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With direct alcohol fuel cells (DAFC) the chemical energy of the reactants can be directly 

converted to electrical energy that can be used for instance in portable applications, 
independent of the electrical network. Liquid fuels such as organic alcohols are interesting for 
customer applications because they are more facile to use and relatively safe when compared 
with gaseous hydrogen. However, the obstacles to commercialization are the expensive cell 
components, catalysts and electrolyte membrane, as well as the limited lifetime of current 
systems due material decomposition. In order to make this technology commercially viable 
new cost effective and more durable materials must be introduced and this thesis highlights the 
ex situ and in situ methods for studying these materials in DAFC related conditions.   

The first part introduces methods to detect anode reaction products ex situ. The results 
indicate that at DAFC anode related potentials formic acid, formaldehyde and carbon dioxide 
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isopropanol. In addition, HPLC analyses revealed that in alkaline media Pt based catalyst 
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The second part discusses the properties, preparation and performance of nanoparticle 
catalyst. A Pd catalyst prepared with ALD method showed increased activity for ethanol and 
isopropanol oxidation due to the evenly distributed catalyst on the carbon support. Moreover, 
the effect of various nanocarbon supports was studied and they showed high activity and 
durability in ex situ experiments, however, this activity was lost in the in situ tests implying 
that the MEA preparation needs to be optimized individually as each support material 
possesses different polarities. The third part introduces proton and anion exchange membrane 
DAFCs and shows the effect of catalyst, carbon support, anode fuel and the membrane material 
to the cell performance and durability. It can be concluded that in DAFCs exist also various 
phenomena that cannot be observed with solely ex situ techniques. 

The results reported in this thesis are relevant to the fundamental understanding of the DAFC 
phenomena occurring on the electrodes and in the MEA and highlight the importance of both 
ex situ and in situ experiments. 
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Tiivistelmä 
 Suora-alkoholipolttokennoilla (SAPK) lähtöaineiden kemiallinen energia muunnetaan 

suoraan sähköenergiaksi, jota voidaan hyödyntää pienten, kannettavien sovellusten 
energianlähteenä. Näiden virtalähteiden etuja ovat korkea tehotiheys ja riippumattomuus 
verkkovirrasta. Nestemäiset polttoaineet, kuten alkoholit, ovat kiinnostavia polttoaineita 
kuluttajasovelluksiin, koska ne ovat turvallisempia ja helpompia käyttää kuin kaasumaiset 
polttoaineet. Kuitenkin esteenä tämän tyyppisten kennojen kaupallistamiselle ovat kalliit 
komponentit (katalyyttimateriaalit ja elektrolyyttinä toimiva membraani) sekä komponenttien 
rajoitettu kestävyys. Kuluttajasovelluksia varten on kehitettävä uusia, halvempia ja 
kestävämpiä materiaaleja. Tämä väitöskirja esittelee SAPK-olosuhteita jäljitteleviä 
sähkökemiallisia analyysimenetelmiä, joilla voidaan arvioida uusien materiaalien sopivuutta 
tähän sovellukseen. 

 Aluksi työssä tarkastellaan alkoholireaktioiden tuotteita Pt- ja Pd-elektrodeilla. Analyysi 
osoittaa, että pääreaktiotuotteina metanolilla on formaldehydi, muurahaishappo ja 
hiilidioksidi, etanolilla asetaldehydi ja etikkahappo sekä isopropanolilla asetoni. HPLC-
analyysi osoitti lisäksi, että emäksisessä ympäristössä metanolin ja etanolin hapettumisessa 
Pt-pohjaiset sekä isopropanolin hapettumiseen Pd-pohjaiset katalyytit ovat tehokkaita. Työssä 
tarkastellaan myös katalyytin pintarakenteen vaikutusta alkoholien hapettumiseen yksikide-
elektrodeilla. Tuloksista nähdään, että kidepinta vaikuttaa selkeästi alkoholin hapettumisen 
alkamiseen sekä aktiivisuuteen ja näihin vaikuttaa pinnan lisäksi elektrolyytin pH. Kaikkein 
aktiivisin Pt-pinta isopropanolin hapettumiseen oli Pt(111) kun taas metanolille ja etanolille 
Pt(100)-pinta oli aktiivisin. 

 Toinen osa työstä käsittelee polttokennossa käytettävien nanopartikkelikatalyyttien 
ominaisuuksia, valmistusta ja suorituskykyä alkoholin hapettumisessa. ALD-menetelmällä 
valmistetun katalyytin jakautuminen pinnalle oli erittäin tasaista, joka johti kohonneeseen 
aktiivisuuteen alkoholin hapettumisessa. Tämän lisäksi katalyyttien kantajamateriaalit 
vaikuttavat elektrodin kestävyyteen ja työssä todettiin membraanielektrodiyhteenliittymän 
optimoinnin vaikuttavan sekä kennon suorituskykyyn että kestävyyteen. Sähkökemiallisilla 
mittauksilla voidaan tutkia ainoastaan elektrodin reaktioita, joten jos kaikki SAPK:ssa 
tapahtuvat ilmiöt halutaan ymmärtää, on myös polttokennokokeita suoritettava: työssä on 
tutkittu sekä happamien että emäksisten SAPK:jen suorituskykyä sekä stabiilisuutta. 

 Väitöskirjan tulokset korostavat elektrodirakenteen optimoinnin tärkeyttä ja osoittavat, että 
pelkillä sähkökemiallisilla mittauksilla uusien materiaalien arviointi on haastavaa. 
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1 Introduction 

Polymer electrolyte fuel cells (PEFC) using liquid fuels are promising electrochemical 

power generators, especially for portable applications such as laptops or cell phones, 

due to their high energy densities in comparison to batteries and independency of the 

electrical network. In this thesis PEFCs that utilize liquid alcohols as fuels for an anode 

and oxygen (or air) for a cathode are studied and this cell type is called a direct alcohol 

fuel cell (DAFC). These cells are not commercially viable until the cost of the total 

system is significantly reduced and the lifetime extended.  

 

One of the expensive materials in the cell is the precious noble metal catalysts such as 

Pt or Pd that is required to oxidise organic alcohols on the anode at low temperatures 

and even on these noble metal catalysts the reaction are slow. Reaction rates can be 

increased by introducing another metal to the catalyst to form bimetallic catalyst and 

this added metal can also non-noble which reduces the cost of the total system. In order 

to find the best catalyst for each fuel in each media a screening of a wide range of 

possible individual and bimetallic catalysts must be performed. Though, the DAFC tests 

require large amount of the studied material and are time consuming due to the complex 

membrane electrode assembly (MEA) preparation and therefore, other methods to study 

the activity of electrode materials are needed.  

 

Electrochemistry offers rapid methods to test developed materials in experiments where 

only a small sample amount is required, moreover, in a three electrode cell the electrode 

reactions can be studied separately (in the fuel cell it is problematic to separate response 

from anode and cathode reactions from each other). In addition, the same setup can be 

utilized to explore the effect of the catalyst material, bimetallic catalyst, support 

material and ionomer in acidic and alkaline media by the change of electrode material or 

electrolyte. Nevertheless, these experiments must be performed in such manner that the 

results obtained apply also in a DAFC. In this thesis the effect of nanoparticle 

preparation (Publication III) and bimetallic catalysts (Publication V) as well as carbon 
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supports (Publication IV) are studied with an electrochemical system in order to obtain 

insight prior to DAFC tests. 

  

Alcohol oxidation reactions can proceed via various paths leading to preferred or 

unwanted reaction intermediates and products and it is vital to understand which 

circumstances favour a certain route. In DAFC experiments it is impossible to single 

factors and more controlled systems must be used. For instance, to identify the effect of 

the surface structure for these reactions single crystal electrodes (SCE) can be utilized 

(Publication II). In addition, by solely electrochemical methods only limited reaction 

products or intermediates can be detected and these methods can be combined with 

spectroscopic or chromatographic methods to obtain the product distribution as a 

function of the cell potential (Publications I and II).  

 

Another key issue for commercial fuel cell applications is the durability of the cell 

components: if the power produced by the DAFC decreases more than 20 % from the 

initial value in a month it is defined as not commercially viable. Unfortunately, the 

DAFC is a corrosive environment and materials that withstand these conditions are 

limited. The current materials used in fuel cells, especially membranes and carbon 

supports, are vulnerable to corrosion and they should be replaced with more long-lasting 

materials. Nanocarbon supports have been introduced as more durable catalyst supports 

for PEFCs [1,2] and in Publication IV various carbon support materials are tested for 

their activity and durability in both an electrochemical and a fuel cell environment. 

 

Overall, to commercialize this technology cheaper, durable and more efficient materials 

for DAFCs must be introduced. The objective of this thesis is to show how different 

model electrodes are utilized to understand the phenomena occurring on a DAFC anode 

and making a contribution to the development of electrochemical methods to study 

anode materials for DAFCs in fuel cell related conditions.  
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1.1 Fuel cell 

A fuel cell is a device that converts the chemical energy of the reactants to electricity 

and product molecules. The first fuel cell was introduced by Sir William Grove already 

in 1839 [3], however, its applications remained limited due to the rapid development of 

combustion engines. In the first fuel cell, hydrogen and oxygen were fed to separate 

closed containers, having sulphuric acid as electrolyte and Pt shred as electrodes, and 

the products obtained were electricity and water. At present, various types of fuel cells 

for different applications have been developed and they are classified by their 

electrolyte material.  

 

This thesis concentrates on DAFCs having a solid, ion conducting membrane that can 

be either proton exchanging (acidic, PEM) or anion exchanging (alkaline, AEM). This 

electrolyte provides a channel for produced ions to cross from one electrode to the other 

and at the same time prevent electron and reactant transport. Together with the two 

electrodes (consisting of metal nanoparticle often on a support material and conductive 

ionomer) they form a membrane electrode assembly (MEA). In Figure 1 a schematic of 

a methanol fuelled DAFC with Nafion® PEM is presented. 

H+

H+

e-

e-

CH3OH + H2O 

CO2 + 6 H+ + 6 e-

O2 + 4 H+ + 4 e-

2 H2O 

Total: CH3OH + 3/2 O2   CO2 + 2 H2O  
Figure 1. Methanol and oxygen fuelled DAFC with a proton conductive membrane electrolyte. In 

addition, the reactions occurring on the electrodes and in the cell are presented. (Unpublished) 
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The alcohol-water mixture is fed to the anode electrode where the alcohol reacts with 

water producing carbon dioxide, protons and electrons. The ion conductive membranes 

are electrical insulators and therefore electrons flow from the anode to the cathode 

through outer circuit and this movement of electrons or electricity can be utilized or 

stored. The protons are transported through the membrane material to the cathode where 

they encounter an oxygen stream and cycled electrons to form water molecules.      

1.2 Scope of this Thesis  

As discussed in the previous pages, to commercialize DAFCs more efficient and still 

cost efficient electrode materials must be introduced. In this thesis, detailed methods to 

test new electrode materials in fuel cell related circumstances has been described and 

the focus is on the methodology rather than in material science. This work focuses on 

the phenomena occurring at the anode and therefore the phenomena in the membrane 

and at the cathode are not discussed in detail. 

 

In this thesis methanol, ethanol and isopropanol have been selected as alcohols due to 

their interesting behavior seen in previous work [ 4 , 5 ]: methanol has the highest 

performance, isopropanol has the possibility to produce high open circuit voltages 

(OCV) and ethanol produces the largest current density of all fuels having more than 

one carbon atom. All these alcohols have been studied only in Publications I and V, 

however, the focus in Publication III and IV is on ethanol and methanol oxidation, 

respectively. In Publication II methanol, isopropanol and their mixtures have been 

investigated, but the alcohol mixtures are excluded from this thesis to narrow the scope. 
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2 Experimental approaches 

2.1 Electrochemistry 

2.1.1 Electrochemical cell 

The electrochemical activity of fuel cell anode materials can be studied ex situ in a three 

electrode electrochemical cell (Figure 2). The alcohol oxidation occurs on the working 

electrode (WE) surface and a balancing reduction reaction takes place at the counter 

electrode (CE). The reference electrode (RE) is located in a separate container being in 

contact with the cell via a Lugging capillary which tip is placed as close to the WE 

surface as possible to minimize ohmic drop. The rate and direction of the reaction 

taking place at the WE is controlled with a potentiostat by varying the potential between 

the WE and the RE. Any current that flows will pass only through the WE and CE, 

leaving the reference potential at the RE unperturbed. 

 

CE

WE
Potentiostat

RE

 
Figure 2. Schematic diagram of three electrode electrochemical cell with a glassy carbon planar 

working electrode (WE), a plate counter electrode (CE) and a reference electrode (RE). 

(Unpublished) 
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For the CE a Pt sheet or wire having a large surface area is selected to ensure that the 

reactions occurring on this electrode would not limit the current. The selection of the 

RE is dictated by the electrolyte solution: in acidic medium a reversible hydrogen 

electrode (RHE) or a saturated calomel electrode (E = 0.2412 V vs. RHE) and in 

alkaline medium a RHE or a mercury oxide electrode (E = 0.64 V vs. RHE) is used. 

Nevertheless, in this thesis all the potentials from the electrochemical cell have been 

presented versus RHE at pH 1 in order to facilitate the interpretation of the results. In 

addition, three different types of WE are introduced in this work: planar Pt and Pd 

electrodes, Pt single crystal electrodes (SCE, in section 2.1.2) and nanoparticles on a 

glassy carbon electrode (in section 0).  

 

In fuel cell related electrochemical experiments sulphuric acid (H2SO4) is commonly 

used as an electrolyte because it dissociates to sulphate ions resembling the active 

sulphonic acid groups in the Nafion® PEM. Though, in the solid membrane sulphate 

ions are attached to the polymer chains and thus have a different mobility when 

comparing to the dissolved ions. It has been reported that the presence of sulphate ions 

in the electrolyte leads to changes in voltammetric profiles as a result of ion adsorption 

on the electrode surface [6,7]. Therefore, 0.1 M perchloric acid (HClO4) that dissociates 

only to form weakly adsorbing perchlorate ions has been chosen as a supporting 

electrolyte in acidic medium. In alkaline medium 0.1 M NaOH or 0.5 M KOH 

electrolyte is used and these solutions are freshly prepared to avoid gradual dissolution 

of glass [8] that had been observed to cause changes in voltammetric profiles [9].  

 

During all the experiments the surface potential of the working electrode is controlled to 

avoid unwanted anion adsorption. The electrolyte is deaerated prior to the experiments 

by purging with Ar or N2 gas. This procedure is performed in order to remove the 

oxygen from the electrolyte that would cause a shift in the voltammogram [10]. Prior to 

the experiments, the electrode surface is cleaned electrochemically except for the SCE 

electrodes that are cleaned by annealing (Section 2.1.2). The cleaning in the 

electrochemical cell is performed by cycling to high potentials (planar Pt and Pd 

electrode) or with the CO adsorption/oxidation method (nanoparticle electrodes). After 
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the measurements in the pure electrolyte, the electrolyte is changed to one containing 

the same supporting electrolyte and studied alcohol. To prevent the changes in the 

concentration, the gas inlet is first directed into a bubbler bottle containing the same 

solution as the cell and subsequently the alcohol solution saturated gas is directed into 

the experimental cell (this is not done in the case of the HPLC measurements because 

the experimental time is short, Publication I).  

 

Cyclic voltammetry and chronoamperometry are the electrochemical methods used for 

studying the alcohol oxidation and catalyst poisoning. From the cyclic voltammogram 

of alcohol oxidation two important issues can be observed: firstly, the onset potential of 

alcohol oxidation can be determined with the anodic sweep as the potential where 

notable current starts to flow. Secondly, the maximum normalized current (or current 

peak) and the potential where it is obtained are a point of interest because with higher 

current more power can be obtained from the fuel cell. The chronoamperometric 

experiments are applied in order to obtain more information of the catalyst poisoning by 

the reaction intermediates that are presented in Section 3.1. Overall, a good catalyst for 

alcohol oxidation would be one with low onset potential, high normalized current at as 

low potential as possible and could maintain the normalized current at constant potential 

during the extended experiments. 

2.1.2 Preparation of well-ordered SCE 

Well-ordered single crystal electrodes (SCE) used in Publication II are prepared by 

cutting a metal bead with laser at a specific angle so their surface is constructed with 

atoms of only one orientation. The well-ordered low-index surface must be atomically 

flat meaning that they have only large terraces and should possess as few surface defects 

as possible. A detailed procedure of this preparation process was first published by 

Clavilier et al. [11]. Prior to every set of experiments the SCE is flame annealed with a 

Bunsen burner to burn away impurities and to reorder the surface atoms [12]. With this 

high temperature treatment, the thermal movement of the metal atoms will progressively 
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order the disordered parts of the surface. Moreover, at high temperature both oxidation 

and thermodesorption of different impurities occurs resulting in a clean electrode 

surface. However, when the electrode is cooling down (especially around 100 ºC) the 

ambient impurities of air commence to oxidise on the surface due to the high catalytic 

activity of the clean Pt surface. This can be avoided by cooling the crystal in a reducing 

atmosphere like a H2 stream. When the crystal is cooled down it is dipped into ultrapure 

water in equilibrium with H2/Ar atmosphere and the surface becomes protected by a 

water droplet [13]. As the crystal originated from a metal bead it also has reactive edges 

with mixed atom orientation and if these imperfections are in contact with the 

electrolyte they would interfere the measurements. Therefore the crystal is dipped into 

the electrolyte and then pulled upwards as shown in Figure 3 to form a meniscus. This 

procedure also ensures that the reactive surface area is exactly the same as the geometric 

area of the crystal surface, and therefore, all the currents obtained with the SCE 

experiments can be normalized with the geometric area of the electrode.  

 

Figure 3. Formation of a meniscus with a single crystal electrode. (Unpublished) 

2.1.3 Nanoparticle electrode preparation 

To prepare a nanoparticle electrode for electrochemical experiments that would 

resemble a fuel cell anode, the similar catalyst ink utilized for the DAFC anode is 

prepared and dried on a glassy carbon working electrode. The catalyst powders are 

dispersed in solvent (ethanol or 1-methyl-2-pyrrolidione), then mixed with a magnetic 

stirrer and sonicated with an ultrasonic bath. Ionomers which are dispersed polymers 

resembling the corresponding membrane material are added to the dispersion. For acidic 
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ink Nafion® dispersion and for alkaline ink fumion® FAA-2 or poly(vinylbenzyl 

trimethyl ammonium chloride) (PVBTA) dispersions are used in Publication III and V, 

respectively.  

2.1.4 Electrochemically active surface area  

In order to evaluate the activity of the catalyst material, the currents obtained from the 

electrochemical experiments must be normalized with the catalytically active surface 

area on the catalyst. For planar electrodes and SCEs this corresponds to geometric 

surface area that is in contact with the electrolyte, however, with nanoparticle catalyst 

on a porous support the determination is more difficult because the idea of the catalyst 

is that the active surface area is far larger compared to the geometric area. Therefore a 

concept of electrochemically active surface area (EASA) has been introduced defining 

the three dimensional catalyst surface area where the reactants can adsorb and oxidize.   

 

EASA determination of electrodes having only one metal are relatively straight forward 

and is well described for each metal [14]. Firstly, in the special case of Pt electrode the 

EASA can be determined through the hydrogen adsorption from the electrolyte onto the 

Pt surface. The charge needed for underpotential deposition (UPD) of hydrogen (QH) 

can be obtained by integrating the surface area of hydrogen adsorption region in a cyclic 

voltammogram where the effect of the double layer capacitance has been subtracted 

[15]. For this method it is commonly assumed that the adsorption process of HUPD on Pt 

surface is a 1:1 (i.e. a hydrogen atom will adsorb on each Pt sites) [14] and that the 

charge required for adsorption on polycrystalline Pt to form a monolayer is QH,mono= 

210 µC cm2. This value is estimated with the assumption that the density of the atoms is 

1.31 x 1015 cm-2 [15,16] pertaining to the (100) face of the Pt electrode [17]. Overall, 

the electrochemical surface area can be determined with the equation 

 

 
monoH

H

Q
QA

,

=          (1) 
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and this method has been used for EASA determination for planar Pt electrodes in 

Publication I. Nevertheless, it is good to keep in mind that the properties of 

nanoparticles differ from bulk metals and this method has found to provide decreased 

EASA for small nanoparticles < 3.5 nm [18].     

 

Another technique to determine EASA of a Pt surface is utilization of a well-controlled 

probe molecule having relatively standard adsorption on the Pt surface sites over a wide 

potential area. Carbon monoxide (CO) can be used for this purpose because it is a strong 

adsorbent which also displaces other adsorbed species from the surface site and 

therefore can be used for the EASA determination as well as cleaning the electrode 

surface [ 19- 21]. Firstly, the electrolyte is saturated with CO gas which is rapidly 

adsorbed on the Pt surface. Secondly, stripping experiments are performed from which 

the charge required for the adsorbed CO to oxidize to CO2 can be estimated by 

integrating the CO oxidation peak (black scan in Figure 4) where the base curve (red 

scan) in pure electrolyte has been subtracted.   
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Figure 4. CO stripping curves for Pt (A) and PtRu (B) nanoparticles in 0.1 M HClO4 electrolyte 

with 10 mV s-1 scan rate. Black and red scans refer to oxidation of adsorbed CO monolayer and 

pure electrode surface, respectively.  (Unpublished data) 

 

Whereas Pd electrode exhibits an indefinable hydrogen adsorption region, as seen in 

Figure 5, and therefore the hydrogen adsorption method cannot be accurately used for 

the EASA determination. Instead, reduction of PdOx is commonly utilized [14,22- 25]. 

In this method oxygen is assumed to chemisorb onto the catalyst surface with 1:1 

process [26] prior to O2 evolution. When PdOx is formed but the oxygen evolution had 

not yet started a cathodic sweep is performed where the reduction of this oxide can be 
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observed as a peak at 0.68 V (Figure 5). By integrating this peak, the charge needed for 

the PdOx reduction PdOQ  is obtained 

monoPdO

PdO

Q
QA

,

=         (2) 

where monoPdOQ , = 405 µC cm-2 [27] and corresponds to the value for the monolayer 

reduction of PdOx. In Publications I and III determination of the EASA of both planar 

and nanoparticle Pd electrodes have been performed with this method.  
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Figure 5. Cyclic voltammogram of ALD prepared Vulcan supported Pd nanoparticles in 0.1 M 

NaOH electrolyte with 20 mV s-1 scan rate. (Unpublished data) 

 

The determination EASA of a bimetallic catalyst is more complex: as can been seen 

from Figure 4 the potential region of CO stripping is well-defined on the Pt electrode, 

however, on a PtRu electrode the upper potential limit where the all CO would be 

totally oxidized cannot be defined. Moreover, CO oxidation on Ru surface occurs at 

lower potential and therefore, the CO stripping potential and peak width vary with the 

element composition [ 28 ] making the EASA determination challenging. For this 

bimetallic catalyst neither hydrogen adsorption, due to the low onset potential of RuO 

formation overlapping the hydrogen adsorption/desorption region, nor metal oxygen 

reduction, due to limited upper potential of the anodic sweep that hinders the metal 

oxide formation (Figure 4B), can be used. Therefore, in publications IV and V the 

currents in the electrochemical cell have been normalized by the amount of the catalyst.  
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2.2 Direct Alcohol Fuel Cell  

The fuel cell used in the DAFC experiments is a single cell with serpentine flow 

channels by Fuel Cell Technologies. The active surface area of the cell is 7.29 cm2 

which is selected because it is large enough to produce relative currents, but also small 

enough that small catalyst samples can be tested. Figure 6 presents the cell with all the 

other components: membrane electrode assembly (MEA), two Teflon® gaskets which 

ensure that no leakages from the cell occurs and two gas diffusion layers of carbon cloth 

having 10 and 60 wt% Teflon® dispersion on the surface for anode and cathode, 

respectively. On the cathode thicker Teflon® coating is used to increase the 

hydrophobicity of the gas diffusion layer that hinders the cathode flooding.  

 

 

Figure 6. Single cell fuel cell, carbon cloths, Nafion-PtRu MEA and white Teflon gaskets. 

(Unpublished) 

 

A proton exchange membrane (PEM) Nafion® by Dupont or anion exchange membrane 

(AEM) fumapem® FAA-2 from FumaTech company are used as electrolytes. For PEFC 

with hydrogen fuel a Nafion® 112 membrane is often used, however, in DAFCs the 

alcohol-water mixture can permeate the membrane to the cathode reacting on the 

cathode catalyst to poisoning species and causing mixed potentials. In addition, the 

excess of liquids (methanol and water) on the cathode hinders the gas diffusion [29]. To 
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decrease the methanol permeability from anode to cathode a thicker membrane material 

can be selected: in the case of the Nafion® membranes the lowest methanol crossover is 

obtained with the thickest Nafion® 117 membrane (178 µm), however, the highest 

power densities in DAFC are obtained with the Nafion® 115 membrane (127 µm) [30] 

and therefore the latter has been selected as an electrolyte in acidic DAFCs 

(Publications IV and V). The thickness of the FAA-2 membrane in water is 

considerably lower (25 µm) in comparison to Nafion 115, however, the methanol 

permeability is decreased [31]. 

 

Fuel cell electrodes consist of the similar inks previously described for the nanoparticle 

catalyst electrode (Section 2.1.3): metal nanoparticle catalyst on carbon support, 

ionomer dispersion and solvent. The ionomer is used in order to increase the ionic 

conductivity of the electrode [ 32 - 34 ] and improving the adhesion between the 

membrane material and the electrode layer. In the acidic MEAs Nafion® dispersion is 

used and the optimum ionomer-carbon ratio depends on the carbon support of the 

catalyst particles: for carbon black (Vulcan) the optimized value for anodes is between 

25-40 wt% [35- 38] and in our experiments the aim is for 30 wt% ionomer. As for the 

less porous nano carbon supports (CNT and GNF) only limited optimization has been 

performed, however, in preliminary studies it has been found that higher (over 50 wt%) 

would be more beneficial [39,40]. Nevertheless, the MEA preparation in Publication IV 

revealed that with nanostructured carbon support the ionomer-carbon ratios are more 

difficult to control. At the cathode side the amount of ionomer is crucial because an 

excess would decrease the porosity of the catalyst layer resulting in an increase in 

oxygen mass transport resistance and poorer cell performance [32] and therefore, the 

aim for the ionomer on the cathode was lower (20 wt%). For the FAA-2 membrane 

anion exchange ionomer PVBTA is used in a similar fashion as in electrochemical inks 

outlined in Section 0 and the same ionomer-carbon ratio as for the Nafion MEAs is 

targeted in order to obtain comparable results. Nevertheless, these ratios are not 

optimized for an alkaline DAFC but were used to obtain comparable results with the 

Nafion cells and further optimization of the MEA preparation could increase the power 

densities significantly.  
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The catalyst inks are sprayed directly on both sides of the membrane material, to obtain 

thin-film catalyst layers that minimize the transport limitations within the layers [41], 

and are dried at 80 ºC for 2 h. Subsequently, the MEAs are hot pressed in order to 

obtain well compressed electrodes to increase the conductivity of the MEA reducing 

ohmic losses [42]. The heat pressing procedure has been shown to have no significant 

effect on the morphology of the Pt nanocatalyst [43] nor particle size at low pressing 

times [ 44 ]. In contrast, the improved performance of the cell is attributed to the 

microstructure of the cathode facilitating the reactant diffusion through this electrode 

[43]. The conditions for the hot pressing are 130 ºC for 120 s under a force of 50 kN for 

the Nafion MEAs and 80 ºC for 120 s under a force of 50 kN for the FAA-2 MEA.  

 

The fuel cell is assembled by sandwiching anode end plate, Teflon gasket, MEA, 

another gasket and cathode endplate. The cell is sealed with 8 screws and tightened with 

a 10 Nm torque. All the currents and powers obtained from the DAFC are normalized 

with the cell area of 7.29 cm2. The fuel cell test station includes: anode fuel container 

(1), temperature control units for the cell and gas pipes (2), liquid fuel pump (3), the cell 

(4), gas flow control unit (5), gas humidifier (6) and anode outlet (7) which are outlined 

in Figure 7. 

 

1 2

3
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6

7

 

Figure 7. The single cell test station. (Unpublished) 
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3 Electrocatalysis of alcohol oxidation 

Electrocatalysis is defined as the effect of an electrode material on the reaction rate 

occurring on an electrode surface. In the case of alcohol oxidation this means the 

influence of an electrode material on the adsorption and oxidation rate of an alcohol 

molecule. When an electrochemical setup is used, the reaction rate on the WE can be 

controlled by the electric potential thereby affecting the electrodes affinity to electrons. 

The electrocatalysis on a Pt electrode is described in detail in previous work [45].  

 

For each reaction there is a thermodynamic standard potential where the reaction takes 

place under standard conditions which is defined by the thermodynamic properties of 

the reactants and products. In the case of ethanol oxidation to CO2 the total reaction is: 

 
−+ ++→+ 12e12H2COO3HOHCHCH 2223  E0=-0.084 V [46]  (i) 

 

In reality the alcohol oxidation reaction commence at higher potential (around 0.35 V in 

Figure 8) due to reaction overpotential (η) that is defined as the difference between the 

applied potential and the thermodynamic standard potential:   

 
0EE −=η          (3) 
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Figure 8. Electrooxidation of 0.5 M methanol and isopropanol on a polycrystalline Pt electrode in 

0.1 M HClO4 (A) and 0.5 M NaOH (B) (Publication II). In addition, electrooxidation of 0.5 M 

ethanol in acidic medium is also shown (Unpublished). Scan rate 20 mV s-1, third scans are 

presented.  
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The total overpotential can be defined as a sum of activation overpotential ( actη ), ohmic 

overpotential ( ohmη ) and mass transport overpotential ( concη ).  

 

concohmact ηηηη ++=         (4) 

 

At low current densities the alcohol oxidation is limited mostly by activation 

overpotential that is due to the sluggish electron transfer in the cell reactions and is 

defined as: 

 

 
0

ln
i
i

nF
TRg

act α
η =          (5) 

 

According to Ohm’s law there are always resistive losses when current is drawn from 

the cell and this is called as ohmic overpotential:  

 

      iRohm =η          (6) 

 

This overpotential term is not so relevant in electrochemical cell where the total cell 

resistant is low due to well conductive liquid electrolyte, however, it has high impact in 

solid electrolyte with lower conductivity utilized in fuel cells (Section 6.0). The 

concentration overpotential is defined as  

 

b

s
g
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c

nF
TR

ln
α

η =         (7) 

 

and becomes dominant at high current densities where the surface concentration ( sc ) 

significantly decreases when compared to the bulk concentration ( bc ). Nevertheless, 

with electrochemical experiments a concept of electrode reaction onset potential is often 

used describing the potential where the initiation of significant current can be observed 

even though this value is difficult to define accurately. 
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In addition, Figure 8 underlines the importance of the electrolyte pH for alcohol 

oxidation: the onset potential of alcohol oxidation and maximum current densities vary 

with the pH. For instance, the activity of methanol oxidation increases in alkaline 

medium whereas, conversely, the activity of isopropanol oxidation decreases. In this 

chapter the reaction mechanisms of the studied alcohols are discussed in detail, 

moreover, spectroscopic methods to detect alcohol oxidation reaction products and 

intermediates as a function of the electrode potential are presented. 

3.1 Reaction mechanisms  

Alcohol oxidations reactions are very complex and are not entirely understood even 

though they have been intensively studied for decades. Modern spectroscopic methods 

have given a boost to these studies, however, there are still some reaction intermediates 

that are very difficult to detect due to either low quantities or fast reactions to other 

intermediates. 

3.1.1 Adsorption 

Alcohol oxidation occurs at various steps; yet, the first step for all molecules is the 

same: the molecule adsorbs on the electrode surface and forms a bond with the electrode 

(chemical adsorption):  

adssol AlcoholAlcohol →        (ii) 

When an electrode is placed into an aqueous electrolyte the electrode surface is covered 

by water molecules, its dissociated products like Hads, OHads or even adsorbed oxygen 

depending on the electrode potential and the solution pH [47]. For each electrode 

material there is a potential of zero charge (PZC) correlating directly to the work 

function of that material and therefore the value differs with each metal. For SCE 

electrodes the PZC can be determined with accuracy, however, for polycrystalline 
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electrodes the values depend on electrolyte and density of different surface sites: for 

instance values between 0.18-0.31 V have been reported [48,49] for polycrystalline Pt. 

As reported for Pt(111) surfaces [50], at potentials lower than the PZC value the water 

molecules adsorb with positively charged atoms (hydrogen) down and only weak 

hydrogen bonds between molecules are formed (Figure 9). When the PZC is reached the 

water molecules rotate and at higher potentials the molecules are oriented with the 

negatively charged oxygen atom down. In this state the water molecules can create 

hydrogen bonds with other water molecules in the bulk covering the electrode with an 

ice-like net structure. The optimal moment for large alcohol molecules to displace the 

solvent molecules on the electrode surface is the PZC when water is not strongly 

attached to the surface.  
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Figure 9. The orientation of water molecules on a Pt(111) surface depending on the electrode 

potential. The potential of zero charge for Pt(111) is 0.35 V [50]. (Image from [45])    

 

By increasing pH, the potential window - where water is stable - shifts to more negative 

potential by 59 mV per pH unit, as a consequence of the Nernst equation also changing 

the work function of the metal electrode subsequently causing changes to the adsorption 

strengths [ 51 ] and leading to a change in voltammograms as seen in Figure 8. 

Furthermore, some of the reaction intermediates of alcohol oxidation can act as an acid 

or base and therefore changes in the electrolyte pH will also result in changes to the 

product distributions [52,53]. Another advantage of alkaline medium is that in acidic 

medium corrosion and catalytic activity limits the choice of metal electrode to noble 

metals, in contrast, in alkaline medium also other than noble metals can be considered 

[54-56] reducing the cost of the cell and thus making alkaline DAFCs as a focus of 

interest in future research. 
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3.1.2 Methanol 

Methanol is the simplest organic alcohol that has been widely used in DAFCs because it 

has no C-C bond that is difficult to cleave at low temperatures. Nevertheless, methanol 

is toxic, easily flammable and has a low boiling point (65 °C). In addition - as will be 

discussed in Section 6.3 - as a small, polar molecule it has larger level of crossover in 

comparison to larger alcohols. Even though methanol is the simplest alcohol its 

oxidation is very complex [57], however, the main steps are summarized in Figure 10. 

 

CH3OH CH2O COOH

CO CO2

(2)

(3)

(4)

(1)

(5)

 
Figure 10.  Schematic of the methanol oxidation mechanism on Pt electrodes. (Unpublished) 

 

In electrochemical environment the first step, after molecule adsorption on the 

electrode, is the rupture of the C-H bond in the methanol molecule [58]  

 
−+ ++→ eHOCHOHCH ads3ads3       (iii) 

 

With this step protons are formed which can be observed in Figure 8 as an increased 

current between 0.4-0.6 V potential at both media. After this the dehydrogenation 

continues and adsorbed formaldehyde is formed (reaction 1 in Figure 10): 

 
−+ ++→ eHOCHOCH ads2ads3       (iv) 
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As suggested early by Breiter [59] and confirmed with spectroscopic experiments [60-

62] after the methanol dehydrogenation to formaldehyde two parallel reactions routes to 

form CO2 are possible: via COOHads or COads type of intermediates (reaction 2 and 3). 

In more detail: dehydrogenation can continue further from formaldehyde until an 

adsorbed CO molecule is formed (reaction 3) and two more electrons are produced: 

 
−+ ++→ 2e2HCOOCH adsads2       (v) 

 

Nevertheless, after this the reaction route is blocked until water can adsorb onto the 

electrode surface providing the required oxygen species (reaction vi and vii): 

 
+− +→ HOHOH adssol2         (vi) 

−+− ++→+ 2eHCOOHCO 2ads       (vii) 

 

In a parallel path formaldehyde can be oxidized to formic acid (reaction 2), however, 

this reaction step also requires an external oxygen molecule: 

 

 −+− ++→+ e2HCHOOHOHOCH adsads2      (viii) 

 

Finally, the formic acid can desorb from the electrode surface back to the solution or be 

oxidized further to CO2 (reaction 5): 

 
−+ ++→ 2eH2COCHOOH 2ads       (ix) 

 

Overall, methanol oxidation to CO2 depends on the external oxygen provided by the 

adsorbed water. This step cannot occur until at the electrode potential where water can 

dissociate is attained, which for the Pt electrode is > 0.4 V [60,63] indicating that at 

lower potentials the electrode surface is blocked by an intermediate. For this reason 

another metal, on which the water dissociation occurs at a lower potential, is added to 

pure Pt to form bimetallic catalyst that will be further addressed in Section 5.1. 
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In alkaline medium the reaction routes and product distribution alter due to the change 

in the work function of the electrode material: the main products on a polycrystalline Pt 

electrode [ 64 ] are formate (formic acid in alkaline medium dissociates rapidly to 

formate ion −HCOO ) and bicarbonate ( −
3HCO ) in the low potential region (> 0.2 V) as 

well as CO2 above a potential of 0.7 V. On Pt(111) electrode [65] the main products are 

formate and CO2. According to DFT calculation the electrocatalytic activity of Pd on 

alcohol oxidation is strongly depended on pH [66] and at high pH solutions Pd could be 

an alternative for Pt. Nevertheless, the fundamental understanding of alcohol oxidation 

on Pd surface at high pH electrolyte has not been fully obtained but is a focus in 

Publication I and  III. 

3.1.3 Ethanol 

Ethanol is an interesting fuel for DAFCs because it can be produced from renewable 

sources by fermentation. In addition, as a larger molecule when compared to methanol it 

has a higher boiling point (78 °C), higher theoretical energy density as well as lower 

crossover rate through both acidic and alkaline membranes [5,67,68].  Nevertheless, this 

molecule has the thermodynamically stable C-C bond that is difficult to cleave at low 

temperatures. Similarly as with methanol the first step of ethanol oxidation is the 

adsorption of the ethanol molecule on the catalyst surface followed by two parallel 

paths (reaction 1 and 3) [46,69] presented in the Figure 11.   

CH3CH2OH CH3COH CH3COOH

CO + CHx CO2

(2)

(4)

(5)

(1)

(3)

 
Figure 11. Schematic of the ethanol oxidation mechanism. (Unpublished) 
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Firstly, ethanol oxidation can occur by the same route as methanol oxidation to form 

aldehyde and then the corresponding acid (reaction 1 and 2 in Figure 11). Nevertheless, 

acetic acid is a very stable molecule at DAFC anode related potentials [70,71] and has a 

tendency to rather dissolve into the solution than oxidize further, as a consequence, it 

can be considered as an end product of ethanol oxidation. This reaction path produces 

only 4 electrons and it has been suggested that most of the current observed in ethanol 

oxidation in acidic medium would be due this reaction implying that acetic acid is the 

main oxidation product [72,73].  

 

The other parallel pathway requires the cleavage of the C-C bond from either an ethanol 

or acetaldehyde molecule (reaction 3 and 4) and it has been found that this is more 

likely to occur from the acetaldehyde molecule than directly from ethanol because the 

reaction 4 is faster [73]. The molecule with two carbon atoms will break to form two 

separate molecules: the first initially having one oxygen atom (COads) and the other 

having only carbon and hydrogen atoms (CHx). The latter molecule slowly transforms 

to COads already at < 0.4 V potentials [73,74]. When external oxygen from water 

dissociation (reaction v) is available both of these fragments undergo further oxidation 

to CO2 (reaction 5). 

 

In the case of alkaline medium, the same reaction mechanism applies, however, the 

increase in pH will change the reaction product distribution: with spectroscopic 

experiments it has been found that on a Pt surface the main ethanol oxidation product  is 

acetate [ 75 ] (acetic acid in alkaline medium dissociates rapidly to acetate ion 
−HCOOCH3 ). Similarly as in acidic medium the C-C cleavage most probably occurs 

via an acetaldehyde molecule where the α-hydrogen atom (in the CH3 group) is slightly 

acidic causing deprotonation of acetaldehyde in high pH electrolytes. When the charge 

is delocalized at the one end of the molecule, the C-C bond becomes less shielded and is 

easier to break. Combining more facile C-C bond cleavage and the fact that CHx [52] 

and COads [76,77] can be adsorbed at lower potential in alkaline medium it could be 

deduced that selectivity towards C-C bond rapture pathway is enhanced.  
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3.1.4 Isopropanol 

Isopropanol (2-propanol) is a molecule with three carbon atoms and hydroxyl group at 

the middlemost carbon atom affecting the configuration of the molecule and alters the 

molecules adsorption and oxidation properties. In addition, isopropanol is also the 

largest molecule in this study and therefore possesses the lowest crossover rate through 

acidic and alkaline membranes [5,67] as well as the highest boiling point (83 °C) and 

energy density. It has been shown previously that 1-propanol (where the hydroxyl group 

is attached to the end carbon atom) behaves like other primary alcohols (methanol and 

ethanol) in DAFC studies [5] whereas isopropanol behavior differs from that trend and 

is therefore selected as a part of this work. Though, with the larger amount of atoms in 

the molecule also the reaction mechanism is more complex and it has been presented in 

detail by Pastor et al. [78], however, in Figure 12 a simplified version is outlined. 

(2)

(3)

(5)

(1)
CH3-CHOH-CH3 CH3-COH-CH3 CH3-CO-CH3

CH3-C-CH3
CO2

CH3-CH2-CH3

(4)

(6)

 

Figure 12. Schematic of the isopropanol oxidation mechanism. (Unpublished) 

 

The first step after the adsorption on the electrode surface is the dehydrogenation from 

the central carbon (reaction 1 in Figure 12). Subsequently, there are three different paths 

to follow: firstly, further dehydrogenation to acetone (reaction 2) that is quite stable 

molecule and can be desorbed from the electrode surface in the presence of isopropanol 

into the bulk solution with competitive adsorption displacement [78]: 
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 ads3,3sol3,3sol3,3ads3,3 CHOHCHCHCOCHCHCHOHCHCHCOCHCH +→+  (x) 

 

or be further oxidized to CO2 (reaction 6) with external oxygen from the water 

dissociation. Another option is that the first dehydrogenation product 

ads3,3 CHCHOCH −−  can further react from the central carbon via reaction 3 to  

ads3,3 CHCCH −−  and this product can either oxidize to CO2 (reaction 5) or be 

converted to propane (reaction 4) which is released to the electrolyte [78]. Nevertheless, 

the most important fact is that in contrast to the primary alcohols no adsorbed CO is 

detected [79,80]. Even though small amounts of CO2 have been observed [78] it has 

been formed without the COads intermediate that is considered to be a strong catalyst 

poison at low potentials. The product distribution implies that the middlemost carbon 

atom is the reactive center of all the reactions that occur on a Pt electrode. Overall, it is 

clear that on a pure Pt surface the main reaction product is acetone due to the fast 

isopropanol dehydrogenation and slow reaction rate of other products [81-83]. 

 

To further understand the role of acetone in isopropanol oxidation, a cyclic voltammetry 

on Pt nanoparticle surfaces with 1 M acetone has been performed (Figure 13) to observe 

if acetone could further oxidized at this potential region as suggested by the mechanistic 

study with FTIR analysis in acidic medium [78]. As shown in Figure 13 only a small 

indication of acetone oxidation can be observed above potential of 0.4 V and therefore 

acetone can be considered as the main product of isopropanol oxidation in this medium.  
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Figure 13. Electrooxidation of 1 M acetone on commercial Pt/C in 0.1 M HClO4 with 20 mV s-1 scan 

rate. (Unpublished) 
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In alkaline medium, no specific reaction mechanism studies with spectroscopic methods 

have been performed, however, electrochemical methods imply that in this medium 

isopropanol dehydrogenation to acetone would occur through strongly adsorbed 

intermediates poisoning the catalyst surface [84]. Similarly as in acidic medium (Figure 

13), in alkaline medium the activity of acetone oxidation on a Pt electrode is low [85] 

and is limited to the high potential region irrelevant for DAFC anode. In Publication II 

(and also Figure 8) lower isopropanol oxidation currents in alkaline medium on Pt 

electrode has been observed indicating that even though oxidation of primary alcohols is 

enhanced in alkaline medium on Pt electrode this is not the case with the secondary 

alcohol isopropanol. On the contrary, isopropanol oxidation on other catalyst materials, 

such as Au promoted Pd, have shown considerably higher currents in alkaline medium 

with comparison to the Pt [86] implying that the rate of isopropanol oxidation can be 

increased by the choice of the electrode material.  

3.2 Detection of reaction products  

To understand the reaction processes behind the alcohol oxidation it is crucial to verify 

the reaction intermediates and products at each potential. Unfortunately, with solely 

electrochemical methods these cannot be observed, but additional methods that can be 

combined with electrochemical ones to obtain product distribution as a function of 

potential have been developed. Most commonly used are spectroscopic methods: direct 

electrochemical mass spectrometry (DEMS) [87,88] that is limited to the detection of 

the volatile substances produced on the electrode, Fourier transform infrared 

spectroscopy (FTIR) [89-91] which can detect the adsorbed reaction intermediates and 

products on the electrode with infrared light and surface enhanced Raman spectroscopy 

(SERS) [92] that employs visible light rather than infrared and can therefore be used to 

measure molecular vibrations at low wavelengths. In addition, also chromatographic 

methods with a direct connection to the electrochemical cell can be applied: one 

example is the high performance liquid chromatograph (HPLC) that has a sample 

collection system in the vicinity of the electrode surface. With this method only liquid 
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reaction products can be detected, however, these are often the most interesting ones 

especially for the oxidation reactions of large organic molecules. In next two chapters 

HPLC (Publication I) and FTIR (Publication II) are presented in more detail.  

3.2.1 HPLC method  

The high performance liquid chromatography (HPLC) can be used for the detection of 

liquid reaction products and its advantages are a cheap, facile system and 

straightforward product analysis when compared to more complex spectroscopic 

methods. The limiting factor is that only liquid reaction products can be detected and 

therefore existence of CO or CO2 molecules cannot be confirmed. Nevertheless, in the 

case of alcohol molecules (especially with various carbon atoms) intermediate 

aldehydes, ketones and acids play an important role. The limitation of the early HPLC 

studies was that the samples were taken from the electrolyte of the electrochemical cell 

[93,94] or from fuel cell anode output [95] which requires high concentration of these 

products for detection and the concentration of the products could be presented as a 

function of time. Since then these systems have been developed further and now HPLC 

can be combined with an electrochemical cell allowing the sample taken from the 

vicinity of the WE and the results can therefore be presented as a function of WE 

potential.  

 

This kind of system was used in Publication I and is described in detailed elsewhere 

[96]. In short: as can be seen in Figure 14 an electrochemical cell with planar Pt or Pd 

electrode is mounted with an aqueous electrolyte consisting KOH electrolyte and the 

studied alcohol. The HPLC sample collection tip is placed in vicinity of the WE surface 

and pumping is applied to gather small samples close to the electrode surface. A very 

slow potential sweep is performed in order to precisely control the product distribution 

at the selected potential. Prior to the experiments, the probable reaction products are 

analyzed in alkaline medium with the same HPLC system to determine peaks at the 

retention times correlating with each product. 
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Figure 14. Schematic diagram of the on-line sample collection with fraction collector (FRC) 

equipped with an in-house designed micro-sized sample collecting tip for rapid sample collection 

close to the electrode surface during voltammetry, with subsequent analysis with a HPLC system. 

(Publication I) 

 

As is well-known from organic chemistry, aldehydes and ketones with α carbons 

(without attached oxygen atoms) are reactive in alkaline medium and tend to form aldol 

condensation products [97]. Prior to the experiments all these products are analyzed in 

solutions with added base to see if this reaction occurs: formaldehyde does not possess 

α carbon and no additional peaks are observed, acetaldehyde has α carbon, but no aldol 

condensation product is detected. As acetone possesses two α carbons, during the HPLC 

analysis a small additional peak is observed while analyzing a solution of 1 mM acetone 

and 0.1 M KOH. In this process the α carbon of one acetone molecule reacts with the 

oxygen atom in the other acetone molecule and in the presence of base forms diacetone 

alcohol (DAA) according to the reaction: 

 

 ( ) 3223
KOH

33 CHCOCHCOHCHCHCO2CH −−−− →−−   (xi) 

This same product has been also observed during the experiments and could be 

excluded from the analysis because it is not a reaction product alcohol oxidation. As 

discussed earlier, in alkaline medium acids produced are immediately deprotonated. The 

HPLC system cannot detect ions and therefore, acidiceluent has been used in the 

analysis to ensure detection of carboxylic acids, nevertheless, in Figure 15 the products 

are classified with the species originating from the electrode surfaces. With primary 
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fuels corresponding aldehydes or carboxylic acids are detected, however, the Pd 

electrode shows increased selectivity towards acid formation due to the faster reaction 

rate from aldehydes to acids. For isopropanol oxidation the only detected liquid product 

on the electrode was acetone which correlates well with the findings of other 

electrochemical experiments (Figure 13) and the spectroscopic findings presented in 

Section 3.1.4. 
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Figure 15. Potential sweeps and formed products of 1 M alcohol oxidation on the Pt (A) and Pd (B) 

electrodes in 0.5 M KOH electrolyte with 1 mV s-1 sweep rate. The black lines represent the 

potential sweep with sample collection and the red ones without. (Publication I) 

 

Publication I presents the results from the combined voltammetry and HPLC analysis 

(which are also seen in Figure 15) for both planar electrodes.  For each experiment, 

firstly a potential sweep without sample collection (red line) was performed, 

subsequently, the same potential sweep with the same scan rate was performed with 

sample collection (black line). This was done in order to observe the effect of sample 

collection on the electrode reaction: if the current density was higher in the presence of 

the sample collection, it could mean that some poisoning species exist on or near the 
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electrode surface which are removed during the sample collection [96]. In contrast, 

when current density increases without sample collection the removed molecules have 

most likely been active reaction intermediates that could have still reacted further. With 

this in mind, it can be clearly seen from Figure 15 that surface poisons exist on a Pt 

electrode for methanol and a Pd electrode for ethanol oxidation which is most likely to 

be COads that has been observed with spectroscopic methods [89,91]. In the case of 

ethanol this fluctuation in current could also be due to diffusion limitations that are 

addressed in Section 5.5. For the other cases investigated here COads would not seem to 

have a strong role. 

 

From Figure 15 it can be also seen that one electrode materials offers a more preferable 

route for alcohol oxidation: in the case of methanol current densities and product 

amounts on Pt are higher compared to Pd indicating that Pt is more active at catalyzing 

methanol oxidation in this medium and if a bimetallic catalyst is desired it would be 

preferable to be Pt based. As for ethanol oxidation, the current densities and reaction 

product amounts are similar on both electrodes with the exception that the Pd electrode 

would seem to be more selective towards acetate formation. Organic acids in alkaline 

DAFCs are not preferred products because they cause changes in the membrane pH. As 

was discussed in Section 3.1.3, the C-C bond is easier to break from acetaldehyde and 

therefore, also in the case of ethanol Pt based bimetallic catalysts would be preferable. 

 

Isopropanol oxidation to acetone on a Pt electrode (Figure 15A) would seem to occur at 

three different stages: first at 0.25-0.5 V, second directly after at 0.5-0.9 V and the third 

at 1 – 1.4 V. In addition, no surface poisoning by intermediates was observed with the 

HPLC implying that acetone does not strongly adsorb on a Pt surface in alkaline 

medium. This is in contrast to the mechanism suggested by Markiewich et al. [84], 

however, further spectroscopic experiments are required to confirm these findings. On 

the contrary, on a Pd electrode acetone formation would seem to occur smoothly. Even 

though higher current densities were obtained in comparison to Pt (also observed by Liu 

et al. [98]), lower amount of acetone is produced indicating that other reaction products 
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not detectable with HPLC might be produced and additional methods are required for 

their confirmation.   

3.2.2 FTIR method 

In situ Fourier transform infrared spectroscopy (FTIR) can be combined with an 

electrochemical set-up to detect adsorbed species on the electrode surface as a function 

of the WE potential. To achieve this, an especial spectroelectrochemical cell having a 

prismatic CaF2 window must be used, where the IR beam can be directed at the 

electrode surface (Figure 16). A WE (a planar electrode or a SCE) is placed close to the 

IR window so that in the between there is only a thin electrolyte layer (1-10 µm) which 

enables the adsorption and desorption of the reactants and products and minimizes the 

adsorption of IR light by the solvent.  

IR window

IR beam
 

Figure 16. Schematic representation of the thin layer configuration for in situ IR experiments (not 

in scale). (Unpublished) 

 

All the spectrums are calculated as the ratio of two single beam spectra Sme and Sref 

corresponding to the measurement potential and at reference potential (0.10 V), where 

the studied reaction does not occur, respectively. 
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The negative and positive bands observed on the calculated spectra indicate depletion of 

reactant and formation of products, respectively. For each IR active stretch there is a 

“fingerprint” wavenumber indicating the presence of that functional group on the 

electrode surface. Thus, the larger molecules are studied, the more IR active parts there 

are and the interpretation of the results becomes more demanding, however, in the case 

of isopropanol the restriction of the oxidation to acetone facilitates the interpretation. In 

Publication II the oxidation of isopropanol has been studied with FTIR on a Pt(111) 

electrode in 0.1 M HClO4 and the spectra are presented in Figure 17. 

 

CO2

2PrOH

Acetone

 
Figure 17. FTIR spectra collected in 0.5 M isopropanol solution on a Pt(111) electrode surface in 0.1 

M HClO4. The bands circulated refer to isopropanol consumption (blue), CO2 formation (red) and 

acetone formation (green). (Publication II) 

 

The consumed isopropanol can be seen as a negative band at 2900 cm-1 (blue circle) in 

Figure 17. In addition, negative bands at 1700, 1428, 1396 and 1240 cm-1 (green circles) 

are observed in the low potential region >0.3 V and corresponding to different 

vibrations in an acetone molecule. The presence of this product at the low potential 

explains the low onset potential of isopropanol oxidation observed on polycrystalline 

electrodes in Figure 8A. The CO2 formation (red circle at 2345 cm-1) is visible only at 

0.9 V implying that at this potential isopropanol can be totally oxidized, however, this 
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high potential is not relevant for a DAFC anode implying that acetone is the only 

product of isopropanol oxidation in acidic DAFC with Pt electrode. Though, the most 

interesting observation is that no linearly or bridge bonded CO is observed at any 

potential as has been reported also by other groups [78,99,100]. 
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4 Single crystal electrodes 

To understand alcohol oxidation on the DAFC electrodes, the effect of the surface 

composition to adsorption and oxidation of the reactant molecules is needed. Though, 

electrode reactions in the DAFCs takes place on the three phase boundary including the 

liquid or gaseous reactants, metal particles with a mixture of surface sites as well as 

ionomer increasing the complexity of the system and making it impossible to evaluate 

the effect of an individual component. Therefore, single crystal electrodes (SCE) having 

known surface structure can be used to estimate the effect of surface structure to alcohol 

oxidation in electrochemical cell even though these electrodes cannot be used directly in 

a DAFC.   

 

The surface of a SCE is made atomically flat by laser beam as described in Section 2.1.2 

and all the atoms on the surface possess only one crystal orientation. For many noble 

metal catalysts such as Pt and Pd the crystal lattice is face centred cubic (fcc) indicating 

that the atoms are at the centre of the lateral surfaces and at the corners of the unit cell 

(Figure 18). The surfaces of the SCE are characterised by Miller indices (hkl) that 

represent the reciprocal of the intercepts of the plane defined by the x-, y- and z-axes. 

 

 

Figure 18. Face centred cubic (fcc) crystal lattice. (Unpublished) 

 

For fcc systems, there are three ways to arrange the surface atoms to obtain minimum 

surface energy, called low-index planes, and in the case of the fcc lattice are (100), 
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(111) and (110) representing atomically flat surfaces with square, hexagonal and 

rectangular arrangement of the surface atoms (Figure 19), respectively. The proper 

preparation and cleaning of the SCEs is crucial to obtain perfectly oriented surfaces, 

otherwise, the advantage of having a known surface structure is lost. 

 

(100) (111) (110)

 

Figure 19. Low-index planes (100), (111) and (110) of fcc systems. (Unpublished) 

 

The most common surface defects are adatoms, islands, vacancies, holes and 

monoatomically high steps (Figure 20) and these surfaces represent more closely to 

nanoparticle surfaces than low-index SCEs. It is possible to prepare an SCE electrode 

with controlled surface defects, called stepped single crystal surfaces, and their 

properties and activity for alcohol oxidation is presented in previous study [45]. To 

understand which phenomena exist already on low-index electrode and which are 

caused by surface defects, adsorption and oxidation mechanisms are often first studied 

on low-index SCEs. 

island

steps

terrace

hole

vacancy

adatom

 
Figure 20. Most commonly found surface defects on a regular electrode surface. (Unpublished) 
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Alcohol oxidation reactions are complex and parallel reaction paths, which are often 

surface sensitive, exist. Some reaction routes are more desirable and the information of 

which surface morphologies catalyze preferred routes is significant. For instance, 

ethanol oxidation occurs through the dual path mechanism presented in Figure 11 

(Section 3.1.3) and Figure 21 represents the same schematic with the additional 

information of which paths are most favorable of each low-index Pt surfaces determined 

by Colmati et al. [69]. According to these authors on Pt(111) terraces ethanol oxidation 

occurs via acetaldehyde to acetic acid and only a small CO2 fragment is observed. In the 

case of Pt(110) surface very little acetic acid is produced, but instead the C-C bond 

cleavage occurs at a high rate (both from ethanol and acetaldehyde) at wide potential 

range. As for Pt(100), at the low potential region (0.3 - 0.4 V) the intensity of the CO 

band increases showing that C-C cleavage takes place. Only at clearly increased 

potentials (from 0.65 V) the formed CO layer is oxidized and simultaneously, acetic 

acid formation initiates on this surface site.  
  

CH3CH2OH CH3COH CH3COOH

CO + CHx CO2

Pt(111)

Pt(110)

Pt(110)

Pt(100) > 0.3 V

Pt(100) > 0.65 V

Pt(111)

Pt(110)

Pt(100) > 0.3 V

Pt(100) > 0.65 V Pt(100) > 0.65 V

 
Figure 21. Schematic of ethanol oxidation mechanism on low-index Pt SCEs. (Unpublished) 

 

In addition, it is also possible to modify SCE surfaces with adatoms of another metal  

[101- 104] and these electrodes are of special interest because they resemble bimetallic 

nanoparticles that will be discussed in Section 5.4. For instance addition of Ru atoms on 



 36 

Pt(332) surface revealed that Ru has only an active role in the oxidation of COads to 

CO2, but has no role in enhancement of -CH3 transformation to CO nor C-C bond 

cleavage [101]. This information helps to shed light on the role of the added metal to the 

bimetallic catalyst.   

 

As alcohol oxidation is enhanced at certain surface sites, it would be preferable that 

nanoparticles would have an increased density of those surface atoms. Currently, it is 

possible to increase the amount of specifically oriented surface atoms on nanoparticle 

surfaces with the synthesis method that was first introduced by El-Sayed et al. in 1996 

[105]. This also changes the shape of these particles: cubic nanoparticles are essentially 

covered by (100), octahedron by (111) and rhombic dodecahedron by (110) sites. Since 

then various groups have reported methods to obtain shape controlled Pt [106-108] and 

Pd [109] nanoparticles and they are especially interesting for fuel cells applications 

because increased performance can be obtained without increasing the catalyst loading 

which would also facilitate the MEA preparation by diminishing the thickness of the 

required electrode layer.  

 

Nevertheless, for commercial applications the stability of these particles is of the high 

importance. Susut et al. [110] cycled both cubic and octaherdral/tetrahedral particles 

between -0.25 and 1.2 V for 1000 scans in electrochemical cell and found only small 

changes in the voltammograms recorded in pure electrolyte, however, with methanol 

addition the voltammograms were more affected. Moreover, TEM images confirmed 

that with large 9-10 nm cubic particles severe agglomeration did occur, instead 

octaherdral/tetrahedral particles were rather well-preserved. This confirms that particles 

with different shape and size have different stabilities and methods to increase the 

stability in fuel cell conditions are required. 
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4.1  Characterization of SCEs 

Every single crystal surface has its own “fingerprint” cyclic voltammetry depending on 

the potential at which the protons and anions of the solutions are adsorbed and desorbed 

on/from the surface (Figure 22). The voltammograms of different Pt low-index planes in 

0.1 M HClO4 acid and 0.1 M NaOH are presented in Figure 22A and B, respectively. 

For all electrodes the upper limit of the anodic sweep is selected as 0.9 V in order to 

avoid the surface oxidation and in the special cases of Pt(100) and Pt(110) electrodes in 

acidic electrolyte the upper limit is decreased to 0.5 V to inhibit small rearrangements of 

the crystal structure [111]. 
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Figure 22. Voltammetric profiles for Pt low-index planes in 0.1 M HClO4 (A) and 0.1 M 

NaOH (B), with 50 mV s-1 scan rate, third scans are shown. (Unpublished) 

 

The voltammograms in HClO4 electrolyte (Figure 22A) resemble ones obtained 

previously for samples cooled down in air [112] and in a H2 atmosphere [113,114]. On 

Pt(110) proton adsorption starts at very low potentials and there are two main peaks 
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(0.14 V and 0.25 V vs. RHE) corresponding to the Pt(110) terraces and Pt(110) steps. 

On Pt(100) the main peak is observed at 0.35 V referring to the Pt(100) terraces, 

however, there is also a small shoulder at 0.30 V. Finally, for Pt(111) the hydrogen 

adsorption is observed as a plateau from 0.05 V to 0.35 V and a sharp peak at a potential 

of 0.8 V corresponds to OH adsorption on the (111) oriented surface sites [114]. If 

additional peaks appear in the voltammogram it is normally due to the unsuccessful 

annealing and cooling process of the SCE or impurities in the electrolyte 

(contamination). Examples of surface defects formed without flame treatment are 

outlined by Clavilier et al. [115].  

 

In alkaline medium (Figure 22B) the adsorption processes on Pt(100) can be divided 

into three different zones: the first zone is at 0.05 < E < 0.4 V where one peak (0.29 V) 

that is related to hydrogen adsorption/desorption phenomena is observed. The second 

zone is described by three individual peaks at 0.39 V, 0.47 V and 0.57 V; Tripkovic et 

al. suggested that these peaks are associated with OH adsorption on the surface [116]. 

The last zone above 0.7 V, where increased current density is observed, refers to oxide 

layer formation. For the Pt(110) surface only one large peak at 0.27 V with a shoulder at 

0.29 V is observed correlating hydrogen adsorption to this surface site [112,117]. At 

higher potentials another peak has been reported between 0.7 – 0.8 V [112,117], 

however, in our case this peak is very small (0.73 V) and this difference is most likely 

due to different surface cleaning method. In the case of Pt(111) a smooth flat curve with 

a small shoulder is seen at 0.26 V in the hydrogen adsorption/desorption region and the 

OH adsorption peak is observed at 0.77 V as was also seen in acidic medium (Figure 

22A). These findings correlate well with ones reported earlier [112,118,119] implying 

that Pt(111) is not that sensitive to surface annealing and cooling as the other two 

crystals.    
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4.2 Alcohol oxidation on SCEs 

It is well known that specific surface configurations promote or inhibit different reaction 

rates as has been seen with ethanol oxidation in Figure 21. In Publication II the 

oxidation behavior of methanol and isopropanol on low-index SCEs are studied with 

acidic and alkaline electrolyte (Figure 23). In addition, to the data presented in 

Publication II ethanol oxidation on these SCEs in acidic medium is added to Figure 23. 
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Figure 23. Electrooxidation 0.5 M methanol and isopropanol on Pt(100), Pt(110) and Pt(111) in 0.1 

M HClO4 (A) and in 0.1 M NaOH (B). (Publication II) In addition, for acidic medium also ethanol 

electrooxidation is presented. (Unpublished) Scan rate 20 mV s-1, third scans are shown.  

 

From Figure 23 it can be seen that in acidic medium both primary alcohols methanol 

and ethanol behave similarly: on Pt(100) the onset potential of alcohol oxidation 

initiates at a considerably high potential (0.7 V) and the current density obtained is 

between 4-6 mA cm-2. Similar high onset potentials have been reported earlier on 

Pt(100) for methanol [60,113,120,121] and ethanol [69]. However, isopropanol has a 
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different behavior: the onset potential is somewhat lower and the current density 

obtained is 3-4 times higher when compared to the other studied alcohols. On the 

Pt(110) surface the onset potential of all alcohols has shifted towards less positive 

potentials and the current density maximum for the anodic direction is between 2-4 mA 

cm-2. Thus, the current density values for reversed scans are higher indicating that the 

oxidation of reaction intermediates occurs. On the Pt(111) surface the onset of 

isopropanol oxidation is similar to the Pt(110) surface, however, the current density 

obtained is 8 times higher. Nevertheless, this surface is strongly poisoned by reaction 

intermediates, resulting as 40 % decreasing in the current density between the first and 

third scan (Figure 4 in Publication II). For methanol and ethanol oxidation the onset 

potential is similar to that observed on Pt(110), but the current densities are more 

modest. Overall, it was concluded in Publication II and notable from Figure 23 that the 

activity of methanol and ethanol oxidation decreases in the order Pt(100) > Pt(110) > 

Pt(111) whereas for isopropanol the most active surface site is Pt(111) followed by 

Pt(100) and finally Pt(110). 

 

In alkaline medium, methanol oxidation shows a lower onset potential around 0.5 V on 

Pt(100) and Pt(110) surfaces and the current density is also low (1.5 – 6 mA cm2). In 

contrast, on the Pt(111) surface onset potential shifts to more positive potentials but a 

considerably high current density of 25 mA cm2 is obtained. This confirms that the most 

active surface site for methanol oxidation is Pt(111) [65] and that the high current 

densities observed on the polycrystalline electrode in Figure 8 is mainly contribution of 

this site. For isopropanol oxidation the onset potential on Pt(100) and Pt(110) sites is 

remarkably low between 0.25 – 0.35 V, however, the current densities obtained are 

modest. For Pt(111) site the onset potential is also shifted to more positive values and 

the current density is only half what is produced in acidic medium. This confirms the 

observations made with the polycrystalline electrode (Figure 8) that isopropanol 

oxidation on Pt electrode is not enhanced in alkaline medium that was the case with 

methanol and ethanol. Moreover, the increased performances with the Pd catalyst 

observed in Publication I suggest that Pd based catalyst would be more interesting for 

isopropanol oxidation in alkaline medium. 
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5 Carbon supported nanoparticle electrodes 

In DAFCs power produced increases by the size of the electrodes, however, for portable 

applications one of the most critical issues is the size of the total system. If pure metal 

plates are used as electrodes in DAFCs the EASA would be the close to the geometric 

area. When supported nanoparticles are used the equivalent EASA from the same 

geometric area can be 20-30 times higher, thus, the size of the cell would remain the 

same and therefore nanoparticle catalyst are used in current DAFC applications. 

 

Clusters of metallic particles are generally considered as nanoparticles if their diameter 

is below 100 nm and their chemistry is considered to have been initiated by Faraday in 

his work in the mid-1800s [122]. These particles belong to the size range where they 

possess different properties compared to both molecules and bulk metals, however, the 

most interesting properties are observed with clusters having a diameter under 10 nm 

[ 123 ]. The nanoparticles can be protected from agglomeration with surfactants, 

however, that would also inhibit the adsorption of the alcohol molecules and therefore, 

in fuel cell applications the nanoparticles are usually attached onto conductive support 

materials which are reviewed in Section 5.2.  

 

Even though supported nanoparticle catalysts can provide higher powers required for 

commercialization, there are several new challenges that need to be resolved before fuel 

cells using these materials are commercially viable: the particle size distribution must be 

controlled and agglomeration of these particles inhibited, a preparation process with 

good reproducibility and constant quality of the catalyst must be developed and finally 

the thickness and morphology of the electrode layer with both liquid and gas flow must 

be optimized. In this chapter the preparation and the properties of individual and 

bimetallic nanoparticles as well as their support materials are discussed and the alcohol 

oxidation reactions on these nanoparticle catalysts are presented. 
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5.1 Properties of nanoparticles 

As discussed in the previous section the properties of nanoparticle catalysts deviate 

from those of bulk metals and become dependent on particle size. The electronic 

properties of metal particles, especially in the size range from 2-10 nm, are interesting 

for fuel cell related reactions such as methanol oxidation [124-126] and the oxygen 

reduction reaction (ORR) [126,127]. Decreasing the particle diameter increases the 

binding energy of adsorbents such as H, CO and OH [128] causing changes in oxidation 

processes on the catalyst. Particularly, with very small particles (< 5 nm) the binding 

energy becomes very strong inhibiting especially alcohol oxidation and therefore, the 

optimum particle size for DAFC anode reactions is higher in comparison to the cathode 

reaction (ORR) whose optimum diameter is around 3 nm [129]. 

 

As most of the nanoparticle properties depend on the particle size, the durability of 

these clusters is the key issue for electrocatalysis: due to their high specific surface 

energy nanoparticles inherently have a strong driving force for assembling themselves 

into larger agglomerates to reduce the overall surface energy [130] i.e. small clusters 

merge forming larger ones (Figure 24), furthermore, the smaller the particles the more 

rapid the agglomeration proceeds [131]. Three different mechanisms for nanoparticle 

agglomeration on a carbon support have been proposed [132]: 1) the Ostwald ripening 

process where small particles dissolve in the ionomer phase and redeposit on the surface 

of larger particles, 2) with random cluster-cluster collisions that is followed by liquid-

like coalescence of these particles or 3) the growth can occur at the atomic scale by 

minimization of the clusters’ Gibbs free energy. The catalyst agglomeration has also 

been observed in the extended fuel cell tests [133]. These agglomerates can remain on 

the support surface - reducing the EASA of the catalyst - or the agglomerates can be 

detached by the fuel flow in DAFC. Consequently, the performance of the fuel cell 

decreases not only because of the lower EASA but also because the electrode reactions 

are more active on small particles (<10 nm). Nevertheless, the agglomeration can be 

impeded by the selection of a catalyst support having stronger interactions with the 

attached nanoparticles which is discussed further in the next section.  
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Time
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Pt particles
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Pt agglomerates
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Figure 24. Schematic representation of Pt nanoparticle agglomeration on and detachment from the 

support material surface. (Unpublished) 

  

A voltammogram of Pt nanoparticles and a polycrystalline Pt electrode are presented in 

acidic and alkaline electrolytes (Figure 25). This electrochemical behavior of cleaned 

nanoparticles resemble only partly the polycrystalline electrode, however, the peak 

shapes in the hydrogen adsorption/desorption region and surface oxidation region are 

strongly affected by the shape [106] and size of the nanoparticles [18]. By decreasing Pt 

particle size the PtOx reduction peak shifts to more negative potentials and the hydrogen 

adsorption peaks attenuate independent of the electrolyte pH as can also be seen in 

Figure 25. It should be noted that in Figure 25 the potential range for nanoparticle 

electrodes is wider resulting as thicker PtOx layer and enlarged oxide reduction peak.   
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Figure 25. The cyclic voltammetry of Pt nanoparticles and a polycrystalline Pt electrode in 0.1 M 

HClO4 (A) and 0.1 M NaOH (B) with 20 mV s-1 scan rate. The nanoparticles have been normalized 

with the catalyst mass (refer to left y-axis) and the polycrystalline with geometric area (refer to 

right y-axis). The potential range is wider for nanoparticle experiments increasing the thickness of 

PtOx layer and, subsequently, enlarging the PtOx reduction peak. (Unpublished) 
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5.2 Support materials  

To stabilize the metal nanoparticles and prevent their immediate agglomeration a porous 

catalyst support is used as a platform for nanoparticle growth. These porous materials 

enable the high dispersion of metal particles onto their surface that is particularly 

important with expensive noble metal catalysts like Pt and Pd. The most widely used 

supports for fuel cell electrodes are carbon based materials and conductive oxides such 

as ITO, TiO2, WOx, IrO2 and SnO2 [134]. The required properties for the catalyst 

supports are: high surface area (to obtain high EASA), corrosion resistance and a stable 

surface where the nanoparticles can attached with strong bonds to inhibit the particle 

agglomeration. 

 

Carbon based catalyst support materials are commonly used for fuel cell applications 

due to their high surface area, low cost and high conductivity. Carbon black 

(commercial product Vulcan) is an amorphous carbon consisting of spherical pieces of 

graphite possessing a high percentage of 20-40 nm diameter mesopores (Figure 26a), 

which provide a high accessible surface area for nanoparticles and ionomer as well as 

facile transport of reactants and products [135]. Nevertheless, carbon black is not very 

tolerant of the demanding physical and chemical circumstances in the fuel cell and is 

under these conditions oxidized [136]  

 
−+ ++→+ 4e4HCOOHC 22   E0=0.207 V [137]  (xii) 

 

resulting in a decrease in the DAFC performance. In addition, this oxidation process can 

also lead to changes in the hydrophobicity of the support surface impeding reactant flow 

to the electrode [138].  

 

Recently, various types of nanocarbon supports have been introduced to replace carbon 

black due to their increased tolerance for carbon corrosion in ex situ measurements 

[138-140] that could increase the lifetime of the catalyst in DAFCs, however, durability 

studies in fuel cells are still very limited [2]. Moreover, because the metal nanoparticles 
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are bound to the surface of the support material an interaction effect between them is 

likely to occur [135]: the support material can modify the electronic character of the 

metal particles affecting the reaction characteristics and could also modify the 

geometric shape of the catalyst particles. 

 

The most commonly used are carbon nanotubes (CNT) which consist of individual 

layers of graphene sheets wrapped into the shape of a cylinder (Figure 26c). If these 

cylinders consist of only one graphene layer they are called single-walled carbon 

nanotubes (SWCNT) or if there are various concentric and parallel cylinders they are 

called few-walled (FWCNT) or multi-walled carbon nanotubes (MWCNT). The length 

of the nanotubes is typically 50-100 µm and the diameter is 0.3-5.0 nm and 1.4-100 nm 

for SWCNT and MWCNT [ 141], respectively. These nanotubes are normally pre-

treated in acid to introduce surface functional groups such as carboxylic acids on the 

nanotube surface [142] enhancing the nanoparticle deposition.  

    

             
Figure 26. TEM images of PtRu nanoparticles on Vulcan (a), GNF (b) and FWCNT (c) supports. 

The lower the molecular weight of the atom the darker it can be observed in the images: the low 

molecular weight carbon is seen as gray and in comparison metals clusters (Pt and Ru) are seen as 

white spots.  (Publication IV) 

 

The outcome of the pre-treatment procedures (in 2 M HNO3 and 1 M H2SO4 at 120 °C) 

for the electrochemical performance is presented in Figure 27. From Figure 27 it can be 

seen that after 2 h treatment there is a clear increase in current density obtained 

throughout the potential window whereas after 4 h the performance has declined. 

Furthermore, there is an addition peak at 0.55 V appearing after 2 h treatment possibly 
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due to the electroactive surface groups on the carbon nanotubes surface [136] which are 

created by this procedure. Nevertheless, the chronoamperometric experiments (Figure 

27B) in methanol solution showed that the highest current density is obtained with 

catalyst that had the 4 h acid treatment and therefore that treatment was selected as the 

procedure for CNT activation in Publication IV and subsequently, the deposition of the 

metals has been performed by the reduction method. 
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Figure 27. Effect of the catalyst support pretreatment on 30 wt% PtRu/FWCNT for the 

voltammetric profile (A) and 1 M methanol oxidation in chronoamperometric experiment at 0.7 V 

(B), in 0.1 M HClO4 electrolyte with 20 mV s-1 scan rate. (Unpublished) 

 

Another widely investigated nanocarbon materials are graphitized carbon nanofibers 

(GNF) (Figure 26b) that consist of multiple layer by layer placed parallel graphene 

sheets  aligned in definite directions such as platelet or ribbon and the diameter of these 

fibers is 2-100 nm with length of 5-100 µm [135]. Due to their graphitic nature these 

structures have high electronic conductivity, thermal oxidation resistance [143,144] and 

high mesoporous content that can enhance the mass transfer through the catalyst layer 

[ 145 ]. Even with low catalyst loading high performance have been obtained for 

methanol oxidation with this support in comparison to Vulcan [146] and the platelet 

type PtRu/GNF has shown superior performance for methanol DAFC [147]. The GNF 

materials used in Publication IV had increased diameter (150 nm) and small length of 

10 µm and therefore they formed very thick structure having lower porosity than GNFs 

in general. Accordingly, also the GNFs in Publication IV were acid treated (for 6 h) 

prior to catalyst deposition to form surface functional groups for anchoring the 

nanoparticles.  
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MWCNT have been intensively studied over the last decade and in Publication IV the 

aim is to study PtRu/FWCNT because to the best of our knowledge no previous study of 

their activity for methanol oxidation had been performed. In this same study also 

commercial, parallel GNF materials were selected to evaluate the effect of various 

carbon supports in the same publication: the voltammetric profiles for these materials 

compared to the PtRu on carbon black (Vulcan) support are presented in Figure 28. 
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Figure 28. Cyclic voltammograms of PtRu catalyst material on different carbon supports in 0.1 M 

HClO4 with 20 mV s-1 scan rate. (Publication IV) 

 

Publication IV shows that the PtRu nanocatalyst applied on different supports in acidic 

electrolyte resemble (Figure 28), thus, the HUPD peak on PtRu catalyst shifts to more 

positive potentials with PtRu/GNF catalyst in comparison with PtRu/Vulcan as has also 

been observed with Pt/GNF catalyst [148,149] implying that GNF might modify the 

electronic properties of the catalyst due to stronger interaction between the support and 

the catalyst. For PtRu on CNT support neither here nor previously [150] has reported 

any shift. Furthermore, with PtRu/FWCNT an additional feature appears in the oxide 

formation region (0.55 V) that is observed also in Figure 27 and is related to the acid 

treatment reported previously by other groups [150- 152 ]. This feature have been 

reported only on CNTs and not on GNFs even though they have both been acid treated, 

indicating that different surface groups are formed on each support.   
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5.3 Catalyst preparation 

In order to control the size and distribution of the metal nanoparticles on the support 

material, the nanoparticle preparation must be performed carefully and the resulting 

catalyst material must be characterized with various methods to ensure successful 

preparation. The most common method used to prepare metal nanoparticle catalyst on 

supports for fuel cell electrodes is a reduction method where the metal salts and the 

support material are mixed in a beaker.  Subsequently, a reduction agent, for instance 

sodium borohydrate (NaBH4) [153-155] or glycerol [156-158], is added drop wise to 

the solution to reduce the metal particles directly on the catalyst support. This traditional 

method has a disadvantage that it is difficult to scale up without losing the control of 

catalyst particle size and distribution.  

 

Another method, which could be also scaled up to industrial scale, is atomic layer 

deposition (ALD) where metal nanocatalysts can be formed on planar or porous 

substrates [159]. In general, the advantages of ALD method are the facile scale up and 

highly dispersed homogeneous surface that can be obtained due to the self-limiting 

nature of the ALD process [160]. However, during the catalyst preparation process in 

Publication III (Pd on Vulcan support) a uniform monolayer was not obtained; instead 

Pd nanoclusters were formed. The tentative explanation for this behavior is proposed to 

be due to challenge to form a continuous ALD film on a hydrophobic support such as 

graphene. However, on Vulcan support there are e.g. OH-groups that are hydrophilic 

and can operate as seeds for nanoparticle growth and therefore it is most likely that the 

Pd atoms attach only to these seeds and form nanoclusters whereas the other parts of the 

carbon support remain untouched leading to evenly distributed metal nanoparticles on 

the support. This growth mode is called as the Island (or Vollmer-Weber) growth mode 

and is a typical outcome if the atoms are more strongly bond to each other than to the 

hydrophobic substrate material [161].  

 

Nevertheless, as the monolayer is not obtained the catalyst structure is more difficult to 

control and thus the method requires further optimization. Overall, if the proposed 
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mechanism is confirmed this method could become very important in the DAFC 

catalyst preparation due to similar or increased activity with decreased metal loadings in 

comparison to commercial nanoparticle catalysts reported previously [162,163] and in 

Publication III. As an example ethanol oxidation on an ALD prepared Pd/C and 

commercial Pd/C catalysts is shown in Figure 29 where it can be noted that not only 

lower onset potential but significantly increased current density already at the lower 

potentials is obtain when the currents are normalized with the catalyst loadings.    
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Figure 29. The activity of ALD prepared (ALD) and commercial (Com) Pd catalyst on Vulcan 

support for 1 M ethanol oxidation in 0.1 M NaOH with 20 mV s-1 scan rate and 1800 rpm rotation 

of the WE. (Publication III) 

 

The essential step following the catalyst preparation is the physical characterization of 

the material to ensure that the preparation process has been successful and that an 

evenly distributed catalyst material is obtained. Typically, first a method to obtain the 

atomic composition is applied: the catalyst powder can be studied with atomic emission 

spectroscopy (AES), X-ray diffraction (XRD) or X-ray photoelectron spectroscopy 

(XPS) in order to obtain the metal loadings (AES) and oxidation states of the metal 

components (XPS and XRD). Nevertheless, these methods do not provide any 

information of the metal distribution on the support material and therefore additional 

microscopy methods are used: scanning electron microscopy (SEM) or transmission 

electron microscopy (TEM) can be applied for imaging the metal catalyst particles on 

the carbon based support because the atomic weight of the latter component is lower 

with comparison to metal atoms. In these images normally the heavier component is 

seen with a darker color. An example of TEM images can be seen in Figure 26 for the 
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PtRu catalyst on carbon supports. SEM can be equipped with energy-dispersive 

spectroscopy (EDS) that can analyze the elements on the SEM sample surface and an 

example of this technique can be seen in Figure 30 for the ALD prepared Pd/C catalyst.  

 

 
Figure 30. ALD prepared Pd/C catalyst. SEM image of the catalyst surface (a) and the element 

analysis by EDS: distribution of carbon (b) and Pd (c) on the surface. (Publication III)       

5.4 Bimetallic nanoparticles 

Oxidation of organic alcohols is complex because these molecules have several 

chemical bonds between different atoms that need to be broken for the total oxidation 

and some of the reaction intermediates are very stable (for instance acetone, acetic acid 

and COads). To find an individual metal that would not only catalyze all C-H, C-O and 

C-C bond cleavage but would also do this at low temperature and potential is 

challenging and therefore, a bimetallic catalyst is often utilized. The additional metal 

should form oxygen containing surface species at lower potentials to further enhance the 

oxidation of intermediates which require adsorbed oxygen to be oxidized further. 

Nevertheless, not all metals that fulfill these criteria can be used due to possible 

negative effects such as inhibition of alcohol adsorption or low stability in fuel cell 

conditions. Sn, Re, Ru, Ge, Rh and Mo among others, have been reported to have a 

positive effect on the oxidation of an organic alcohols in acidic medium [164- 170] and 

in this medium there is a general consensus that for methanol oxidation PtRu - proposed 

by Petrii et al. [164] – and for ethanol oxidation PtSn [171] are the most active catalyst. 
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The effect of oxygen donating metals is explained by the bi-functional mechanism first 

proposed by Watanabe et al. [165]. This theory explains that the increase in 

performance is due to the separate roles of the individual metals: on the Pt surface 

methanol is adsorbed and oxidized to COads whereas on the Ru surface water will 

dissociate (reaction v) already at potential that is 0.08-0.14 V lower in comparison to Pt 

[63] enabling the COads oxidation (reaction vi) at lower potentials:  

 

  −+− ++++→−+− 2eHCORuPtOHRuCOPt 2ads    (xiii) 

 

In Figure 31 the formation of PtOx layer can be seen in both media after the double 

layer capacitance above 0.4 V. On the contrary, the formation of RuOx layer initiates 

already in the hydrogen adsorption region (< 0.4 V) implying that water dissociation 

will occur at a lower potential in comparison to a Pt surface.  
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Figure 31. Cyclic voltammogram of commercial Pt/C and PtRu/C nanoparticles in 0.1 M HClO4 

electrolyte (A) and in 0.1 M NaOH (B) with 20 mV s-1 scan rate. (Unpublished) 

 

In addition, it has been proposed that the added metal could also have a ligand 

(electronic) effect on the noble metal [172,173]: the bond between Pt and COads is very 

strong inhibiting the further reaction of the adsorbed molecule, however, when Ru (or 

Sn) is added to Pt catalyst the energy of the Pt-COads bond is decreased and the reaction 

rate increases. Current knowledge suggests that at least both of these mechanisms apply 

[174-176] indicating that only bimetallic catalysts could increase the reaction rate of 

alcohol oxidation at low temperatures.     
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The differences in the voltammogram features for a PtRu catalyst in comparison to pure 

Pt nanoparticles depends on the Ru content in the catalyst: if the Ru content is less than 

50 wt% the features resemble pure Pt nanocatalyst, however, in the opposite case more 

Ru like behavior is exhibited [177-179]. When there is 20 wt% or more Ru in the 

catalyst the adsorption of protons to Pt(100) surface is suppressed [177] indicated by the 

fact that only one hydrogen adsorption peak (on the Pt(110) sites) is observed. This is 

also the case in our commercial PtRu catalyst (40 wt% of Pt, 20 wt% of Ru and 40 wt% 

of carbon) and consequently, only one adsorption peak is observed in Figure 31A. 

Moreover, with the SCE electrodes (Figure 22) it can be easily seen that the OH 

adsorption initiates around 0.55 V and 0.40 V on a Pt surface in acidic and alkaline 

media, respectively. Adsorption on Ru sites would seem to commence at lower potential 

in both media (already before the double layer regions) on PtRu nanoparticles (Figure 

31), however, this is difficult to confirm with purely electrochemical methods and 

would benefit from combined spectroscopic techniques. 

    

Nevertheless, preparing nanoparticle catalyst with two or several different metals is a 

great challenge: the material needs to be prepared so that both metals are evenly 

distributed on the support surface because it is vital that the different materials are 

located in the vicinity of each other. With DFT calculations it has been determined that 

the distance between adsorbed alcohol molecule on Pt site and adsorbed hydroxyl on Ru 

site cannot be larger than 4.5 Å because the molecules would only repel each other and 

no reaction would occur [180]. It is also good to keep in mind that this mobility of the 

adsorbed species on the surface depends on the surface structure [ 181 ] and can 

considerably limit the reaction rate. Moreover, if a well distributed bimetallic catalyst is 

obtained there still remains the issue of what will happen over time. As has been 

discussed in Section 5.1 small nanoparticles have a tendency to agglomerate to decrease 

the total surface energy indicating that even though Pt and Ru metal atoms would be 

originally located in favorable places in fuel cell conditions they agglomerate and the 

initial performance can be lost. Therefore, a good electrocatalyst material for DAFC 

applications should include a corrosion resistant support, with evenly distributed 

nanoparticles that are as strongly attached to the support material as possible.   



 53 

5.5 Alcohol oxidation on nanoparticles 

Alcohol oxidation on nanoparticle catalysts have been studied ex situ with 

electrochemical methods (cyclic voltammetry and chronoamperometry) in order to 

define the effect of support material, preparation method and bimetallic catalyst on 

these reactions. Firstly, in Publication III the effect of catalyst particle preparation that 

has a major role in electrocatalysis is investigated (Figure 32) by comparing the activity 

of ethanol and isopropanol oxidation on a commercial and an ALD prepared Pd catalyst.  
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Figure 32. 1M Ethanol and isopropanol oxidation on ALD prepared and commercial Pd/C catalyst 

in 0.1 M NaOH with 10 mV s-1 scan rate. The black dashed lines correspond to still WE and red 

solid lines to WE that was rotated with 1800 rpm. (Publication III). 

 

In addition, the effect of rotating the WE (0 and 1800 rpm, respectively) is studied to 

mimic the circumstances on the DAFC anode where the fuel solution is constantly 

flowing through the catalyst layer hindering the diffusion limitations. The results in 

Figure 32 highlight that if the WE is not rotated some mass transfer limitations in 
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alcohol oxidation will be observed, particularly, for the commercial catalyst. The curves 

recorded without rotation diverge from the ones with rotation at 0.6 V potential and in 

without rotating the oxidation peak current is obtained due to limited diffusion of 

alcohol to (or a reaction product from) the electrode surface. This implies that the 

catalyst poisoning observed for ethanol oxidation on Pd catalyst with the HPLC above 

0.8 V in Publication I and in Figure 15 is probably due to diffusion limitations and not 

catalyst poisoning as stated in Publication I. In the case of the fuel cell cathode reaction 

(ORR) the observed limiting current increases along with increased rotation rate, 

however, alcohol oxidation reactions are slow and only slight enhancement at higher  

rotation rates has been observed.  For the ALD catalyst the shape of the curves remains 

independent of the rotation speed but the normalized currents increase considerably 

implying that the transport of reactants in the vicinity of the electrode surface has a 

major impact. For ethanol and isopropanol oxidation the intermediate products like 

acetic acid and acetone, respectively, are formed and desorption of these molecules 

from the catalyst surface could cause the diffusion limitations.  

 

As stated in Publication II the oxidation of both alcohols is considerably enhanced on 

the ALD prepared Pd/C catalyst in comparison to the commercial (Figure 32), which 

can be explained by the increase of EASA per catalyst mass. Also other groups have 

reported increased EASA values for ALD prepared catalyst [162,163] indicating that the 

ALD preparation method could provide a well distributed catalyst having a higher metal 

surface area. Moreover, in chronoamperometric experiments (Figure 7 in Publication 

III) it can be observed that the normalized current of isopropanol oxidation on the Pd/C 

(ALD) catalyst is decreases rapidly due to surface poisoning by oxidation reaction 

products, however, this effect is not observed with the commercial catalyst nor with the 

planar Pd in Publication I. This implies that the oxidation mechanism on ALD prepared 

catalyst is different and confirmation of the reaction products would be beneficial.    

 

The effect of bimetallic nanoparticles on alcohol oxidation is discussed in Publication V 

in both acidic and alkaline media (Figure 33) and can be summarized in two important 

points: firstly, for primary fuels (MeOH and EtOH) the introduction of Ru into the 
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metal catalyst reduces significantly the onset potential of alcohol oxidation and 

increases the normalized current in both media. Increased performance for both alcohols 

with the bimetallic catalyst possessing small amount of Ru has been reported previously 

[182], nevertheless, when the amount of Ru is increased a decrease in performance has 

been observed [182,183] indicating that there is optimum content of PtRu catalyst that 

has only been optimized for acidic medium. Similar behavior on PtRu catalyst has been 

reported with another primary fuel (1-propanol [ 184]), however, for the secondary 

alcohol isopropanol, this phenomenon applies only in acidic medium (Figure 33C). 
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Figure 33. 1 M methanol (A), ethanol (B) and isopropanol (C) oxidation on Pt/C and PtRu/C 

catalyst in 0.1 M HClO4 and 0.5 M KOH electrolytes with 10 mV s-1 scan rate and 1800 rpm 

rotation of the WE. (Publication V) 

 

In general, the enhanced activity on PtRu catalyst for primary fuels is probably due to 

the bi-functional mechanism and the ligand effect discussed in the previous section and 

the results in Figure 33 emphasize the importance of bimetallic catalyst materials for 

alcohol oxidation. Furthermore, it is notable that this phenomenon is also seen in 

alkaline medium where the formation of a PtOx layer initiates at less positive potentials 

(Figure 31) and from that fact it could be assumed that the bimetallic catalyst would not 
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further enhance the alcohol oxidation, however, this is not the case and Ru has a vital 

role also in alkaline medium. Secondly, the alcohol oxidation is enhanced in alkaline 

medium when compared to the same alcohol and electrode in acidic medium highlights 

the interest of alkaline DAFCs. Though, there is one exception to this trend: isopropanol 

oxidation on a PtRu catalyst that produces already high normalized currents at low 

potentials in acidic medium, but in alkaline medium the activity is clearly lower. 

Implying that in this medium isopropanol dehydrogenation could occur through 

strongly adsorbed intermediates as suggested by Markiewicz et al. [84], however, some 

additional spectroscopic experiments are needed to confirm this hypothesis.    

 

In Publication IV the effect of the support material for methanol oxidation on a PtRu 

catalyst has been evaluated and it can be concluded that both catalyst on carbon 

nanosupports show increased mass activity in comparison to PtRu/Vulcan (Figure 34).     
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Figure 34. 1 M Methanol oxidation on PtRu catalyst on various carbon supports, in 0.1 M HClO4 

electrolyte. (A) Cyclic voltammogram with 10 mV s-1 and 1800 rpm rotation and (B) 

chronoamperometric experiment at 0.7 V potential. (Publication IV) 

 

On nanocarbon supports the onset potential and maximum normalized current are 

increased and durability improved as reported earlier [185]. PtRu/GNF produces the 

highest current density with cyclic voltammetry (Figure 34A) [186], however, as seen 

with the chronoamperometric curves (Figure 34B) this catalyst is poisoned by methanol 

oxidation intermediates. In contrast, on PtRu/FWCNT methanol oxidation provides 

lower maximum normalized current, though, is more stable in longer experiments, 

which for fuel cell conditions is extremely important. The results indicate that PtRu on 

nanocarbon supports is interesting for further DAFCs studies. 
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6 Direct Alcohol Fuel Cell 

As introduced in Section 1.1 DAFCs are a special group of PEFCs utilizing organic 

alcohols as anode fuels and the schematic representation of this cell with a PEM and 

methanol fuel is presented in Figure 1. The ethanol oxidation reaction (i) presented in 

Section 3 apply also for anode reactions in the acidic DAFC while the corresponding 

reaction at the cathode is ORR: 

 

Anode:    −+ ++→+ 12e12H2COO3HOHCHCH 2223  E0=-0.085 V  (i) 

Cathode: O2H4e4HO 22 →++ −+     E0=1.230 V  (xiv)

 

Total:       22223 2COO3H3OOHCHCH +→+   E0=1.145 V  (xv) 

Accordingly, the theoretical fuel cell voltage is the potential difference between the 

cathode and the anode that for ethanol DAFC is 1.145 V. The equilibrium voltage of 

DAFC, also called open circuit voltage (OCV), is the cell voltage when no current is 

drawn from the cell. This voltage is significantly lower in comparison to the theoretical 

voltage: for ethanol fuelled Nafion cell it is around 0.54 V (Figure 35) implying that 

more than half of the theoretical value (0.605 V) is lost due fuel crossover to the 

cathode and electrode surface phenomena on the anode and the cathode. As discussed in 

Section 3 the anode reaction does not occur at the thermodynamic potential but the 

onset of the reaction is shifted to higher potentials due to activation overpotential 

(defined in equation 5). This is caused by kinetic issues of both the DAFC electrodes 

which are higher for alcohol oxidation reaction in comparison to ORR and therefore the 

anode overpotential has major contribution.  

 

The electrolyte in a fuel cell is not a liquid, as in electrochemical cell, but instead a solid 

polymer membrane having higher resistance and the total resistance R represents the 

sum of electronic, ionic and contact resistances of the cell from which the ionic 
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resistance of the membrane material is dominant. When current is drawn a clear 

decrease of the potential in the polarization curve is observed in Figure 35 with all fuel 

concentrations due to this ohmic overpotential. At high current densities the electrode 

reactions become more rapid and the diffusion of reactant to the electrode surface 

become rate determining. These losses are called concentration overpotential that have 

been defined in equation 7 and can be clearly seen in Figure 35 with the most 

concentrate fuel (10 M) where the diffusion of water to the anode becomes rate limiting.  

 
Figure 35. Polarization curves of ethanol oxidation in the Nafion membrane DAFC with PtRu/C as 

anode and Pt/C as cathode catalyst, both with loadings of 1 mg cm-2. Various concentrations of 

ethanol and pure oxygen gas are fed to the anode and cathode, respectively, and cell temperature 30 

°C. (Unpublished) 

6.1 Acidic DAFC  

Since the development of PEFCs challenges with gaseous fuels have been encountered: 

they required either synthesis on site or transportation and storage, both increasing the 

engineering complexity and cost of the system [187]. Therefore, a similar system that 

would utilize liquid fuel became highly desirable. The utilization of methanol as a direct 

fuel initiated in the 1960s by Shell Research in the UK and Exxon-Alsthom in France, 

however, the cells still utilized liquid electrolytes [188]. The first direct methanol fuel 

cell (DMFC) with PEM electrolyte was developed during the 1980s, however, the 

optimization of the new MEA structures was demanding and various designs was 
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suggested. Nafion® membranes are the most commonly used PEM in DAFCs due to its 

dominant durability and conductivity properties. 

   

During the last decade methanol has been the most studied fuel for DAFCs [for 

instance: 30,187,189- 194] because it possesses no C-C bonds and is therefore easier to 

oxidize in comparison to molecules with various carbon atoms. This is also the first low 

temperature fuel cell type that is extensively used by private and industrial customers 

with 8000 DMFC systems (since 2009) sold by SFC Smart Fuel Cell [195]. The DMFC 

components are highly optimized: the search for the optimal catalyst material for the 

DMFC has been a topic for hundreds of studies and concluding that PtRu is the best 

material for the anode and Pt for the cathode. Since, the increased performances have 

been introduced by the development of new catalyst support materials and further cell 

design. Nevertheless, challenges still remain: low power in comparison to hydrogen 

fuelled PEFC, methanol crossover (discussed further in Section 6.3) and durability of 

the MEA components that is essential for consumer products. 

 

Formic acid fuel cells [196,197] have an advantage that in water solutions formic acid 

forms a formate anion that repels the negatively charged groups of PEM resulting in 

negligible crossover [198]. Accordingly, concentrated anode fuels (5-20 mol dm-3) can 

be used reducing the amount of water required and the overall weight of the system. 

These systems are used in military applications where silent and light power sources are 

required, however, formic acid oxidation produces only two electrons (instead of 6 from 

methanol) resulting in lower performance which can be improved by increasing catalyst 

loading that adds to the cells cost. In addition, sufficient power densities are obtained 

only with concentrated solutions causing corrosion issues [196] and therefore requiring 

corrosion resistant materials further increasing the cost of these systems.  

    

Ethanol has also been widely studied as a fuel for direct ethanol fuel cells (DEFC) [for 

instance: 95,171, 199 ] due to the possible production from renewable sources, 

nevertheless, more challenges are faced due to the strong C-C bond. With PEM cells the 

highest activity has been obtained with PtSn as an anode catalyst and Pt for cathode 
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[171]. As a larger molecule, in comparison to methanol, ethanol possesses lower 

crossover through the Nafion membrane [5] reducing the power losses at the cathode, 

however, the Nafion membrane swells more in ethanol than in methanol solutions 

[200]. Also other liquid organic compounds have been tested for DAFCs: 1-propanol 

[5], isopropanol (2-propanol) [5, 201 - 203 ], ethylene glycol (with two OH-groups) 

[5,204] and glycerol (with three OH-groups) [5] have been studied as fuels for DAFCs, 

however, they have received little interest due to low performance. 

6.2 Alkaline DAFC  

Alkaline fuel cell (AFC) is a low temperature fuel cell type that has a liquid alkaline 

electrolyte between the electrodes and utilizes oxygen or air and hydrogen as fuels. 

These cells have been used in the space program (Apollo Space Shuttle) since the 1960s 

and their advantages are the highest performance of all low temperature fuel cells and 

the possibility to use cheaper catalyst materials such as Ni, Ag or metal oxides [205] 

along with noble metals. The disadvantage of these systems is that they are intolerant 

for CO2 that forms carbonates with the cations (K+ or Na+) in the electrolyte and 

therefore AFCs have only limited use in non-terrestrial applications. Nevertheless, the 

high performance and possibility to use cheap electrode materials are interesting and 

therefore, PEFC with anion exchange membranes (AEM) have been developed during 

the last decade. With this system the advantages of the alkaline cell can be obtained, 

thus, CO2 tolerance is increased because no free cations exist in the electrolyte.  

 

A schematic of a DAFC with AEM and methanol fuel is shown in Figure 36 that is 

analogous with the schematic presented in Figure 1 (with PEM) and the same reactants 

can be fed to the cell: alcohol-water solution to the anode and oxygen (air) to the 

cathode. In addition, the total reaction for both cell types remains the same, however, 

the electrode reactions differ: now water produces hydroxyl ions at the cathode, ions are 

transported through the membrane to anode where they are consumed in alcohol 

oxidation reaction. In an acidic cell the water is produced at the cathode causing 
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occasionally flooding of that electrode therefore hindering the diffusion of gases, in 

contrast, in an alkaline DAFC the water is produced at the anode, which is already 

saturated with the fuel solution. As a result, flooding in alkaline DAFCs is observed 

only at intermediate current densities or if the cathode gas flow is hindered [206].   

OH-

OH-

e-

e-

CH3OH + 6 OH-

CO2 + 5 H2O + 6 e-

O2 + 2 H2O + 4 e-

4 OH-

Total:   CH3OH + 3/2 O2 CO2 + 2 H2O  
Figure 36. Methanol fuelled DAFC with an anion exchange membrane electrolyte. (Publication V) 

 

The first alkaline DAFCs fuelled with alcohols were introduced at the beginning of the 

century by Inaba et al. [207] and Scott et al. [208] with Tokuyama® and Morgane® 

membranes, respectively, followed by various other groups. These two experiments and 

most of those published since had a flow of alcohol-alkaline (KOH or NaOH) solution 

to the anode in order to increase the ion conductivity of the cell. This turns the alkaline 

DAFC to a type of AFC and similar challenges with the CO2 tolerance are faced. In 

AFCs this phenomenon can be controlled by eliminating CO2 from the cell by feeding 

pure oxygen to the cathode, however, in the case of alkaline DAFC with alcohol fuel 

CO2 cannot be avoided because it is a reaction product of the anode reaction. In 

addition, by adding KOH or NaOH into the anode fuel cations (K+ or Na+) are 

introduced that can form solid metal carbonates accumulating over time in the cell and 

blocking the electrode layers [209]. It should be also kept in mind that a liquid with a 

high pH has a corrosive effect on all components: for instance a decrease in an AEM 

ion-exchange capacity is observed when the membrane is immersed in a NaOH solution 

for several days [133] indicating that the durability of that kind of cell is questionable.  
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With alkaline DAFC various liquid fuels have been introduced: methanol [210- 213], 

ethanol [133,210,214-215], formate [216], ethylene glycol [217,218] and glycerol 

[210,219] being the most reported. Nevertheless, only few groups have reported studies 

with alcohol-water anode fuels [31,68,220- 224] obtaining lower current densities in 

comparison to DAFCs with alcohol-alkaline anode fuels. In Publication V with water-

alcohol mixtures are used as anode fuels to avoid carbonate formation in the cell. 

6.3 Crossover 

Ion conductive polymer membranes consist of two different parts: hydrophobic polymer 

back bones as well as hydrophilic end groups and in moist environment they are 

organized so that the backbones are wrapped inside and the hydrophilic groups form 

channels where ions and water molecules can be transported. Organic alcohols are polar 

particles with a small size and can therefore be transported through these same channels, 

called as alcohol crossover. This phenomenon is strongly influenced by the cell 

temperature and a clear increase in values is observed with elevated temperatures for 

both acidic and alkaline membranes [225,226]. This is unfortunate because also the 

electrode reactions are enhanced at higher temperatures and therefore the cells are often 

operated at as high temperature as possible. In addition, alcohol concentration affects 

permeability and therefore the highest DAFC performance is obtained with 1-2 mol  

dm-3 alcohols [200,227], however, utilizing diluted fuels is problematic because a vast 

amount of water, that is not required for electrode reactions but for alcohol dilutions, 

has to be transported along resulting as increase in DAFC size and weight.  

 

At the cathode the transported alcohol molecule can adsorb on the catalyst and due to 

increased cathode potential reacts forming electrons which are directly consumed with 

the ORR. The latter reaction will occur with the same rate as the methanol oxidation on 

the cathode, resulting as depolarization of the electrode, that is, decrease in the cathode 

potential and in the cell voltage [205]. Moreover, COads can be formed on the cathode 

surface sites preventing ORR and further lowering the DAFC performance [189]. 
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One method to hinder the alcohol crossover is to select larger alcohols as fuel 

components because their permeability is decreased especially at the low temperatures 

as observed for both PEMs [5,200,225] and AEMs [67,68]. Another method is to select 

thicker membrane materials for DAFCs (for instance Nafion 115 or 117) in comparison 

to PEFC with gaseous fuels (Nafion 112). Thus disadvantage of the thicker membrane is 

increase in the cell ohmic overpotential according to Equation 6 and the thicker 

membrane material also causes challenges to the stack assembly making it more prone 

to leakage. Finally, it should be pointed out that even though AEMs are often thinner in 

comparison to PEMs the alcohol permeability rates measured ex situ are an order of 

magnitude smaller [67,68,228] due to dissimilar structure of the membrane materials. 

Moreover, in acidic DAFCs the protons are transported from anode to cathode (Figure 

1), that is the same direction as the alcohol crossover, whereas for alkaline DAFC the 

ion movement occurs in the opposite direction, against alcohol crossover (Figure 36), 

implying that in the latter case the alcohol permeability might be further diminished.  

6.4 Alcohol oxidation in DAFCs  

In Publication V the effect of bimetallic catalyst and membrane material for alcohol 

oxidation is studied by preparing two MEAs (Pt/C or PtRu/C for anode catalyst) with 

each membrane material (Nafion® 115 or FAA-2). In Publication V the polarization 

curves of each fuel are presented for a Nafion (Figure 37) and FAA-2 (Figure 38) 

DAFC with 1 M alcohol. As additional data corresponding chronoamperometric 

measurements at 0.2 V voltage are presented in Figure 37 and 38 for Nafion and FAA-2 

cells, respectively. The polarization curves initiate from the OCV value obtained after 

stabilization overnight and the current from the cell is followed as a function of 

decreased cell voltage. The OCV values depend on operating temperature, selected 

catalyst, electrode layer structure and alcohol crossover. 
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Figure 37. Polarization curves (Publication V) for Pt/C (A) and PtRu/C (B) as well as 

chronoamperometric experiments at 0.2 V potential (Unpublished) for Pt/C (C) and PtRu/C (D) 

catalyst (loadings 1.2-1.7 mg cm-2) DAFCs with the Nafion 115 -membrane. Cathode catalyst is Pt/C 

(2-2.5 mg cm-2), 1 M methanol and pure oxygen gas are fed to the anode and cathode, respectively, 

and cell temperature 30 °C. 

 

In Publication V the OCV values for the Pt/Nafion cell are between 0.40 – 0.55 V 

(Figure 37A), isopropanol produces the highest OCV, however, the highest current 

density is clearly obtained with methanol that is due to the total oxidation of this fuel. 

These findings are in agreement with the observations reported earlier [95,199,203], 

however, comparison of fuel cell data between different publications is onerous due to 

varying catalyst loading, MEA preparation and experimental conditions. The 

chronoamperometric curves (Figure 37 C) show that the current density for Pt/Nafion 

cell with ethanol and methanol is quite stable, however, the latter cell shows small 

fluctuation especially after 2000 s that is most likely caused by instability of the MEA 

structure. In contrast, for isopropanol a constant declined is observed indicating surface 

poisoning by reaction intermediates.  
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Publication V implies that with all alcohols the OCVs and the maximum current 

densities are increased when bimetallic PtRu is used as an anode catalyst (Figure 37B) 

instead of pure Pt, indicating that the surface processes on these catalysts differ. For 

primary fuels the OCV of the PtRu catalyst cell is 0.53 V whereas for isopropanol a 

significantly higher value (0.85 V) is obtained - which has been reported previously 

[201,202] - and is due to efficient deprotonation of isopropanol to acetone at low 

potential (observed with FTIR in Publication II and electrochemical experiments in 

Publication V). Nevertheless, as can be seen in the polarization curve in Publication V 

isopropanol oxidation declines rapidly at 0.65 V (Figure 37B) because the reaction from 

isopropanol to acetone is fast and thus diffusion limitations at that potential are faced, 

however, this behavior can be seen as a constant decrease in chronoamperometric 

current in Figure 37D.  
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Figure 38. Polarization curves (Publication V) for Pt/C (A) and PtRu/C (B) as well as 

chronoamperometric experiments at 0.2 V potential (Unpublished) for Pt/C (C) and PtRu/C (D) 

catalyst (loadings 1.2-1.7 mg cm-2) DAFCs with the FAA-2 -membrane. Cathode catalyst is Pt/C (2-

2.5 mg cm-2), 1 M methanol and pure oxygen gas are fed to the anode and cathode, respectively, and 

cell temperature 30 °C. 
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In general, all current densities obtained with the FAA-2 cell (Figure 38) are 

significantly lower than the ones obtained with the Nafion cell (Figure 37), however, it 

should be kept in mind that the ion conductivity of FAA-2 is still a decade lower in 

comparison to Nafion® [31] and that the MEA preparation method has not been 

optimized for FAA-2 MEAs which could in future increase these current density values. 

Furthermore, if an alkaline solution is added to the anode fuel, significantly increased 

current densities would be obtained, but the cell would encounter similar problems to 

the AFC discussed in Section 6.2. Nevertheless, the OCV values for the alkaline DAFC 

in Publication V are similar or in most cases increased in comparison to the Nafion cell. 

This might be due to enhanced electrode reactions that have been observed ex situ 

(Figure 33), and lower crossover rate [31], however, to confirm these phenomena more 

detailed measurements further experiments are required. The current densities obtained 

with the PtRu/FAA-2 cells are at least twice as high as for the Pt/FAA-2 cells implying 

that Ru has also a significant role in alcohol oxidation within alkaline DAFCs.  

 

As can be seen from the chronoamperometric measurements (Figure 38) the current 

densities from the FAA-2 cells are modest and with the primary fuels no severe catalyst 

poisoning is observed as was the case with the Nafion cell (Figure 37). Publication V 

confirms that isopropanol oxidation in an alkaline DAFC is more complex: in the 

Pt/FAA-2 cell it possesses very poor performance, thus, the current density would seem 

to increase during the 2 h experiment whereas in the PtRu/FAA-2 cell a very high OCV 

and the highest current density is observed. In contrast with the chronoamperometric 

experiments there is a clear decrease in isopropanol oxidation current indicating surface 

poisoning by intermediate products.   

6.4.1 Effect of carbon support 

The effect of the catalyst support material on fuel cell performance and stability is 

studied in publication IV and MEAs with Nafion membrane, PtRu catalyst on various 

carbon supports for the anode and Pt/C for the cathode have been prepared. The support 

materials are the same used in the electrochemical experiments in Figure 28: 
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PtRu/Vulcan, PtRu/FWCNT and PtRu/GNF. The MEA preparation was more 

challenging than expected due to the different polarities of the nanocarbon supports 

resulting as high variation in electrode inks densities. Nevertheless, the aim of 

Publication IV was to compare different nanocarbon supports with similar loadings and 

optimization of the PtRu/GNF catalyst electrodes is outlined elsewhere [40]. In 

Publication IV, the polarization and chronoamperometric measurements for different 

MEAs have been shown (Figure 39A and B). In addition, the power densities of the 

cells (W) can be calculated from the current density-voltage data according to: 

 

 EjW ⋅=          (9) 

 

where j is current density and E cell voltage. These curves are presented in Figure 39C.  

 

 

 
Figure 39. Polarization curves (A) (Publication IV), chronoamperometric curves for 6 days at 0.4 V 

(B) (Publication IV) and power densities curves (C) (Unpublished) for PtRu catalyst on various 

carbon supports as anode catalyst (loadings 1 mg cm-2). Cathode catalyst is Pt/C (2 mg cm-2), 

membrane material Nafion 115, 1 M methanol and pure oxygen gas are fed to the anode and 

cathode, respectively, and cell temperature is 70 °C. 
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Figure 39 shows that in the DAFCs PtRu/Vulcan catalyst shows the highest 

performance and the peak power density is obtained above 0.2 V. Nevertheless, in 

Figure 39B it can be seen that the performance of the PtRu/Vulcan MEA is decreasing 

over time and after 6 days of operation 14 % of the original current density at 0.05 V is 

lost. Further post-characterization of the MEA by SEM (Figure 6 in Publication IV) and 

catalyst by TEM (Figure 1 in Publication IV) after the 6 days of operation revealed that 

the three dimensional net structure of the anode catalyst layer in the PtRu/Vulcan MEA 

had collapsed, the anode electrode had swollen in the diluted (1 M) methanol solution 

increasing the electrode layer thickness by 3.5 times and, moreover, the catalyst particle 

size had increased from 3.3 to 4.5 nm. From an application point of view these 

phenomena are very alarming and these kinds of decrease cannot be tolerated in 

customer applications emphasizing the urgent need for new more durable support 

materials. 

 

For the PtRu/GNF MEA surprisingly high current and power densities (Figure 39A and 

C) have been obtain in Publication IV even though the anode layer thickness was 

initially 8 times higher in comparison to the PtRu/Vulcan MEA. Moreover, the 

performance remained fairly stable during the 6 day experiments (Figure 39B) due to 

maintained porous net structure throughout the experiments (Figure 6 in Publication 

IV), that facilitated the reactant flow to the catalyst particles. These results confirm that 

GNF support material is especially of interest for further studies. The PtRu/FWCNT 

performance in the fuel cell experiments was poor even on the first measurement day 

(Figure 39A and C) even though the SEM images (Figure 6 in Publication IV) showed 

that a good porous structure offering channels for reactant flow was obtained. As was 

the case of the Vulcan support, also PtRu/FWCNT structure collapsed after 6 days of 

operation explaining the dramatic decrease in the maximum current density (35 %) 

during the experiment. There still remains an open question: could these FWCNT be 

somehow pretreated so that the durability in fuel cell conditions would be prolonged?   
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6.5 Comparison to electrochemical results 

There is a vast amount of studies done with DAFC anode materials in electrochemical 

cells as well as with single cell DAFCs, however, there is very little work that combines 

these two different research areas. Moreover, a part of electrochemical experiments are 

performed in conditions unrealistic for fuel cell applications. The aim of this thesis is to 

emphasize methods where electrochemical experiments are performed under fuel cell 

related conditions in order to obtain practical results from these ex situ measurements. 

In this section the result obtained from the electrochemical cell and DAFC are 

compared.   

 

Even though the OCV of the DAFC does not correspond directly to the onset potential 

of alcohol oxidation in electrochemical cell, similar catalyst surface phenomena, such as 

reactant adsorption, occur explaining the difference observed in these values when, for 

instance, anode catalyst or electrolyte pH is varied. This can be seen in Publication V 

where the use of the bimetallic catalyst shifts the onset potential towards less positive 

value in electrochemical cell (Figure 33) as well as increases the OCV in DAFCs 

(Figure 37) while other variables remain constant. In addition, the increase in the 

electrolyte pH resulted as similar response for primary fuels.   

 

In Publication I catalyst poisoning in the electrochemical experiments in alkaline 

medium for methanol on a Pt and ethanol on a Pd surface has been observed by HPLC. 

On the contrary, with chronoamperometry in DAFCs presented in Figures 36 and 37 the 

most significant decrease in current is observed with isopropanol. When the 

performance decrease over time with these experiments are valuated caution must be 

applied, because in an electrochemical cell they are mostly due to catalyst poisoning by 

reaction intermediates, thus, in DAFCs various different mechanisms can be co-

effecting: possible causes are catalyst poisoning, component degradations, increased 

alcohol crossover as well as limited reactant or product diffusion (that can be the case if 

the anode fuel feed is too slow or anode reaction fast). Particularly, the catalyst 

poisoning observed with the HPLC in Publication I for methanol oxidation on Pt in 
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alkaline medium, but no severe drop with Pt/FAA-2 cell was observed (Figure 37C) 

implying that catalyst poisoning is not the primary cause of losses in the case of this 

DAFC.   

 

The study into the effect of catalyst support on methanol oxidation in Publication IV 

showed that the maximum normalized current is obtained from the cyclic 

voltammogram (Figure 34A) and chronoamperometric measurements (Figure 34B) with 

PtRu/FWCNT and PtRu/GNF, respectively, implying that high performance with these 

catalyst materials could be obtained in fuel cells. Conversely, the highest performance is 

obtained with PtRu/Vulcan (Figure 39) which is due to the optimized MEA preparation 

for this material. In addition, in the electrochemical cell the PtRu/FWCNT catalyst 

showed a high tolerance for catalyst poisoning, but in the DAFC poor performance and 

durability has been observed. Publication IV confirms that even though this catalyst is 

resistant to catalyst poisoning with methanol oxidation intermediates it is vulnerable to 

structural collapse under DAFC conditions. These findings highlight that both 

electrochemical and fuel cell experiments - in the case of new anode materials - are 

important for understanding the different mechanism occurring both on catalyst surfaces 

and in electrode layers. In addition, with these experiments it is evident that especially 

as new support materials have different hydrophobicity, the development of MEA 

preparation process individually for each support is essential.    
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7 Conclusions 

This thesis reports newly developed methods to study DAFC anode materials 

electrochemically in fuel cell related conditions in order to make in and ex situ results 

more comparable. The results highlight that in an DAFC it is complicated to separate 

different phenomena that occur on the anode and therefore, electrochemical methods 

where individual mechanisms can be evaluated are needed. In this work, various 

methods to study ex situ the effect of electrode surface structure, nanoparticle 

preparation, bimetallic catalyst, catalyst support materials as well as electrolyte pH on 

alcohol oxidation are presented. 

 

The surface structure sensitivity of the alcohol oxidation is studied with Pt SCE and it is 

found that these reactions are enhanced or inhibited on different surface sites. For 

isopropanol oxidation Pt(111) surface sites are the most active, however, for methanol 

and ethanol Pt(100) and Pt(111) sites would produce high current densities in acidic and 

alkaline media, respectively. Nevertheless, these currents are observed only at high 

overpotential implying that a combination of the two most active surface sites would be 

more beneficial. After discovering on which surface sites unwanted intermediates are 

formed, their density on shape controlled nanoparticles can be limited and the utilization 

of these particles in DAFCs could result as an increase in power density without 

increase in the catalyst loading. 

 

Pd catalyst has not been intensively studied for alcohol oxidation due to its poor 

performance in acidic medium, but in alkaline medium it has shown to be an active 

electrocatalyst. After the introduction of AEM search for bimetallic catalyst that would 

catalyze alcohol oxidation in alkaline medium has commenced, however, it is vital to 

determine the optimal noble base metal for each bimetallic catalyst. With the HPLC 

experiments it was found that in alkaline medium Pd is more selective for organic acid 

formation than Pt. For methanol oxidation higher performance is obtained with Pt 

catalyst in alkaline medium and therefore it is the preferred candidate for bimetallic 
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catalyst. For ethanol oxidation the spectroscopic experiments, in literature, have implied 

that the C-C bond would be more facile to cleave from acetaldehyde than from ethanol 

and therefore acetaldehyde is wanted as intermediate indicating that Pt should be chosen 

as base metal for bimetallic catalyst. With isopropanol no corresponding acid was 

formed on either Pt or Pd but with the latter the current density was clearly increased 

suggesting that Pd based bimetallic catalysts could be more effective for isopropanol 

oxidation.      

 

The efficient oxidation of organic alcohols can be obtained only if the nanoparticle 

catalyst is a certain size, well attached and evenly distributed onto the support. 

Industrial methods to prepare catalyst in large scale can decrease the material costs: 

with ALD prepared Pd/C catalyst well distributed nanoclusters on carbon support is 

obtained and they show high performance for alcohol oxidation. Moreover, it can be 

concluded that introduction of bimetallic catalyst enhanced the alcohol oxidation in both 

ex situ and in situ experiments. This behavior has been observed also in alkaline 

medium where the formation of adsorbed OH on Pt surface has been shifted to less 

positive potentials possibly reducing the effect of the bi-functional mechanism, 

however, ligand effect and probably some other mechanisms still apply.   

 

For commercial DAFC the durability of the cell materials is essential, and therefore the 

biggest obstacle to commercialization is the fast degradation of the components and 

electrode structures. The study of different carbon supports emphasizes the durability 

issues in fuel cell environments when from the electrochemical experiments only 

information on the reaction onset potential, maximum normalized current and catalyst 

poisoning are obtained. Nevertheless, often in DAFCs the most essential issues 

lowering the cell performance are related to MEA preparation or component 

degradation and therefore it is vital to study these materials also in situ.  

 

To sum up, both ex situ and in situ experiments are required to understand the 

mechanisms on the DAFC anode.  

 



 73 

7.1 Reliability 

With all experimental work some error exists in the data and in this Section the 

accuracy of the different experiments is evaluated. The more controlled system, the 

more facile is to obtain accurate data and in the case of more complex systems the 

sources of the largest error is pointed out. With well controlled systems such as SCE 

(Publication II) the fingerprint cyclic voltammograms are well defined, the peaks sharp 

and therefore, even low concentration of impurities or surface defects are facially noted. 

In addition, these experiments can be quickly repeated and therefore these experiments 

are the most accurate ones in this work. For the reaction product detection in 

Publication I large planar electrodes have been used in order to produce high amounts of 

reaction intermediates and products which are needed for accurate detection. Moreover, 

the experiments have been performed with very slow sweep rate to ensure that the slow 

reaction has sufficient time to occur.  

 

With the nanoparticle electrodes, a more complex system is introduced including: 

catalyst particles, supports with different hydrophobicity and ionomer. The current 

produced cannot be normalized with the geometric area, accordingly, for monometallic 

catalyst (Publication III) the EASA defined in Section 2.1.4 can utilized, however, for 

bimetallic catalyst (Publication IV and V) they are not well enough defined. Instead, the 

catalyst loading of a 5 µl drop is known and the currents can be normalized with that, 

however, not all catalyst on the electrode is in contact with the reactants. The CO 

adsorption/desorption offers a possibility to compare each electrode and give an 

estimation on how much active catalyst there is on the electrode which is then taken into 

account in normalizing the currents. The other method to increase the reliability of the 

experiments is repetition of the experiments which is more time consuming than with 

simple systems, though, only way to confirm the trends. 

 

The most demanding case are the fuel cell experiments (Publication IV and V) that are 

even far more complex than the electrochemical ones and each MEA is hand prepared 

individual with different thickness at different parts of the electrode due to spray-
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preparation technique. Luckily, we have new screen printing equipment that will 

increase the reducibility of the MEAs in the future. With the in situ experiments the 

reliability is obtained by repeating the experiment with various MEAs. Overall, the 

focus of this work has been in comparison of materials and therefore, the aim has not 

been to find optimum condition but instead have standard conditions for the 

measurements. 

7.2 Recommendation for further work 

In this work some of the materials that performed well in electrochemical experiments 

had poor durability in DAFC conditions. While performance advantages are often 

intensively discussed they have low importance for commercial applications if the 

activity is rapidly lost. In future work the focus of DAFC anode material design should 

be on material durability and performance should be evaluated as a function of 

operation time. Therefore it would be interesting to continue testing various anode 

materials for their durability and performance behavior over time in DAFCs with a 

similar post-characterization procedure as introduced in Publication IV.      

 

The shape controlled nanoparticles, which have more controlled surface sites, could 

enhance the DAFC performance without increasing the catalyst loading. The main focus 

of that study could be in determining of the durability of these particles during the MEA 

preparation process and fuel cell operation. Other interesting fields of study could be the 

improvement of the ALD catalyst preparation method as well as the preparation of well 

distributed bimetallic catalyst with ALD and the study of their durability ex situ and in 

situ. Moreover, the reaction mechanism studies of bimetallic nanoparticles could be 

performed, for instance with a HPLC, and this could provide information on the effect 

of different nanoparticle preparation methods on enhanced activity which is difficult to 

attain with purely electrochemical methods.   
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