

added dropwise to the solution. The whole solution was stirred for 3 h, filtered, washed 

well with distilled water and allowed to dry overnight under vacuum . The method result­

ed in 0.2563 g of Pt-RuSn02/C powder. 

Two 5 cm2 electrodes with loadings of3.70 and 7.72 mg cm-2 were made for fuel 

cell test ing. 2 1.2 and 43.5 mg of catalyst powder were mixed w ith 100.4 and 132. 1 mg of 
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5% Nafion®, respectively, to form the catalyst pastes. The mixtures were sonicated for 

0.5 h before being painted onto 5 cm2 carbon fiber paper electrodes . 

The synthesis methodology fo r the Pt-RuSn02/C catalyst was developed by 

Moghaddam and Pickup [25) in 2012 . 

7 .3. Results and Discussion 

7.3.1. Characterization of Catalysts 

Physical properties of the prepared catalysts, M I (method I) and M2 (method 2), were 

examined and characterized using XRD, ICP-OES, EDX and TGA. Figure 7.1 illustrates 

the XRD patterns fo r the Pt-RuSn02/C made by M I (method I) and M2 (method 2). In 

both traces, a diffraction peak at ca. 25° represents the carbon (0 0 2) plane. The Pt peaks 

at ca. 40°, 46.5°, 67.5°, 81 .5° and 86.1 o represent the Pt (I I I), Pt (2 0 0), Pt (2 2 0), Pt 

(3 I I) and Pt (2 2 2) planes respectively. In Ml , peaks at ca. 34° and 53. 1° are clearly 

observed and studies have suggested these peaks to be associated with Ru0 2 [26]. There 

were no observed peak shifts relative to the above mentioned Pt peaks. A shift in peak 

position would suggest a change in the lattice constant which would be indicative of a 

PtRu or a PtSn a lloy. Therefore, the addition of Ru and Sn to the Pt did not form an alloy. 

The mean particle sizes were calculated to be ca. 9.4 and 4.7 nm for M I and M2 respec-

tively. The mean particles sizes were calculated using the Pt ( I I I) peak in accordance 

with the Scherrer equation: 

0 .9.-1. 
D = - -­

(B cos e) 
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where Dis the mean particle diameter (nm), B is the peak width at half height (radians), f... 

is the X-ray wavelength (nm) and e is the diffraction angle (degrees). 

Scanning electron microscopy (SEM) was used to obtain images of the 

electrode surfaces. Multi-point elemental analysis was performed on the electrodes using 

EDX. Figure 7.2 shows the surface of the 5 cm2 Pt-RuSn02/C catalyst (M I). The anal ys is 

focused on I 0 different areas of the catalyst, giving an approximation of the catalyst 

compos ition at each area. As seen in Figure 7.2 the catalyst looks heterogeneous with 

small individual Pt, Ru and Sn particles on the surface of the electrode. The three differ-

ent elements can be identified by their brightness. The heav iest element (Pt) produces the 

brightest image, showing an almost white appearance. Sn, being the second heaviest of 

the 3 metals, is the next brightest in the image and Ru which is the lightest of the metals 
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Figure 7.2: SEM image of the surface of a Pt-RuSn0 2/C (method I) electrode. 
Points used for EDX analysis are ind icated. 
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is represented by the darkest spots. Figure 7.3 revea ls the composition of each of the fi rst 

three points on the multi-point analys is (Figure 7.2). Point # I shows a fa irly large dark 

particle on the surface. Its spectrum clearly shows that this particle consisted of primarily 

Ru and that hardly any Pt or Sn was present at this point. The second point on the multi­

point diagram is much brighter; suggesting the presence of significant amounts of Pt or 

Sn. The spectrum analys is obta ined at this point shows it to be predominately Sn. The 

third point on this diagram illustrates a very bright spot which is almost wh ite in appear­

ance. Appearing much brighter than point #2, it is most likely Pt, and only Pt is observed 

in the spectrum . From this multi-point analys is it is very clear that the Pt-RuSn02/C cata­

lyst was not homogeneous. The whole surface of the catalyst is covered with particles 

consisting predominately of Pt, Ru and Sn with little evidence of mixing. The multi-point 

analysis for the Pt-RuSn0 2/C M2 electrode is shown in Figure 7.4 (a). It is seen from this 

image that the catalyst was much more homogeneous with only a few small br ight Pt pa r­

ticles. Thi s spectrum suggests that only small amounts of Sn and/or Ru were present in 

the sample. The spectrum for poin t #2 (F igure 7.4(b)) confi rms onl y Pt is present in the 

small bright particle. The EDX spectra for all points from Figures 7.2 and 7.4 can be 

found in Appendix E. 

To further examine the heterogeneous surface of the M I catalyst, TEM experi­

ments were carried out and are shown in Figure 7.5. From these images, it is clear that the 

Pt nanoparticles (darkest spots in top image) seem to aggregate together in about 5 di ffe r­

ent locations on the cata lyst. Looking at the bottom picture, it can be seen that the Ru par­

ticles tend to remain as individual particles and the Sn is very finely divided nano-
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Figure 7.4: (a). SEM image of the surface of the Pt-RuSn02/C (M2) cata lyst. (b) . 
EDX analysis for metal content of the M2 catalyst. 

cryta lline and is smears over the whole surface of the cata lyst . When examin ing other 

sections of the cata lyst (images can be found in Appendix F) it was shown that some of 

the indiv idual Ru partic les also tend to get caught up in the Pt aggregates. These TEM 
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images support the SEM/EDX results showing that no Pt alloys are formed and the cata­

lyst was heterogeneous. 

To obtain the metal mass% (Pt, Ru and Sn) in the catalysts, TGA was carried out. 

Based on the stoichiometric amounts of each substance used in the synthesis, it was esti­

mated that the metal mass % for the catalysts should be ca. 50% and 40% for M I and 

M2, respectively (see below). For the TGA ana lys is, the temperature was ramped at a rate 

of20° per minute from 0 to 800 oc. Once the instrument had reached 600 °C, the air flow 

was turned on and all of the carbon contained in the samples com busted. Taking the dif­

ference from the left over residue gave the weight % of the C, water and 0 fu nctional 

groups in the sample. Figure 7.6.a shows the TGA data obtained forM I. It is shown that 

the left over residue from the catalyst powder was 55.8 % (consisting of Pt, Ru02 and 

Sn02), giving the catalyst a C, water and 0 functional groups a weight % of 44.2 %. Fig­

ure 7.6 .b shows a catalyst residue of only 30.5 %, leading to 69.6 % of the mass corre­

spond ing to C, water and 0 functionality groups in the M2 catalyst powder. Based on the 

TGA plots in Figure 7.6, an approximation of the carbon content was made. It can be as­

sumed that the water and 0 functional groups wi ll combust prior to 600 °C (when the air 

was turned on to combust the carbon). Subtracting the mass from the residue and mass 

lost prior to the sharp decline at 600 °C, the mass of C in the sample was approximated. 
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Figure 7.5: T EM images of the M 1 Pt-RuSn02/C catalyst. 
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Table 7.1: Composition estimates (target) for RuSn0 2/C and Pt-RuSn02/C sam­
ples ca lculated from stoichiometric amounts of each element used in 
synthesis (see section 7.2.5). Actual mass% (found) based on TGA 
and ICP-OES measurements . 

C atalyst Target (Mass %) Found (Mass%) 

Ru Sn Pt "C" Ru Sn Pt "C" 

RuSn02/C (M I) 8.9 10.8 -- 71.7 5.2 7. 1 -- 63.2 

(M2) 3.7 5.1 -- 87.4 2.0 0 -- 92.4 

Pt- RuS n02/C (MI ) 6.3 7.5 30.1 50.1 2 .6 5.1 24 .6 44.2 

(M2) 2 .6 3.5 30.4 60.8 1.1 0 24.8 69.6 

Asswnptions: I. Sn and Ru are present as M02· H20 

2. "C " includes impurities and surfuce fimctio nalities 

3. "C" from TGA is I OO%-residue- H20 based on Found 

Ru and Sn- 0 based on Fow1d Ru. 

Approximations for all metals and oxides were a lso made based on stoichiometric 

masses of each compound used in the synthesis. Assuming that a ll of the Ru and Sn in the 

cata lysts were present as M02· H20 , the compos itions of the Ru Sn0 2/C and the Pt-

RuSn02/C samples were estimated and can be seen in Table 7. 1. Based on these estim a-

tions, the M I catalyst should have been ca. 50% meta l by weight w ith a Pt:Ru:Sn:O ratio 

of ca. I :0.22:0.25:0.2. For M2 the catalyst should have been 40% metal by weight com-

position with a Pt:Ru :Sn:O ratio of ca. I :0.09:0. 1:0 .09. 
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To determine the actual Pt, Sn and Ru metal contents, ICP-OES experiments 

were carried out. The resu lts are al so presented in Table 7.1. As shown, for both prepara­

tion methods the amounts of Ru and Sn in the samples are significantly smaller than ex­

pected. For M2, no Sn was found in the samples at all, and only a very small amount of 

Ru was present. The overall sum of the combined mass% for M I was ca . 75 %. There­

maining 25% can be accounted for by the oxygen combined with the Ru and Sn to form 

Ru02 and Sn02. Since only a small amount of Ru was present in sample 2, as would be 

expected that the additi ve weight% were close to 100 % as limited oxides wou ld be 

formed in the sample. Based on the ICP-OES and the TGA results, the compos ition for 

M I wou ld be ca. 50% metal by mass and Pt:Ru:Sn:O ratios of I :0. 11 :0.2:0.95. For M2, 

the composition would be ca. 40% meta l by mass and Pt:Ru:Sn:O ratios of I :0.05:0:0. 19. 

7.3.2. Electrochemical Measurements in a Liquid Electrolyte Cell 

To compare the catalytic activities of the synthes ized Pt-RuSn02/C catalysts for 

ethanol oxidation, two other electrodes were evaluated and compared. The first electrode 

tested was a commercial Pt black e lectrode donated by Ballard Power Systems (hereafter 

referred to as "Pt Black (Ballard)"). The second electrode used was prepared using cata­

lyst powder that was prepared by another lab member (Reza Moghaddam) and is hereaf­

ter referred to as ·'RM-20% Pt"). This electrode was 20% Pt on carbon black, using Pt 

nanopartic les prepared in the same method as described above. The catalyst loadings for 

these two electrodes ranged from 2.4 - 3.2 mg cm·2 (4 mg cm·2 for Ballard), wh ich is si m­

ilar to that of the Pt-RuSn02/C catalysts used in these experiments (2 .8 mg cm·2 and 3.0 

mg cm-2 forM I and M2, respectively). 
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• 

Blank voltammograms (no EtOH) for all four catalysts are illustrated in Figure 7.7. These 

were obtained by submerg ing the catalysts in 0.1 mol L- 1 H2S04 solution with nitrogen 

purging the closed system for 15 min . It can be seen from Figure 7.7 that the Pt-

RuSn02/C catalysts differs significantly from the Pt black catalysts. This can be attribut-

ed to the Ru and Sn on the electrode surfaces. Pt Black (Ballard) and RM-20% Pt both 

illustrate a peak at ca. 0 V on the forward scan representing hydrogen desorption and 

another rise in current at ca. 0.6 V representing oxide formation on the Pt surface. The Pt-

RuSn02/C cata lysts show only a very small rise in current fo r the hydrogen desorption 
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peak at ca. 0 Y. The absence of this peak cou ld indicate that the addition of Ru and Sn 

onto the Pt surface can reduce the amount of hydrogen adsorbed and desorbed on the sur­

face of the electrode. 

The main purpose of the CY experiments was to obtain information about the cat­

alytic activ ity of the Pt-RuSn02/C catalysts for ethanol oxidation. Thus, 0.2 mol L-1 etha­

nol was added to the H2S04 and the results of the first cycle for each electrode can be 

seen in Figure 7.8 (a). It can easil y be seen here that the onset of the ethanol oxidation 

peak seemed to occur at a much lower potential with the Pt-RuSn02/C (M I) electrode 

than for the M2 and Pt/C electrodes. For the Pt-RuSn02/C (M I) electrode, the onset po­

tentia l occurs at ca. -0.1 Y whereas for the other e lectrodes, it occurs at ca. 0.1 Y. In the 

lower potential reg ion from ca. I 00- 400 mY vs. SCE, theM I electrode showed a sign ifi­

cant increase in current compared to the other 3 electrodes. This behavior is typical when 

Sn is added to Pt electrodes in the low potential region. Since the M2 electrode was 

shown to have no Sn and only li tt le Ru content, its performance would most likely be 

similar to the Pt black electrodes, which is observed in this first cyc le. 

When comparing the first cyc le to the second cyc le of the M2 and Pt black elec­

trodes, it can be seen that there is a significant decrease in the anodic peak current. This 

can be explained by the electrode being poisoned by COacts· It has been wel l documented 

that Pt electrode loses effic iency wi th time due to this poisoning effect [27,28] in DAFCs. 

When the electrode surface is covered with COacts, there are limited sites for ethanol or 

oxygen containing species to adsorb onto the surface and oxidized the CO to C02, de­

creasing the current density. It is shown from figure 7.8 (b) that the Pt-RuSn02/C (M I) 
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electrode exhibits the opposite effect. The second cycle and subsequent cycles exhibit a 

higher current density for the ox idation reaction, suggesting that this catalyst has the abil­

ity to limit or even eliminate the poisoning of the electrode from strongly adsorbed inter­

mediates. It is also worth noting that the same is true for the reverse reaction. It is shown 

that for a ll the Pt black e lectrodes, the cathodic current decreases wi th each cyc le, where­

as an increase is observed for Pt-RuSn02/C (M I) electrode. 

Although these quick and preliminary CV experiments looked very promising, 

they were not conducted in a fuel ce ll nor were they carried out under fuel ce ll condi­

tions. Our next step was to make 5 cm2 electrodes using the Pt-RuSn0 2/C catalyst pow­

ders and test the cata lyst efficiency and carry out product analysis on ethanol oxidation. 

Many studies have shown that incorporating Ru and/or Sn into the Pt lattice of a catalyst 

can have both positive and negative contributions to the overall fuel cell efficiency. Due 

to the bifunctional mechanism and the ligand (electronic) effect, Sn and Ru increase the 

cell effic iency and power density by decreasing the EOR onset potential and limiting CO 

poisoning on the electrode . However, they tend to decrease the fuel efficiency due to the ir 

selectiv ity towards the partial oxidation by-products of acetic acid and acetaldehyde. 

7.3.3. Activities of Electrodes in a Fuel Cell 

The electrocatalytic activities for the catalysts under fue l cell conditions were 

evaluated by conducting polarization curves with 5 cm2 electrodes at 80 °C, with 0.5 

mol L-1 ethanol so lut ion fed at the anode at 0.50 mL min-1 and 0 2 was passed over the 

cathode at 50 mL min-1
• A Pt black cathode from Ballard Power Systems was used 

throughout all fue l cell experiments in this section. Polarizat ion curves were measured 
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over the cell potentia l range 0.6 - 0 V. The potential was started at 0.6 V and decreased 

in 0.05 V increments every 5 min. Measurements were taking at the 5 min mark at each 

potential. 

It was found that the M I catalyst showed the best performance of the three (M I, 

M2 and Pt Black (Ballard)). At high cell potentia l and low current density, all 3 elec­

trodes showed similar performance. In the low cell potential region, where the current is 

the highest, the M I and M2 catalysts showed a significant increase in performance com­

pared to the Pt black electrode. As mentioned in the introduction of this work, a Pt cata­

lyst favors the formation of aceta ldehyde due to the poisoning of the electrode and the 

very high overpotentials needed for the dissociation of water. Although Pt has shown the 

highest yie lds towards C02 (transferring 12 electrons), large acetaldehyde yields (trans­

ferring 2 electrons) severe ly decreases their performance. When Sn and/or Ru are added 

to the Pt electrode, the dissociation of water occurs at much lower overpotentia ls leading 

to large amounts of OHacts, and very high yie lds of acetic ac id (4 electron transfer). Since 

it has been shown that at low cell potentials and high current densities, the formation of 

acetic ac id is dominant for these Pt alloyed cata lysts, the performances at high current 

densities would be expected to be much greater than that of the Pt black. This is exactly 

what was observed in the low cell potential region. The limiting current for the M I and 

M2 Pt-RuSn02/C cata lysts were 67% and 54% higher limiting currents than for the Pt 

black, respectively. 
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electrode in a DEFC. 0.5 mol L- 1 ethanol solution was used as the 
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oc. 

7.3.4. Product Analysis and C0 2 Selectivity 

As mentioned in the introduction of this chapter, the enhancement of cell perfo r-

mance in a DEFC with the incorporation of Sn and/or Ru has been shown in numerous 

papers. However, in most cases, the selectivity towards C02 and the complete oxidation 

of ethanol tends to diminish. Synthesiz ing a cata lyst that increases the ce ll performance 

while maintaining or increasing the selectivity towards C02 has been a hot topic of re-

search in DEFCs. 

The product analyses for the M I and M2 electrodes a long with the Pt black (Ba l-

lard) electrode are shown in Table 7 .2. These experiments were perfo rmed in 0.5 h runs 
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Table 7.2 : Faradaic yields from titration (AA) and NDIR (C02) measurements from 
combined anode and cathode exhausts with various anode catalysts. AAL 
yields were calcu lated based on the faradaic charge balance. The cathode gas 
was 0 2• Fuel cell temperature was 80 oc and 0.5 mol L-1 ethanol solution was 
used. Titration and NDIR measurements were corrected for blank measure­
ments at open circuit where no current was flowing. 

Catalyst Product Ana~sis 

CwTcnt (mA) C0 2 Yield (%) AA Yield (%) AAL Yield (%)* Cell Potential (mY) 

Pt Black (Ballard) 50 34. 1 29.5 36.4 294 
100 29.5 36.8 33 .7 178 
150 19.9 40.6 39.5 78 

Pt- RuSn0 2/C (M I) 50 31.4 69.9 0 338 

100 32.2 55.0 12.8 264 
150 26.2 46.8 270 204 

Pt-RuSn02/C (M2) 50 293 53 .4 17.3 305 

100 21.0 53 .9 25. 1 208 
150 2 1.4 45.8 32.8 142 

• Calculated fi·om Faradaic charge balance 

using 0.5 mol L-1 ethanol at the anode and 0 2 at the cathode at 80 °C. These galvanostatic 

experiments used 50, I 00 and 150 rnA of constant current. From thi s table it is shown 

that the faradaic yie lds of C02 for both the M I and M2 cata lysts are very comparable 

with those of the Pt catalyst. At low current (50 rnA), the M I and M2 Pt-RuSn02/C cata-

lysts exhibited only a 7.9 and 14.1% drop in C02 yield in comparison to the Pt catalysts, 

respecti vely. However, as the current was increased the difference in yie lds diminished 

and in some cases the M I and M2 C02 yields were higher than those of the Pt electrode. 

The trend in AA yield is also in good agreement with previous reports. For the pure Pt 

catalyst, the AA yield tended to increase with increas ing current. When Ru and Sn are 

introduced into the catalyst, a significant increase in AA yield (ca. 5-40%) throughout the 

current range was observed. The significant drop in AAL yie lds and the increase in AA 
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yields can suggest that the dissociation of water on the electrode becomes more kinetica l­

ly favored with the addit ion of Ru and Sn, resulting in less CO poisoning of the electrode. 

Al l C0 2 traces for Table 7.3 can be found in Appendix G. 

7 .4. Conclusions 

Using a Pt nanoparticle deposition onto a layer of RuSn0 2, gave significant in­

creases in cell performance while maintaining or increasing the selectivity towards C02 

production. Figure 7.9 and table 7.3 show that the M I catalyst performed best amongst 

the catal ysts tested while a lso having the highest C0 2 yield during the 80-1 50 mA con­

stant current experiments. SEM/EDX and TEM results show a non-homogeneous surface 

for M I, with Pt particles aggregating, Ru oxide particles acting independently and Sn 

fi nely di spersed throughout the catalyst. It has been shown that this catalyst has the abi 1-

ity to increase selectivity towards C02 (comparable to Pt) . The Sn and Ru on the surface 

are able to di ssociate H20 at lower overpotentials and oxid ize adsorbed species on the 

surface, respectively, leading to an increase in the electrochemical performance. The M2 

catalyst also showed enhancements in cell perfo rmance. SEM/EDX results show a much 

more homogeneous surface, however ICP-OES analysis revealed on ly a small amount of 

Ru and no observed Sn. The methodology used in thi s paper fo r synthesizing Pt­

RuSn0 2/C cata lyst could very well be a starting point fo r making effective catalysts for 

ethanol ox idation that overcomes both the cell performance and the product selectiv ity 

barriers. 
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CHAPTERS 

Summary and Future Work 
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8.1 Summary 

A new methodo logy fo r determining product distribution in a di rect ethanol fue l cel l was 

developed that a llowed for easy and quick real time ana lys is of products. T he accuracy of 

the system was tested us ing previous ly reported methodology and results were found to 

be in good agreeme nt. Furthermore, the vo latile acetaldehyde product, which is very hard 

to detect, was shown to be accurate ly quantified using the charged passed at the anode. 

To further improve the accuracy of the system, a "crossover mode" fo r operating a fuel 

cell was examined. It was fo und that this method reduced the inaccuracies that are caused 

from fue l and product crossover through the proton exchange membrane. Surprising ly, 

this method a lso showed a significant increase in farada ic C02 yie ld at low fue l concen­

tration, suggesting this method may decrease the po isoning at the anode. 

An in-depth examination of ethanol and product crossover was carried out. It was 

found that us ing 0 2 as the ox idant gas lead to worrisome d iscrepanc ies in product d istr i­

butions. Ethanol crossing through the membrane and reacting chemical ly with oxygen 

created an excess in products that are unaccounted for when calculati ng fa rada ic yie lds. 

S ince the re lease of this research, many research g roups calculating product y ie lds (using 

0 2 at the cathode) have corrected for these crossover products by subtracti ng the meas­

ured background products. To further e liminate the effects of ethanol crossover, H2/N2 

gas was passed through the anode in many of our experiments. A lso, each by-product of 

the EOR was examined for crossover effects. It was shown that when acetic ac id is pro-

duced as a consequence of ethano l crossover, it m igrates from the cathode to the anode 

(due to its low volatili ty) and ex its in the anode effl uent. T his causes a large overestima-
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tion of acetic acid. When acetaldehyde is produced, it was shown that a significant 

amount is lost due to crossover from anode to cathode and exiting in the cathode stream, 

resulting in an underestimation of acetaldehyde yield . The effects of C02 crossover were 

also examined. It was shown that the C02 produced at the anode is able to migrate 

through the membrane and desorb into the cathode gas stream, leading to an underestima­

tion of the C02 yield . Our results have shown that to obtain the most accurate product 

distributions, it is imperative to operate the cell using H2/N2 or just N2 at the cathode and 

collect both the anode and cathode exhausts for analysis. 

With the development of the onl ine product analysis system, we were able to per­

fo rm anode stripping experiments. It was shown that the apparent faradaic C02 yields 

were dependent on the pulsing times. Only short pulsing times were needed to ox idize 

CO adsorbates into C02 resulting in a large production of C02. At higher pulsing times, it 

was shown that the yields decrease due to the c lean electrode surface favoring the disso­

ciation and oxidation of ethanol into acetic acid and acetaldehyde after the quick initial 

strip. The time between intervals, when the system returned to open circu it, did not seem 

to be influential towards the C02 yie lds. This suggests that the di ssoc iation and adsorp­

tion of ethanol on the electrode surface is a very quick process. 

Finally, a Pt-RuSn02/C catalyst was developed using a Pt nanoparticle deposition 

on a RuSn0 2 layer. Thi s catalyst showed unusual behavior as it increased the perfor­

mance of the ce ll while maintaining selectivity towards complete oxidation (and in some 

cases improved the selectivity), compared to the typical Pt electrode. 
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8.2 Future Work 

Based on the results obtained in this work, there are some areas that should be further ex­

plored. To fully complete our methodology for product analys is, real time monitoring of 

acetaldehyde should be obtained. The charge balance equation (eq uation 3 .6) should be 

validated for high temperature experiments. One way of achieving this would be to use 

an on-line OEMS system with H2/N 2 at the cathode. The combined anode and cathode 

outlet stream would be combined and directly fed to the mass spectrometer. By combin­

ing the two outlets, a ll of the acetaldehyde lost from crossover would be accounted for 

and the measured concentration would be accurate. 

To enable researchers to conduct stripping experiments at high temperatures, the 

C0 2 detection system must be altered in a way that the detector is less susceptible to 

moisture. A few ways to overcome this problem are to examine the electrical components 

of the detector and design a sealed casing to enclose the wiring, to equip the Dl R detec­

tor with a small gas separation (drying) column or a small bore tube, or to switch the type 

of detector to one with a liquid injection inlet. Lower pu lsing times (< 0.5 s) should be 

examined to optimize the system during the stripping experiments. A wider range of fuel 

concentrations should a lso be tested to ga in more insight into the poisoning mechanism 

occurring at the anode of the fuel cell. 

The calculation of the fa radaic C02 yie lds during stripping experiments should 

also be revisited. As mentioned in chapter 6, the n value is most likely lower than 6 due 

to a significant portion of the C0 2 attributed to CO oxidation on the electrode (n=2) . A 
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formula could be derived where the n value is altered depending on the length of the 

pulse, leading to more accurate ca lculat ion of C02 yields. 

The method used to develop the Pt-RuSn0 2/C catalyst should be further exam­

ined. The content of each metal should be altered in a trial and error manner, and tested in 

the fuel cell fo r performance and C02 selectivity. Optimizing the composition of thi s cat­

alyst could lead to a significant breakthrough in catalyst deve lopment for a DEFC. 
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APPENDIX A 

C02 and Current Traces for Rest Interval De­
pendence on C02 Yield 
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Figure E.l: SEM image for Pt-RuSn02/C (M I) catalyst surface fo r multi-point EDX 
anal ysis in designated areas on image (points 1-1 0). 
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Figure E.3: EDX spectra for points #3 and 4 of Figure E. I. 
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Figure E.4: EDX spectra for points #5 and 6 of Figure E. I. 
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Figure E.6: EDX spectra for points #9 and I 0 of Figure E. I.The large peak at ca. 1.75 
eV was shown to be a silicon impurity in the sample. 
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Figure F.l: TEM image ofthe Pt-RuSn02/C (MI) catalyst powder focusing in on 
the Ru and Sn particles. 
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Figure F.2: TEM images of the Pt-RuSn02/C (M I) catalyst powder focusing on 
the Pt aggregates. 

241 



IOOnm 

OOnm 

Figure F.3: TEM image of the Pt-RuSn0 2/C (M 1) catalyst powder. 
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Figure G.l: C02 and potential traces for Pt Ballard e lectrode reported in Table 6.3 . 
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Figu re G.2 : C02 and potential traces for Pt-RuSn02/C (M I) electrode reported in Table 
6.3. 
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Figure C.3: C02 and potential traces for Pt-RuSn02/C (M2) electrode reported in Table 
6.3. 
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