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CHAPTER I

Introduction

1.1 Background

Producing fuels and chemicals from renewable biomass resources has become a

high priority due to issues associated with fossil fuels, such as heavy dependence

on foreign resources, and negative environmental impacts. The Energy Information

Administration (EIA) projects that the total consumption of marketed renewable

energy will grow by 2.8 percent per year, from 7.7 quadrillion Btu in 2008 to 16

quadrillion Btu in 2035 [1]. As a result, shifting our energy resources from fossil

fuels to renewables has also been a primary task among energy-related researchers

over the past decades. A good example can be found in the automotive industry

in developing hybrid, electric, or fuel cell vehicles to shift from internal combustion

(IC) engines powered by fossil fuels to advanced power trains that can potentially

utilize renewable resources. Since infrastructures for these new technologies are not

readily available yet, biofuels play an important role during this transition to vehicles

powered by renewable sources. Biofuels can be distributed like gasoline, so the current

infrastructure can be used.

Biofuels have several advantages. They produce much lower levels of harmful

emissions (e.g. carbon monoxide, NOx) than that of petroleum-derived diesel because

they are made from biomass feedstocks. They also produce less greenhouse gas during

1



production and use. As for biodiesel, the most commonly used biofuel, it can be used

in conventional diesel engines without modification for the low biodiesel blends, or

with low-cost modifications to accept the high biodiesel blends [2].

The EIA reported that biodiesel consumption in the U.S. transportation sector

has been increasing rapidly since 2004 as shown in Figure 1.1. Biodiesel consumption

has recorded an average annual growth rate of 70%, expanding from 91 million gallons

in 2005 to 412 million gallons in 2008 [3]. Its consumption declined from 2007 to 2008

due to the large volume of exports, but U.S. domestic biodiesel production actually

increased during that period.
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Figure 1.1: Biodiesel consumption in the U.S. transportation sector [4].

Biodiesel is typically produced by transesterification of animal fat or vegetable oil

(Figure 1.2). Transesterification of triglycerides typically requires an acid or base as a

catalyst depending on the grade of raw materials. This process produces 10% glycerol

(typically containing 20% water and residual esterification catalyst) as a by-product

[5]. As a result of the expansion of biodiesel utilization, the production of glycerol is

expected to increase significantly.

Glycerol (C3H8O3, also known as glycerine, glycyl alcohol, and propane-1,2,3-

triol) is a colorless, odorless, viscous liquid that is widely used in food additives and

2
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Figure 1.2: Transesterification of triglycerides with alcohol [6].

pharmaceutical formulations. Most glycerol is commercially synthesized from petro-

chemicals [6]. Although glycerol is used in food and personal care products, supply

currently outstrips demand so that up to 350,000 tons of glycerol are incinerated in

the U.S. annually [5]. Utilizing the surplus of glycerol would render the biodiesel

life cycle more environmentally friendly, and enhance the economic viability of the

biodiesel supply chain.

1.2 Sustainable use of glycerol surplus

As glycerol production has increased, glycerol has become a reasonably-priced

raw material (currently priced at $0.05/lb) [7], and is an attractive precursor for

producing value-added chemicals. Some potential products from glycerol include

synthetic gas or syngas (H2/CO gas mixtures), liquid fuels (e.g. methanol, ethanol),

and commodity chemicals (e.g. propanediols). Syngas can be directly used in IC

systems, or converted to liquid hydrocarbons through the Fischer-Tropsch process [8].

Ethanol can be blended with gasoline. In fact, 95% of U.S. gasoline contains up to

10% ethanol to boost octane and meet air quality requirements [9]. Brazil also blends

ethanol with gasoline [10]. Glycerol can be converted into chemicals like aldehydes,

acids, or alcohols. As listed in Table 1.1, it can be oxidized to dihydroxyacetone,

which is used in an artificial tanning agent, or glyceraldehyde, which is a precursor of

cosmetics. Besides, glycerol also can be reduced to compounds like diols, which are

used in antifreeze, detergent, or in the manufacture of textile fibers [5].
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Table 1.1: List of oxidation and reduction products derived from glycerol [5].

Name Molecular structure Applications 

O
xi

da
tio

n 
pr

od
uc

ts
 

Dihydroxyacetone 
(DHA) 

•  Artificial tanning agent in  
   cosmetics 
•  Feedstock for the synthesis of  
   fine chemicals 

Glyceraldehyde •  Precursor of cosmetics 
 

Tartronic acid 
 
 
 

•  Raw materials in pharmacy 
•  Additive in candy, drink, wine 
•  Antiseptic  

R
ed

uc
tio

n 

1,2-propanediol 
(Propylene glycol) 

•  Functional fluids  
   (antifreeze, deicing, cosmetics,   
    liquid detergent etc.) 
 

1,3-propanediol •  Copolymer to produce  polyester  
   (textile fibers exhibiting chemical  
    resistance) 
 

Various catalytic solutions exist to convert glycerol into valuable products. In

fact, there have been numerous reports about the feasibility of converting glycerol into

chemicals and gases, from both a thermochemical and an electrochemical standpoint

[5]. Some reaction pathways through hydrogenolysis via C−C bond cleavage are illus-

trated in Figure 1.3. Methanol, ethylene glycol, or 1,3-propanediol were obtained as

final products [11]. 1,3-propanediols are currently produced from petroleum deriva-

tives such as ethylene oxide, which provides an opportunity to replace petroleum-

based raw materials with biomass-derived feedstocks.

One of the most promising paths for glycerol conversion is liquid phase oxidation.

Garcia et al. examined the liquid phase oxidation of glycerol in a thermochemical

environment with noble metal catalysts to derive products such as glyceric acid and

dihydroxyacetone. The effects of pH and specific catalysts on selectivity were exam-
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The reactivity of 1,3-propanediol is high, and it undergoes C!
O or C!C bond cleavage, where C!O bond cleavage occurs
through a dehydration/hydrogenation pathway. Alternatively,
glycerol can undergo C!C bond cleavage to produce ethylene
glycol and methanol. Copper-based catalysts have also been
shown to be active for hydrogenolysis of glycerol with and
without basic additives.[49–51] According to Dasari et al. , the
activity of supported metal catalysts for hydrogenolysis of a
80% glycerol solution at 470 K and 15 bar decreases in the
order Ru"Cu"Ni>Pt>Pd.[49]

In contrast to hydrogenolysis of glycerol, C!C bond
cleavage is a desirable reaction for hydrogenolysis of large
polyols (such as sorbitol). The addition of a base catalyst (e.g.,
NaOH) increases the rate of C!C hydrogenolysis. Wang et al.
have proposed that carbon–carbon bond cleavage occurs by
retro-aldol condensation, and they have studied hydrogenol-
ysis of 1,3-diols with Raney Ni and Cu catalysts.[57] They
propose that the first step in C!C bond cleavage is dehydro-
genation, followed by retro-aldol condensation. The products
from retro-aldol condensation are then hydrogenated. The
forward aldol condensation can also occur under these
conditions.

5. Process Developments from Chemical and
Catalytic Concepts

In this Section, we provide examples of using chemical
and catalytic concepts to aid in the formulation of new
processes for the conversion of biomass-derived carbohy-
drates into fuels and chemicals. For convenience, these
examples are based primarily upon our own work. Overall,
we hope to show that simple ideas based on fundamental
chemical and catalytic concepts can lead to strategies for the
control of reaction pathways and process conditions to

achieve high yields for the production of specific products
from biomass-derived oxygenated hydrocarbons.

5.1. Conversion of Biomass into Fuels: Aqueous- versus Vapor-
Phase Reforming of Oxygenated Hydrocarbons

Transportation vehicles require fuels that can be readily
stored with high energy densities. Thus, while hydrogen fuel
cells are capable of efficient energy conversion, the storage of
sufficient amounts of hydrogen to achieve the desired trans-
portation range is still an unsolved problem. In contrast, the
conversion of oxygenated hydrocarbons into hydrogen
appears to be advantageous for stationary applications, such
as producing hydrogen as a reactant for chemical processes,
supplying hydrogen for fuel cells (e.g., a battery charger), or
producing hydrogen as a feed to an electrical generator
operated using an internal combustion engine.

The essential pathways involved in the conversion of
oxygenated hydrocarbons into H2 and alkanes over supported
metal catalysts are depicted in Scheme 6. Metal catalysts that
achieve selective cleavage of C!C bonds in oxygenated
hydrocarbons that have a C/O stoichiometry of 1:1 (e.g.,
methanol, ethylene glycol, glycerol, xylose, glucose, sorbitol)
lead first to the production of H2 and CO, with the CO being
adsorbed strongly on the surface of a metal such as Pt. In the
presence of water, the adsorbed CO can be converted further
by the water gas shift reaction to produce CO2 andH2. Indeed,
in the presence of liquid water at temperatures near 500 K
(and total pressures near 30 atm), the water gas shift
equilibrium is favorable for the production of H2 and CO2,
such that the effluent gas typically contains low levels of CO,
for example, about 100 ppm in the H2/CO2 gas mixture after
condensation of water vapor.[58] Thus, the combination of C!
C bond cleavage and water gas shift leads to the production of

Scheme 5. Reaction pathways for the conversion of glycerol into lower polyols and alcohols through hydrogenolysis.[52]
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Figure 1.3: Reaction pathways for glycerol hydrogenolysis [11].

ined at atmospheric pressure and at 60 ◦C, and they demonstrated 70% glyceric acid

selectivity with 100% glycerol conversion at pH 11 using 5%Pd/C as a catalyst [12].

Glyceric acid is a building block for chemical synthesis and an intermediate for amino

acids. Glycerol oxidation can follow several reaction pathways (Figure 1.4), but each

step is generally controllable by managing the catalyst and reaction conditions [13].

so that the pH can be controlled during the reaction. In order to
improve the catalyst properties we investigated, amongst
others, the promotor effect of platinum on Au/C catalysts. It has
been reported in the literature that bimetallic gold catalysts
show an improved activity in the glycerol oxidation compared
to the corresponding monometallic gold catalysts [14]. But
these reactions have been carried out without pH control, so that
the pH decreases during the reaction as a function of the product
formation rate, which is proportional to the pH depending
reaction rate. In this work, we report on the improvement of the
Au/C catalyst properties by platinum promoting, obtained at
constant pH. To the best of our knowledge, this is the first study
of the influence of Pt on the catalyst performance of Au/C under
atmospheric pressure and at constant pH.

2. Experimental section

2.1. Catalyst preparation

2.1.1. Materials
NaOH (0.2 M), NaOH (>99%), Tetrakis-(hydroxymethyl)-

phosphonium chloride (THPC, 78 wt.%), formaldehyde (35%
solution), polyvinyl alcohol 72000 (>98%) from Merck,
HAuCl4!3H2O (99.99% ACS, Au 49.5% min.) and H2PtCl6
(>99.9%) from Alfa Aesar were used. The carbon black
‘‘Black Pearls 2000’’ (BP) was purchased from Cabot GmbH;
glycerol (>99%) and NaBH4 (99%) from Sigma–Aldrich;
KOH (86%) from Fluka. The activated carbons (AC) NSX1,
NSX1G, NSXU and NSXP were from Norit.

2.1.2. Preparation procedure
2.1.2.1. Monometallic gold catalysts. The gold catalysts were
prepared via three methods: the gold-sol method with either
THPC or NaBH4 as reducing agent and via a precipitation
method [4]. These methods were employed to prepare
1 wt.% gold catalysts supported on different carbon materials.
The catalyst preparation via the gold-sol methods has been
described elsewhere [1,13].

By the employed precipitation method 86 mg of HAuCl4
dissolved in 5 ml of 1.2 M HCl are added within 30 min drop-

wise to the stirred carbon suspension (5 g carbon in 133 ml
distilled H2O). After 5 h impregnation time 10 ml of a 20%
formaldehyde solution and subsequently 11 ml of a 40% KOH
solution were added under stirring. After 30 min the catalyst
was filtered, washed with distilled water and dried in air [4].

2.1.2.2. Bimetallic gold catalysts. The bimetallic gold cata-
lysts were prepared by the gold-sol method with THPC as
reducing agent. In this case, a precursor solution of both
metals (an aqueous solution of HAuCl4 and H2PtCl6 in the
concentration corresponding to the desired metal loading) was
added to the THPC solution, giving by this way the bimetallic
sol, which was further added to the stirred carbon suspension.
The following treatment of the catalyst is described in [1,13].

2.2. Catalyst characterization

The gold content of the prepared catalysts was determined
with ICP-OES analysis. The gold catalysts prepared by the
gold-sol method typically provide particle sizes smaller
than 10 nm as verified for the catalyst Au/AC-NSXU with
dAu = (4.3 " 2.2) nm. The mean diameter of the particles was
examined by transmission electron microscopy (TEM, Philips
CM 20, 200 kV) and calculated by counting at least
300 particles onto the micrographs. N2 physisorption measure-
ments were performed with an Autosorb 3B (Quantachrome)
instrument. Characteristic data of the investigated carbon
supports are given in Table 2.

2.3. Oxidation experiments

The glycerol oxidation experiments were carried out under
atmospheric pressure in a 300 ml semi-batch glass reactor
equipped with an automated titrator (Metrohm 720-KFS-
Titrino) providing continuous pH control during the reaction
time and with a four baffle propeller. The reactions were
performed with 150 ml of an aqueous glycerol solution at
constant pH, at an oxygen flow rate of 300 ml min#1 (checked
by a mass flow controller), at 60 8C and a stirring rate of 500
rounds per minute (rpm). The reactions were started by

S. Demirel et al. / Applied Catalysis B: Environmental 70 (2007) 637–643638

Fig. 1. Reaction network of the glycerol oxidation.

Figure 1.4: Reaction network of glycerol oxidation [13].
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1.3 Electrooxidation of glycerol

For thermochemical processes, manipulating selectivity and increasing efficiency

require changing temperatures and pressures, which can add significantly to the oper-

ating costs. Alternatively, electrochemical processes have been intensively studied due

to their potential to use electricity from renewable resources. Furthermore, compared

to thermochemical conversions, electrochemical processes can be driven at relatively

low temperatures and pressures, which could eliminate the need for a heating or pres-

suring device from the reactor system. In addition, it is possible to alter selectivities

by controlling the applied potentials, pH of electrolytes, and choice of electrocatalysts

to selectively activate targeted bonds (e.g. C=C, C−H).

There are reports regarding electrooxidation of glycerol [14–21]. Simoes et al.

investigated oxidation of glycerol in 1 M NaOH, and obtained glycerate, dihydrox-

yacetone, and tartronate as the main reaction products with Pt-Bi/C and Pd-Bi/C

[18]. Kyriacou et al., Kwon et al., and Mougenot et al. also evaluated the reaction in

an alkaline environment (NaOH) with noble-metal catalysts [15, 17, 19], as glycerol

oxidation typically shows higher activity in alkaline media [22]. Roquet et al. carried

out glycerol oxidation in both 0.1 M NaOH and 0.1 M HClO4 using Pt/C electro-

catalysts that resulted in the production of aldehydes and acids at specific applied

potentials and pH [16]. The applied potential was one of the key parameters that af-

fected the product selectivities. Roquet et al. complete a quantitative analysis using

a high-performance liquid chromatography (HPLC). The results indicated that the

oxidation products varied with potential. As shown in Figure 1.5, at 0.75 V versus

reversible hydrogen electrode (vs. RHE) in an acid medium, the oxidation process

involves platinum sites, which are not yet oxidized. The adsorbed OH species would

interact with Pt to oxidize and then desorb as glyceraldehyde, which is desirable

for partial oxidation. Conversely, at 1.30 V vs. RHE, the platinum surface forms

more stable oxides such as Pt-O. An active oxygen molecule now can interact with a
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glycerol molecule and cause C−C bond scission, which leads to formic and glycolic

acids.
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Figure 1.5: Glycerol electrooxidation pathways in acidic medium [16].

More recent studies have been directed towards direct glycerol fuel cells (DGFCs)

as a means to utilize surplus glycerol to produce electricity [23–48]. Generally, the

focus has been on the complete oxidation of glycerol into CO2 via C−C bond cleavage,

which is not desirable for producing chemicals. Noble metals (e.g. Pd, Pt, Pt-Ru)

supported on carbon or various metal oxides were typically used as electrocatalysts

in DGFCs [29, 30, 38, 39, 43, 44].

1.4 Solid polymer electrolyte reactor for glycerol oxidation

Electrocatalytic processes provide an alternative strategy for the conversion of

glycerol to thermochemical processes. In addition to traditional batch reactors, flow

reactors such as the solid polymer electrolyte (SPE) reactor have been studied for

various chemical conversions due to their advantage of reducing the number of down-

stream separation processes.

One such successful example is the hydrogenation of triglycerides using an SPE
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reactor [49, 50]. Triglycerides are the main compounds found in unprocessed veg-

etable oils and animal fats used for cooking oil, margarine, and soaps. Food-grade

vegetable oil is typically hydrogenated to improve stability and spreadability by re-

ducing unsaturated fatty acids. Due to health concerns, it is beneficial to minimize

trans isomers resulting from the hydrogenation process to avoid the risk of coronary

heart disease [51].

The hydrogenation of triglycerides is commercially carried out in a thermochemical

stirred batch reactor with a Raney nickel catalyst, at temperatures between 150 and

225 ◦C and pressures between 10 and 60 psi [52]. This reaction involves three phases:

gas (H2), liquid (triglycerides), and solid (catalyst). This system, however, results in

the production of trans isomer concentrations as high as 30%. This increase of trans

isomers was due to H2 scarcity near the catalyst surface caused by mass transport

limitations of H2 in the reactor. Partially hydrogenated intermediates would return

to trans configurations, as this pathway is more thermodynamically favored than that

for cis configuration [52, 53].

In an attempt to overcome this problem, An et al. used an SPE reactor, which re-

sembles a proton exchange membrane (PEM) fuel cell (Figure 1.6) [49]. This reactor

design delivers hydrogen to the surface catalyst by dissociatively adsorbing H2 on the

Pt anode and drawing hydrogen through the Nafion R© membrane to the cathode cat-

alyst using an applied cell potential. Using this configuration, the authors reported a

reduction of trans fatty acid content by over 80%, while maintaining the same degree

of hydrogenation as compared to the conventional chemical catalytic process. How-

ever, the production of undesirable saturated fats (e.g. stearic acid) increased relative

to the conventional process [50, 52], and the catalyst used in these demonstrations

was palladium, which is quite expensive ($20,550/kg as of November 2012 [54]).

Glycerol oxidation has been evaluated in an SPE reactor [55–59]. Marshall et

al. used a PEM type SPE, but their goal was to produce H2 at the cathode from
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Figure 1.6: Schematic of the electrochemical reactor [50].

glycerol, and the activity and product selectivity at the anode were not well defined

[55]. Bambagioni et al. synthesized Pd supported on multi-walled carbon nanotubes

(Pd/MWCNT) and Pt-Ru/MWCNT as anode electrocatalysts and tested then for

glycerol oxidation in an anion-exchange membrane (AEM) reactor [56]. The use of

an AEM as an SPE indicates that the reaction pathways involved hydroxyls (Fig-

ure 1.7) as opposed to protons in a PEM. Their NMR analysis on anode exhausts

from the AEM reactor indicated the formation of glycolate, glycerate, tartronate,

oxalate, formate, and carbonate, with glycerate showing the highest yield. Lux et al.

combined an electrochemical reactor with a thermocatalytic convertor to achieve a

highly selective process for lactic acid production from glycerol [57]. Ilie et al. also

evaluated glycerol oxidation using an AEM reactor for energy production and cogen-

eration of chemicals [58]. They used various anode electrocatalysts (e.g. Pt/C, Pd/C,

Pt9Bi1/C, Pd9Bi1/C), and found that Pt9Bi1/C showed the best performance. They

also tested the reaction by varying other parameters such as glycerol concentration,

flow rate, or cell temperature, most of which had a great influence on the performance.
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Most recently, Zhang et al. used HPLC analysis and showed the presence of various

acids, including glyceric acid, tartronic acid, mesoxalic acid, glycolic acid and oxalic

acid as a result of glycerol oxidation in an AEM reactor using Pt/C [59].

Lactic acid 
Glyceric acid 

SPE: Anion-exchange membrane 
(AEM) 

Solid polymer 
electrolyte 

Catalyst Layer 

Gas Diffusion  
Layer 

OH- e- 

e- 

e- 

OH- 

OH- Glycerol O2, H2O 
 

Anode Cathode 

Figure 1.7: Schematic of the AEM reactor.

As mentioned in section 1.3, glycerol oxidation could lead to the use of glycerol as

fuel for SPE fuel cells [23–48]. However, most of these electrocatalyst evaluations have

been done only in liquid electrolytes despite the eventual intention to use glycerol in

SPE fuel cells. This poses the question whether liquid electrolytes are an accurate

model for the SPE reactor, as quite different chemistries have been reported at the

Nafion R© interface compared to those in liquid electrolytes (e.g. H2SO4) [60].
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1.5 Transition metal carbide electrocatalysts

A key challenge for the electrocatalytic process is the need for low-cost catalysts

for the electrooxidation of glycerol. Early transition metal carbide catalysts are typ-

ically synthesized from oxides via temperature-programmed carburization. They are

attractive candidates because their raw materials are inexpensive: for example, cur-

rent prices as of 2012 are $41/kg for Nb2O5, and $0.42/kg for WO3 [61]. The resulting

carbides often adopt simple crystal structures with the metal atoms forming lattices

of face-centered cubic (fcc) or hexagonal close packed (hcp) structure, and the non-

metallic elements (e.g. C) enter into the interstitial sites between metal atoms as

schematically shown in Figure 1.8.

(b) Hexagonal close packed 
Mo2C, W2C 

(a) Face-centered cubic 
NbC, VC 

Figure 1.8: Crystal structures for transition metal carbides (a) NbC and VC, (b)

Mo2C and W2C [62].

Some transition metal carbides have demonstrated catalytic properties that re-

semble those of Pt group metals [63]. They are also active for many reactions, such

as water gas shift [64], methanol steam reforming [65] and benzene hydrogenation [66].

Transition-metal carbides can also be used as supports for the noble-metal catalysts

because they can be synthesized with a relatively high surface area [67]. For example,

molybdenum carbide (Mo2C) has shown surface areas of up to 150 m2/g as a result

of temperature-programmed carburization from an oxide precursor [67, 68]. In ad-
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dition, transition metal carbides have low electrical resistivities, and are classified as

conductors (Table 1.2) [69]. They are typically less conductive than their pure met-

als, but this characteristic makes some carbides desirable for use in electrochemical

applications.

Table 1.2: Electrical resistivity of elements and compounds at room temperature [69].

Element Electrical resistivity
(µΩ cm)

Mo 5.47
Mo2C 71

W 5.39
WC 22
SiC 103

Al2O3 1018

C (diamond) 1018

1.6 Research goals and organization of text

The electrooxidation of glycerol has several potential advantages compared to

the thermochemical process in terms of the ability to tune selectivities toward the

desirable products. We propose the electrooxidation of glycerol in an SPE reactor to

produce commodity chemicals. Glycerol electrooxidation has mainly been studied in

alkaline medium or AEM reactors. Selective glycerol oxidation using a PEM reactor

(e.g. Nafion R©) has not been reported to the best of our knowledge.

We selected a PEM as the electrolyte over a liquid acidic electrolyte because SPEs

seem to provide better selectivity for the mobile ionic species that could be trans-

ported across the electrolyte. If the reaction involves an liquid electrolyte instead of a

PEM, both cation and anion species are mobile so that they compete for active sites,

resulting in undesired side reactions. Furthermore, according to previous findings,

the pH of the electrolyte or type of SPE (e.g AEM vs. PEM) can play an important

role in terms of activities and selectivities, yielding a different set of products [16, 57].
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Finally, as shown in Figure 1.7, it is possible to cogenerate H2 at the cathode in

addition to valuable chemicals at the anode with a PEM reactor, which could add

more value to this process.

Solid polymer 
electrolyte 

Catalyst Layer 

Gas Diffusion  
Layer 

H+ e- 

e- 

e- 

H+ 

H+ Glycerol H2O 
 

H2 
 

Products 

SPE: Proton-exchange membrane 
(PEM) 

Anode Cathode 

Figure 1.9: Schematic of PEM reactor.

To understand this reaction, the effects of applied potentials and the choice of an-

ode electrocatalysts on the activity and selectivity were investigated. One of the major

challenges for the electrochemical process in general is to reduce the use of high-cost

noble metals, which are typically susceptible to CO poisoning, as electrocatalysts (e.g

Pt). This presents an opportunity for finding low-cost and poison-resistant materials

for the electrooxidation of glycerol.

Chapter 2 describes the synthesis procedures for transition-metal-carbide-supported

catalysts and various characterization techniques employed in this work. The elec-

trochemical characterization, glycerol oxidation performance evaluation using a PEM

13



reactor, and post-reaction characterization are also discussed.

Chapter 3 focuses on the functional properties of various catalysts, including noble

metal, or transition-metal-carbide-supported Pt, for the electrooxidation of glycerol

in a PEM reactor. In addition, a novel electroanalytical technique that can be used

in understanding the characteristics of glycerol oxidation at Nafion R© interfaces as

opposed to interfaces with acidic liquid electrolytes is described.

In Chapter 4, mechanistic studies for this reaction are described with the aim

of defining the reaction pathway, and identifying the rate-determining steps. This

involves evaluation of the reaction order, characterization of reaction intermediates

as well as their adsorption behavior, and measurement of overpotential as a function

of current.

Finally, understanding and preventing deactivation of electrocatalysts is currently

one of the major goals in fuel cell or electro-synthesis research, and that is covered in

Chapter 5.
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CHAPTER II

Experimental Methods

2.1 Introduction

This chapter describes experimental techniques designed to help address the ob-

jectives described in section 1.6. Key aspects of the experimental include catalyst

synthesis, catalyst characterization and screening, performance evaluation in a PEM

reactor, liquid/gas product analysis using gas chromatography, and post-reaction

characterization of spent materials (Figure 2.1).

Catalyst 
synthesis 

Catalyst 
characterization 
and screening 

Evaluation in 
a PEM reactor 

Product 
analysis 

Post-reaction 
characterization 

Figure 2.1: Overall experimental procedure.

To evaluate the feasibility of using carbide-supported electrocatalysts, we synthe-

sized various transition-metal carbides. The prepared catalysts were characterized

using various techniques, such as N2 physisorption or x-ray diffraction, to ensure the

syntheses were done successfully. Catalyst screening was conducted in a solid-state

cell by examining the electrochemical activity and stability at a Nafion R© interface.

The selected catalysts were then evaluated in an SPE reactor. The liquid and gas

products were analyzed using a gas chromatograph equipped with a flame ioniza-

21



tion detector, a thermal conductivity detector, and a mass spectrometer. Finally,

post-reaction characterization was performed on the spent catalysts and membrane

electrode assemblies to investigate the deactivation mechanisms.

2.2 Catalyst synthesis

2.2.1 Materials

Carbon-supported noble metals (20 wt%Pt/C (Alfa Aesar), 20 wt%Pt-10 wt%Ru/C

(Alfa Aesar), Pt-black (Alfa Aesar), and Ru-black (Sigma-Aldrich)), were used as re-

ceived. All of the carbides and nitrides were synthesized from oxide precursors: Nb2O5

(Alfa Aesar), WO3 (Alfa Aesar). The metal loading precursor used for carbides and

nitrides-supported catalysts was H2PtCl6 · 6 H2O (Sigma-Aldrich).

2.2.2 Preparation of carbide and carbide supported catalysts

Transition metal carbides were synthesized using the temperature-programmed

reaction (TPR) with 15% CH4 in H2 (15% CH4/H2, Cryogenic Gases, certified mix-

ture) from oxide precursors. The use of TPR has been discussed previously for the

synthesis of various carbide materials [1–4]. Details regarding preparation of the car-

bides and carbide-supported Pt are described below.

NbC: The NbC catalyst was synthesized based on the procedure described previ-

ously [1]. Approximately 0.4 g of Nb2O5 was reduced and carburized in a quartz

tube reactor with 260 ml/min of 15% CH4/H2 gas mixture. The heating rate was 7.5

◦C/min from room temperature to 1100 ◦C, followed by soaking at 1100 ◦C for 1 hour.

W2C: The W2C catalyst was synthesized using the procedure described previously

[2]. Approximately 1.1 g of WO3 was reduced and carburized in a quartz tube reactor
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with 250ml/min of 15% CH4/H2 gas mixture. The heating rate was 10.3 ◦C/min

starting from room temperature to 200 ◦C. The heating rate was then switched to

1.0 ◦C/min from 200 ◦C to 650 ◦C, followed by soaking at 500 ◦C for 5 hours.
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Figure 2.2: Temperature program profiles for (a) NbC and (b) W2C.

Carbide-supported Pt: The carbide-supported Pt catalysts were prepared by first

synthesizing carbides using the procedure described above, followed by wet impreg-

nation [5]. Synthesized carbides were placed into the deaerated and deionized water

containing H2PtCl6 · 6 H2O without exposure to the air. The solution was stirred for

3 hours at room temperature with continuously bubbling with N2 gas. The resulting

materials were dried in a quartz tube reactor with H2 (Cryogenic Gases, pre-purified)

using a heating rate of 1.9 ◦C/min starting from room temperature to 110 ◦C, followed

by soaking at 110 ◦C for 2 hours, and then a heating rate of 5.7 ◦C/min starting from

110 ◦C to 450 ◦C, followed by soaking at 450 ◦C for 4 hours. The resulting material

was finally passivated using a 1% O2/He (Cryogenic Gases, certified mixture) for 5

hours at room temperature.
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2.3 Catalyst characterization

2.3.1 N2 physisorption surface area measurement

The physisorption method was used to measure the surface area of electrocata-

lysts. This method is described by Brunauer, Emmett and Teller, and often called as

the BET method [6]. Currently, the BET method is the most popular for determining

surface areas from isotherms. Its derivation was based on the assumptions that mul-

timolecular adsorption is related to condensation, and that the isotherm equation for

multimolecular adsorption follows Langmuir’s treatment of the unimolecular layer.

With these simplifying assumptions, they derived an equation (Equation 2.1) that

represented isotherms, and could be used to determine the average heat of adsorption

in the first layer and volumes of gas required to form a unimolecular layer on the

adsorbents:

P/P0

n(1− P/P0)
=

1

nmC
+

(C − 1)P/P0

nmC
Isotherm (2.1)

C = exp

(
q1 − qL

RT

)
(2.2)

where n is moles of the adsorbate, nm is moles in the monolayer, P0 is the satura-

tion pressure, q1 is the heat of adsorption in the first layer, and qL is the heat of

liquefaction.

Nitrogen (Cryogenic Gases, pre-purified) gas was used with an ASAP 2010 Ph-

ysisorption Analyzer (Micromeritics Instrument) to obtain the adsorption isotherms.

0.05 to 0.1 g of the catalyst was placed in the sample tube along with an inner rod

and sealing cap. First, the tube was installed to the degassing compartment to re-

move adsorbed moisture or contaminants from the catalyst. The degassing process

was initially conducted at room temperature until the pressure indicator read below

5 mmHg, and the tube was then heated to 300 ◦C and held at that temperature for
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2 hours at below 5 mmHg. After cooling, the tube was installed into the analysis

compartment located above a liquid nitrogen dewar for N2 physisorption. Plotting

the left-hand side of Equation 2.1 versus P/P0 yields a linear region between the

relative pressures of 0.05 and 0.20. The number of adsorbed N2 atoms (nm) in the

monolayer was obtained from the slope and the intercept from Equation 2.1. Once

nm was calculated, we obtained the surface area of the substrate by multiplying nm

by the area covered by unit N2 atom [7].

2.3.2 X-ray diffraction analysis

X-ray diffraction (XRD) analysis was used to determine the crystal structure of

the electrocatalysts. The x-rays used in diffraction experiments are monochromatic.

A Miniflex X-ray diffractometer (Rigaku) was used with Kα radiation emitted

from Cu (λ=1.5418 Å) with a Ni filter. The filter was used to isolate the Kα line for

diffraction experiments because the Kα is the most intense. When crystals diffract x-

rays, the atoms or ions act as secondary point sources and scatter the x-rays. Bragg’s

law is often used as a simplified treatment to describe this diffraction by crystals:

nλ = 2d sinθB (2.3)

where n is an integer, λ is the wavelength of the x-ray, d is the d-spacing, and θB

is Bragg’s angle. The diffractometer scans a range of 2θ values at constant angular

velocity. The electrocatalyst (powder form) was analyzed for the 2θ range from

10◦ to 90◦, with a constant angular velocity of 4◦/min. A monochromatic x-ray

beam hit the powder as the detector recorded the diffraction pattern. The powder

sample, as opposed to a single crystal, consisted of randomly arranged crystals with

various lattice planes, and diffraction occurs at these crystals and planes. A diffraction

pattern includes the relative intensity at each d-spacing, which is unique to each
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material. The results are often used to identify unknown samples, or to confirm

lab-synthesized materials with the Powder Diffraction File (PDF). JADE Software

(Materials Data) which is capable of matching diffraction patterns in the International

Center for Diffraction Data, USA (ICDD) PDF database, was employed to analyze

diffraction patterns.

2.3.3 Scanning electron microscopy analysis

Scanning Electron Microscopy (SEM) was used to visualize the surface morphology

and to estimate the size of the electrocatalyst. SEM can be used to study structure

over a range of 10 nm to 100 µm. Electrons from the electron gun scan a small spot

(50 to 100 Å in a diameter) on a sample surface. Both x-rays and secondary electrons

are emitted. X-rays are used for chemical analysis such as energy-dispersive x-ray

spectroscopy (EDX) for mapping the distribution of the elements of interest. The

secondary electrons are used to construct an image of the sample surface displayed

on a screen.

A Philips XL 30 SEM (FEI Company) equipped with an energy-dispersive x-ray

spectrometer was used. The SEM and EDX were both controlled via computers for

setting electron beam strength or magnification. The catalyst powder was placed

onto copper tape for analysis.

This method was also used to characterize spent catalysts to examine any change

in morphology that occurred during the reaction.

2.3.4 Inductively coupled plasma elemental analysis

An inductively coupled plasma-optical emission spectrometer (ICP-OES) was used

to quantify the weight percentage of the loaded metal on the carbide support. Optical-

emission spectroscopy with high-temperature atomization sources (e.g., plasma) can

determine the concentration of about 70 elements. When a substance is excited by
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plasma or an electrical discharge, its elements emit light at specific wavelengths (Table

2.1). The light is dispersed by a grating or prism monochromator, and its spectral

lines are recorded in the computer [8].

Table 2.1: Sensitive lines of the selected elements [8].

Element Sensitivity1 Wavelength
[nm]

Pt U1 265.95
Pt U1 306.47
Pt U3 283.03
Pt U3 292.98
Nb U1 405.89
Nb U2 407.97
Nb U3 410.09
Nb U4 412.38
W U1 430.21
W U2 407.43
W U4 272.44
W U5 294.44

1 In the column headed Sensitivity, the most sensitive line is indicated by U1,

and other lines by U2, U3, and so on, in order of decreasing sensitivity.

The inductively coupled plasma (ICP) is formed by ionizing a flowing stream of

argon, producing argon ions and electrons. The movement of the electrons and argon

ions creates resistive heating, which leads to high temperatures in the plasma, pro-

viding better atomization and more highly populated excited states than are possible

using flame ionization. The ICP torch consists of three concentric quartz tubes, sur-

rounded at the top by a radio-frequency induction coil. The sample is mixed with a

stream of Ar using a spray chamber nebulizer, and is carried to the plasma through

the torch’s central tube. An alternating radio frequency current in the induction coils

creates a fluctuating magnetic field that induces the argon ions and electrons to move

in a circular path. The resulting collisions with the abundant non-ionized gas induce

high temperatures (6000 to 8000 K) at a height of 15 - 20 mm above the the coils,

where emission is usually measured [9].
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(1.3807 ! 10–23 J/K), and T is the temperature in kelvin. From equation 10.35
we can see that excited states with lower energies have larger populations and,
therefore, the most intense emission lines. Furthermore, emission intensity in-
creases with temperature.

10H.2 Equipment
Instrumentation for atomic emission spectroscopy is similar in design to that used
for atomic absorption. In fact, most flame atomic absorption spectrometers are eas-
ily adapted for use as flame atomic emission spectrometers by turning off the hol-
low cathode lamp and monitoring the difference between the intensity of radiation
emitted when aspirating the sample and that emitted when aspirating a blank. Many
atomic emission spectrometers, however, are dedicated instruments designed to
take advantage of features unique to atomic emission, including the use of plasmas,
arcs, sparks, and lasers, as atomization and excitation sources and have an enhanced
capability for multielemental analysis.

Atomization and Excitation Atomic emission requires a means for converting an
analyte in solid, liquid, or solution form to a free gaseous atom. The same source of
thermal energy usually serves as the excitation source. The most common methods
are flames and plasmas, both of which are useful for liquid or solution samples.
Solid samples may be analyzed by dissolving in solution and using a flame or
plasma atomizer.

Flame Sources Atomization and excitation in flame atomic emission is accom-
plished using the same nebulization and spray chamber assembly used in atomic
absorption (see Figure 10.38). The burner head consists of single or multiple slots
or a Meker-style burner. Older atomic emission instruments often used a total con-
sumption burner in which the sample is drawn through a capillary tube and in-
jected directly into the flame.

Plasma Sources A plasma consists of a hot, partially ionized gas, containing an
abundant concentration of cations and electrons that make the plasma a conductor.
The plasmas used in atomic emission are formed by ionizing a flowing stream of
argon, producing argon ions and electrons. The high temperatures in a plasma re-
sult from resistive heating that develops due to the movement of the electrons and
argon ions. Because plasmas operate at much higher temperatures than flames, they
provide better atomization and more highly populated excited states. Besides neu-
tral atoms, the higher temperatures of a plasma also produce ions of the analyte.

A schematic diagram of the inductively coupled plasma (ICP) torch is shown
in Figure 10.49. The ICP torch consists of three concentric quartz tubes, sur-
rounded at the top by a radio-frequency induction coil. The sample is mixed
with a stream of Ar using a spray chamber nebulizer similar to that used for
flame emission and is carried to the plasma through the torch’s central tube.
Plasma formation is initiated by a spark from a Tesla coil. An alternating radio-
frequency current in the induction coils creates a fluctuating magnetic field that
induces the argon ions and electrons to move in a circular path. The resulting
collisions with the abundant unionized gas give rise to resistive heating, provid-
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Figure 2.3: Schematic of ICP torch [9].

A 710-ES ICP-OES (Varian) was controlled with ICP Expert II software for auto

sampling and data acquisition. For sample preparation, 15 mg of a carbide-supported

catalyst was dissolved into 3 mL of aqua regia (HCl : HNO3 = 3 : 1, Fisher Scientific,

certified ACS Plus) overnight in a fume hood. Then 1 mL of the dissolved solution

was diluted with 13 mL of H2O in a plastic tube. This sample was replicated to

verify the accuracy of the measurement. Typically, four tubes for each catalyst were

prepared for one measurement. To determine the concentration, standard solutions

(Inorganic Ventures) with six known Pt concentrations were prepared, including one

blank (pure water) and five standards of varying concentrations.
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2.3.5 Electrochemical characterization using a solid-state cell

One of the novel methods employed in this work is the solid-state cell used for the

initial active-metal screening and characterization. This cell allows us to assess the

electrocatalyst’s activity and stability by evaluating its characteristics during cyclic

voltammetry (CV). This method is less time consuming than performing the actual

experiment in a PEM reactor, which makes a solid-state cell ideal for initial catalyst

screening.

Catalyst screening and characterization for electrochemical reaction has been tra-

ditionally conducted in a three-electrode glass compartment cell (Figure 2.4) filled

with a liquid electrolyte.
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µm, and 0.5 µm alumina paper (Agar Scientific).  

2.2.1.1 Liquid-Electrolyte Cell 

The electrolytic solutions used were 0.5 mol dm-3 sulphuric acid and 0.5 mol dm-3 

perchloric acid. All solutions were made up with 18 M cm deionised water (Millipore 

Elix 5 UV water purification system with < 10 ppb total organic content) and, unless 

otherwise stated, were deoxygenated prior to experiments with either research grade 

(99.9999%) argon or research grade (99.9999%) nitrogen. A diagram of the liquid-

electrolyte cell used is shown in figure 2.3. 

 

Reference Electrode 
(Hg/HgSO )4

Counter Electrode
(Pt Flag)

Argon/Nitrogen 
Gas Bubbler

Metal Wire 
Working Electrode

Glass frit Luggin capillary

PTFE lid

 

Figure 2.3 Diagram of the liquid-electrolyte cell. 

 

2.2.1.2 Solid-state Electrochemical Cell 

Both cationic and anionic solid polymer membranes were used in the solid-state cell. 

Membranes were supplied by Du Pont [2], ITM Power (ITM) [3], Cranfield University  

(RMCS) [4] and the University of Surrey [5]. The names of the membranes are:

Figure 2.4: Schematic of a three-electrode liquid-electrolyte cell [10].

For a liquid electrolyte such as 0.5M H2SO4, both anionic and cationic species are

typically present in the solution (e.g. H+, SO2–
4 ). On the other hand in a Nafion R©

membrane, cations (e.g. H+) are the majority of the mobile species. There is sulfonate

present but it is immobile. Recent research found that the reaction mechanism at the
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Nafion R© interface can be quite different from the one in the liquid electrolyte because

of the absence of mobile anions [11]. Therefore, a solid-state cell was introduced to

provide a more viable measurement.

Figure 2.5 shows the cross sectional view of a solid-state cell. This set-up can

determine active catalysts at the Nafion R© interface rather than in a liquid electrolyte.

Once promising catalysts are laid out, they can be further tested in a PEM reactor

for long-term performance.
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Figure 2.5: Schematic of a solid-state cell [11].

Similar to the measurement in a three-electrode cell, the solid-state cell is con-

nected to a potentiostat (Autolab PGSTAT320N, Metrohm AG) via three electrodes:

working electrode, reference, and counter. A gold microelectrode was used for the

working electrode. The catalyst was physically rubbed onto the microelectrode sur-

face prior to the experiments. A dynamic hydrogen electrode (DHE) was used for

the reference electrode (0.04 V vs. RHE), which was connected to the Nafion R© mem-

30



brane. Nafion R© membranes were treated prior to each experiment to remove any

adsorbed organics by boiling them in 3% H2O2 and 0.5 M H2SO4 using a procedure

described elsewhere [12]. At the other side of the gold microelectrode via Nafion R©

membrane, Pt plate with Pt wire was used as the counter electrode. Ultrapure wa-

ter or 0.1 M glycerol was supplied through the top channels for either hydrating the

membrane or testing glycerol oxidation activity. The glasswares (e.g. beakers) used

for this measurement were cleaned properly using 0.1 M KMnO4 and 0.2 M H2SO4

and then rinsed with 0.2 M H2O2 and 0.35 M H2SO4 to remove any contaminants

that may contribute to additional faradaic current.

CV was used as a measuring method to investigate the electrochemical stability

and activity of the electrocatalyst. CV has become a very popular technique for

initial electrochemical studies of new systems and has proven very useful for obtaining

information about fairly complicated electrode reactions. In a CV measurement,

potential is ramped linearly versus time then the ramp is reversed at a specific time, t

= λ (or at the switching potential, E = Eλ) as shown in Figure 2.6 [13]. The slope of

this potential sweep is called the scan rate (v), which can be varied depending on the

speed of the reaction of interest. For example, to examine a slow reaction, a slower

scan rate is selected.

6.1 Introduction -I 227

E(ort)0 t Et E°

(a) (b) (c)

Figure 6.1.2 (a) Linear potential sweep or ramp starting at EL (b) Resulting i-E curve,
(c) Concentration profiles of A and A1 for potentials beyond the peak.

A typical LSV response curve for the anthracene system considered in Section 5.1 is
shown in Figure 6.1.2Z?. If the scan is begun at a potential well positive of E0' for the re-
duction, only nonfaradaic currents flow for a while. When the electrode potential reaches
the vicinity of E° the reduction begins and current starts to flow. As the potential contin-
ues to grow more negative, the surface concentration of anthracene must drop; hence the
flux to the surface (and the current) increases. As the potential moves past E° , the surface
concentration drops nearly to zero, mass transfer of anthracene to the surface reaches a
maximum rate, and then it declines as the depletion effect sets in. The observation is
therefore a peaked current-potential curve like that depicted.

At this point, the concentration profiles near the electrode are like those shown in
Figure 6.1.2c. Let us consider what happens if we reverse the potential scan (see Figure
6.1.3). Suddenly the potential is sweeping in a positive direction, and in the electrode's
vicinity there is a large concentration of the oxidizable anion radical of anthracene. As the
potential approaches, then passes, E°', the electrochemical balance at the surface grows
more and more favorable toward the neutral anthracene species. Thus the anion radical
becomes reoxidized and an anodic current flows. This reversal current has a shape much
like that of the forward peak for essentially the same reasons.

This experiment, which is called cyclic voltammetry (CV), is a reversal technique and
is the potential-scan equivalent of double potential step chronoamperometry (Section 5.7).
Cyclic voltammetry has become a very popular technique for initial electrochemical stud-
ies of new systems and has proven very useful in obtaining information about fairly com-
plicated electrode reactions. These will be discussed in more detail in Chapter 12.

In the next sections, we describe the solution of the diffusion equations with the ap-
propriate boundary conditions for electrode reactions with heterogeneous rate constants
spanning a wide range, and we discuss the observed responses. An analytical approach
based on an integral equation is used here, because it has been widely applied to these
types of problems and shows directly how the current is affected by different experimen-

A + e -» Ae

(a) (b)

Figure 6.1.3 (a) Cyclic potential sweep, (b) Resulting cyclic voltammogram.Figure 2.6: Cyclic potential sweep with time [13].
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2.4 Evaluation in a proton-exchange-membrane reactor

A PEM reactor comprises different materials layered in a controlled manner. These

materials include a membrane electrode assembly (MEA), a core part of the reactor

where electrochemical reaction occurs. In addition, several other key pieces of equip-

ment are required to conduct glycerol oxidation in a PEM reactor. Such examples

include a humidifier, a liquid pump, and a power supply. This section gives a detailed

description of what types of materials were used, how the MEAs were fabricated, and

how the equipment was operated.

2.4.1 Fabrication of membrane electrode assemblies

MEAs were prepared by painting the catalyst ink onto the carbon cloth gas diffu-

sion layers (GDLs, carbon cloth-graphitized spun yarn carbon fabrics obtained from

Fuel Cell Store) with the desired weight loadings using a paintbrush. Catalyst ink

was prepared from each catalyst previously mentioned mixed with ultrapure water,

isopropanol, and Nafion R© perfluorinated resin solution (5 wt%, Sigma-Aldrich) for

both the anode and cathode. The perfluorinated resin solution functions as a binder

to bond the Nafion R© membrane to the GDLs. The target concentration for the per-

fluorinated resin solution in the catalyst ink was 20 wt.% with respect to the catalyst

weight. Catalyst ink was painted onto a GDL using a paint brush, then dried in an

oven at 110 ◦C for 1 hour to evaporate water and isopropanol. Catalyst loadings were

controlled by measuring the weight increase per unit area (e.g. 1 mg/cm2). Each

GDL has an area of 6.45 cm2. A Nafion R© membrane (N117 obtained from Ion Power)

was cut into 6 cm by 6 cm squares and then pretreated using the standard method

described previously and stored inside the ultrapure water until use. The Nafion R©

membrane was placed between the anode and cathode GDLs, and this assembly was

hot pressed together at 135 ◦C and 800 psi for 5 minutes. The resulting MEAs were

used to measure electrocatalytic activities and selectivities in the electrochemical re-
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actor. Some key components of MEAs are described as follows.

Nafion R© membrane

Nafion R© is the brand name for the DuPont membrane electrolyte, which is most

frequently used for PEM fuel cells. The Nafion R© membranes are made from a persul-

fonated polytetrafluoroethylene (PTFE)-based polymer that has very high chemical

and thermal stability. It has a similar structure to Teflon R©, but includes a sulfonic

acid group (SO–
3H

+) that provides sites for proton transport [14].

Figure 2.7: Chemical structure of Nafion R© [14].

The transport of the protons occurs through hydronium complexes (H3O
+) in

the presence of water. The proton conductivity in the Nafion R© membrane is highly

dependent on the water content (λ) and the nanostructure of the membrane. Many

studies have been done to correlate λ with conductivity and transport properties (e.g

electroosmotic drag) [14].

The proton transport mechanism in Nafion R© has been found to be divided into

two regions based on the water environment of the Nafion R©.

1. A surface diffusion mechanism at the pore wall where proton mobility is slow

due to the strong electrostatic attraction of SO–
3 groups.

2. A bulk diffusion mechanism in the central region of the pore where proton

mobility is fast. In bulk, proton diffusion occurs via the Grotthuss mechanism
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(also know as the proton-hopping mechanism), or traditional mass diffusion of

hydronium complexes [15].

The Nafion R© membrane has to be fully hydrated to have sufficient ionic conduc-

tivity equivalent to the liquid electrolyte. In our reactor set-up, a humidification

system was placed between the reactor and the cathode gas flow meter, supplying

well humidified N2 to the MEA.

Gas diffusion layer

The GDL is located between the painted catalyst layer and a graphite block. The

graphite block was fabricated with flow channels for dispersing materials. The GDLs

provide electrical contact between the electrode and the graphite block, and distribute

reactants to the electrodes. The GDL also helps to manage water by allowing in an

appropriate amount of water vapor to keep the membrane hydrated [14].

GDLs are made from porous and electrically conductive materials such as carbon.

Two types of GDLs were considered: carbon cloth and carbon paper. Carbon cloth

showed superior activity to a carbon paper, and it is much easier to handle due to its

flexibility during fabrication. Therefore, carbon cloth was used for the evaluations in

a PEM reactor.

2.4.2 PEM reactor description

The PEM reactor was assembled according to the method described in the lit-

erature [16] by placing the MEA between the Teflon R© gaskets, the graphite current

collectors, and the copper plates. Flow channels in the graphite current collectors are

shown in Figure 2.9. Unlike in a typical PEM fuel cell, the channels on the liquid

side (anode) are designed to be wider than those on the gas side (cathode) to ensure

smooth flow of liquid reactants. Teflon R© gaskets were used to provide good sealing

between the MEA and the graphite blocks. The assembly was tightened to a torque

34



of 7.3 N·m to prevent leaking.
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Figure 2.8: Exploded view of a PEM reactor: (a) copper plate, (b) graphite block

with flow channel, (c) silicone gasket, (d) MEA [16].

Figure 2.9: Schematic channel design of graphite current collectors (Left: Cathode,

Right: Anode).

The SPE reactor system consisted of seven major components (Figure 2.10): a DC

power supply (E3640A, Agilent), a heating mantle (100D EMS102 and Stir Control II,

Glas-Col), a liquid pump (FMI Q Pump Model QG400 Q1CKC Q485, Fluid Meter-

ing), a mass flow controller (Mass-flo R© controller, mks), the SPE reactor, a humidifier

(Gas humidification system, Fuel Cell Technologies), and a computer-controlled Fuel

Cell test system (890C Fuel Cell Test Loads, Scribner Associates).
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Figure 2.10: PEM reactor set-up.

The main functions of these components are as follows.

• DC power supply: Applies external potential to a PEM reactor to drive the oxi-

dation reaction. Can be used for evaluating either at constant current or constant

potential.

• Heating mantle: Holds a flask containing aqueous glycerol and keeps the solution at

a set temperature. Connected with stir controller to keep the solution mixed through-

out the reaction.

• Liquid pump: Pumps the glycerol solution with a constant flow rate. Flow rate

can be adjusted by setting the dial indicator on the side to the pump, which was

calibrated prior to the experiments.

• SPE reactor: Assembled from copper plates, graphite blocks, silicone gaskets, and

MEA (Figure 2.8).
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• Mass flow controller: Controls the flow rate going into a PEM reactor.

• Humidifier: Flow-controlled gas goes through the humidifier and is saturated with

vapor before going into a PEM reactor. It keeps a Nafion membrane hydrated prior

to and during the reaction.

• Fuel cell test system: PC-controlled Fuel Cell test system that can control tem-

perature and gas flow rate of the system. FuelCell R© software (Scribner Associates,

version 4.1) was used to control the temperature for the reactor and gas, and the flow

rate of the gas. This software is also capable of monitoring potential deviation.

2.4.3 Operating conditions

Prior to the performance evaluation, the humidified N2 gas (Cryogenic Gases, pre-

purified) at 50 ◦C was supplied to a PEM reactor with a flow rate of 50mL/min for

24 hours. Then the oxidation process was carried out at 50 ◦C, at constant potential,

and at constant N2 and aqueous glycerol flow rates of 100 ml/min unless otherwise

stated. Partial oxidation of glycerol is exothermic, but the reactor was heated at 50

◦C to maintain a reasonable reaction rate in order to make up for the relatively low

conversion at lower temperatures.

During the hydration and oxidation process, the PEM reactor was kept at 50 ◦C

with a temperature controller system. Aqueous glycerol was continuously stirred and

held at 50 ◦C using a heating mantle.
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Table 2.2: Standard operating conditions of glycerol oxidation in an SPE reactor.

Flow rate Anode: Aqueous glycerol 100 ml/min 
Cathode: N2 100 ml/min 

Glycerol 
concentration 2.7M 

Temperature 50 oC (glycerol, N2 gas, reactor) 
N2 Pressure 10 psi 

Catalyst Anode: 20% Pt/C, 20% Pt-10% Ru/C, Pt black (1 mg-Pt/cm2) 
Cathode: 20% Pt/C (1 mg-Pt/cm2) 

Potential 0.4 - 1.5 V vs. RHE 

2.5 Product analysis

A gas chromatograph (GC) was used to determine the composition of different

species. During each experiment in a PEM reactor, the aqueous solution with a

known glycerol concentration was circulated the whole time and product samples

were taken at certain time points to evaluate the kinetic performance. The resulting

liquid samples were analyzed using a GC equipped with a flame ionization detector

(FID) and a mass spectrometer (MS) for liquid products. For detecting gas-phase

products, a GC is directly connected to the outlet of the PEM reactor and analyzed

with a thermal conductivity detector (TCD).

2.5.1 Analysis of liquid products

A GC-FID (GC-450, Varian) and a MS (MS-220, Varian) was used, equipped with

a CP-WAX column (CP-7615, Varian), which is capable of separating small alcohols

(e.g. ethylene glycol, glycerol) and their derivatives after adequate preparation. The

column was chosen based on the products analyzed since column materials are not

able to tolerate all compounds. The column was connected to each detector via a
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4-way valve (manually switchable), which allowed us to use one detector at a time

without reinstalling the column. Helium (Cryogenic Gases, pre-purified) was used as

the carrier gas. The product samples were diluted with ethanol (99.5+%, ACS-grade,

Acros Organics) to 1 vol.% of aqueous glycerol prior to the GC injection. Ethanol was

chosen due to its high solubility in the products, which helped insure the homogeneous

evaporation of the aqueous samples.

Star Chromatography Workstation (Varian) was used to assign each peak to each

compound, based on retention times. MS Workstation (Varian) was used for deter-

mining unknown products from the mass spectrum database. The product compo-

sition can be estimated by integrating the area within the expected retention time.

Each integration area was divided by the total integration area after including the

response factor for each compound to calculate the product yields for further analysis.

2.5.2 Analysis of gas products

The reaction also produced gas products, which needed to be evaluated in real

time. As shown in Figure 2.10, a GC-TCD (8610 GC, SRI Instruments) was directly

connected to the gas effluent, which measured the gas concentration every 30 minutes.

Argon (Cryogenic Gases, pre-purified) was used as a carrier gas. A SUPELCO 60/80

Carboxen-1000 column (#12390-U, Length: 15 ft, Width: 1/8 in., Inner diameter: 2.1

mm) was used for separating gases. Prior to the evaluations, calibration of possible

gases (H2, N2, O2, CO, CO2) was carried out with certified-grade calibration gases

obtained from Cryogenic Gases. Upon injection of gas samples, the oven temperature

was held at 70 ◦C for 5 minutes, then ramped up to 220 ◦C with a heating rate of 20

◦C/min and held for 12.5 min.

PeakSimple Chromatography Software (SRI Instruments) was used to assign each

peak to each compound, based on retention times. The concentration of each gas was

determined based on the calibration results obtained earlier. The average concentra-
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tion is used for the comparison in later chapters.

2.6 Post-reaction characterization

2.6.1 Deactivation mechanism

Current is the direct measure of the reaction rate for the electrochemical system.

It typically shows exponential decay over time for various reasons. One of the ma-

jor reasons is the deactivation of catalysts. The data (rate vs. time) can be fitted

to the deactivation model to determine the catalyst deactivation mechanism. This

data fitting has been used by Voorhies et al. to determine the catalyst deactivation

mechanism for some reactions [17, 18].

−da
dt

= kda(t)m (2.4)

a(t) =
It
It=0

(2.5)

a = 1− kdt Linear (2.6)

a = e−kdt Exponential (2.7)

a =
1

1 + kdt
Hyperbolic (2.8)

a = A0t
−kd Reciprocal power (2.9)

The R2 value is typically used to elucidate the deactivation mechanisms occur-

ring on catalyst surfaces. Typically each model has the corresponding deactivation

mechanism as shown in Table 2.3.
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Table 2.3: Deactivation models and the corresponding deactivation mechanisms [17].

Type Mechanism Details

Linear Surface oxidation Formation of metal oxide on cat-

alyst surface

Exponential Poisoning Irreversible adsorption of poison-

ing species such as CO

Hyperbolic Sintering Pt particle sintering and carbon

support corrosion

Reciprocal power Carbon deposition Site blocking by carbonaceous

species

This data fitting gives us some insight regarding deactivation mechanisms, and is

a useful tool when combined with other experimental techniques that are described

in the following sections.

2.6.2 Thermogravimetric analysis

The amount of deposition on the post-reaction catalysts was examined using ther-

mogravimetric analysis (TGA). TGA measures the weight change in a material as a

function of temperature or time under a controlled atmosphere inside the furnace to

investigate the material’s thermal stability or composition. This method was previ-

ously used by Chen et al. to study types of carbon deposition on spent catalysts

[19].

This analysis was done using a Q50 Thermogravimetric Analyzer (TA Instru-

ments) with a constant gas flow rate (15 mL/min) of O2 (Cryogenic Gases, extra-

dry). After taring the empty platinum pan, the spent catalyst was scraped from the

post reaction MEA and placed on the pan for analysis. The Q50 features a vertical
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beam balance design (sample capacity: 1000 mg) that supports precise TGA (bal-

ance sensitivity: 0.1 µg) measurements. A purge gas system with a digital mass flow

controller provides precise metering of purge gas to the sample and reference pans.

There is an inlet tube that delivers reactive or inert gas to the sample in the fur-

nace, and another tube that vents reacted or inert gas to the fume hood. The Q50

also includes AdvantageTM software for automatic experimental control, including

customizing temperature programs, and Universal Analysis 2000 software for com-

prehensive data analysis.

2.6.3 Electrochemical surface area measurement

Electrochemical surface area (ECSA) loss is typically linked to the loss of activity

for long-term operation of fuel cell catalysts [20]. ECSA was measured in a PEM

reactor directly connected to a potentiostat using the CV method with the following

procedure.

The SPE reactor was assembled according to the standard procedure described

earlier. As indicated in Figure 2.11, the hydration gas (N2) was supplied to both the

anode and cathode channels for 48 hours to purge the system.
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Figure 2.11: PEM reactor set-up for ECSA measurement.
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After the hydration, the gas going into the cathode was switched to 200 mL/min

of H2. The N2 gas flow to the anode was reduced to 20 mL/min, as the flow rate

of N2 at the working electrode can significantly influence the shape of the adsorp-

tion/desorption curve. With an increasing N2 purge rate, H2 is more readily swept

from the electrode surface, decreasing the partial pressure of H2 at the electrode [21].

CV measurement was then conducted to take the scans before exposing the MEAs to

the reaction conditions.

After glycerol oxidation at constant potential, the PEM reactor was disassembled

to clean all the components, including copper plates, graphite blocks, and silicone

gaskets. The MEA was immersed in the clean ultrapure water and rinsed throughly.

Then the reactor was reassembled to take CV scans for the spent MEA using the

same gas setting with H2 to the cathode (200 mL/min) and N2 to the anode (20

mL/min).

For platinum, an experimental value of QH,ads was estimated by calculating the

total charge under the hydrogen adsorption/desorption curve (Qtotal) and the charge

due to the double layer (Qdl):

QH,ads =
QH,ads −Qdl

2
(2.10)

43



CHAPTER 2  

 

50 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-100

-80

-60

-40

-20

0

20

40

60

80

Q
H,des

Q
dl

Q
H,ads

 

i/µ
A

E /V  vs R H E  

Figure 2.2 Cyclic voltammogram for a H1-Pt modified 0.5 µm electrode in 0.5 mol dm-3 

H2SO4 at a scan rate of 10  mV s-1 and at room temperature.  

 

For platinum, an experimental value of QH,ads can be determined by integration of the 

voltammogram and is more precisely estimated by calculating the total charge under the 

hydrogen adsorption/desorption curve, Qtotal, and the charge due to the double layer and 

substituting into the following equation: 

 

 
2,

dltotal
adsH

QQ
Q

−=   Eq.2.1 

 

The electrochemical surface area can then be calculated by dividing the hydrogen 

adsorption charge by the charge associated with one monolayer of hydrogen, which, for 

platinum, has been shown to be QO,H = 2.1 C m-2 [1]: 
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,
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The roughness factor, , may be determined from the geometric surface area, Ageo, and 

the real electrochemical surface area: 

Figure 2.12: Cyclic voltammogram for Pt electrode in 0.5M H2SO4 at a scan rate of

10 mV/s and at room temperature [10].

The ECSA of Pt was then calculated using the following equation, assuming one

hydrogen atom observed to one platinum atom [22].

ECSAPt =
QH,ads

210 µC · cm−2
Pt · LcaAg

105 (2.11)

where Lca is the cathode loading of the MEA [mg-Pt/cm2] and Ag is the geometric

area of the electrode [cm2].
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CHAPTER III

Electrocatalyst screening and characterization

3.1 Introduction

Various electrocatalysts have been evaluated for glycerol oxidation in a PEM fuel

cell. Due to the operating conditions of a PEM fuel cell, there are several key re-

quirements that electrocatalysts have to meet. First, they must be stable in contact

with a Nafion R© membrane, which is highly acidic when hydrated. Second, catalysts

should be able to adsorb and desorb glycerol molecules easily. Third, it is advanta-

geous to have poison-resistance to maintain activity over long-term operation. Finally,

electrocatalysts should be able to target specific bonds (e.g. C−C bond) to increase

selectivity towards desired reactions (e.g. complete oxidation to CO2).

In this chapter, the primary noble metal was first selected from several candi-

dates based on the ability to react with glycerol. Then the primary noble metal and

its alloy were supported on high-surface-area materials and characterized using N2

physisorption, XRD, SEM-EDX, and ICP-OES. Electrochemical activity for glycerol

oxidation was also evaluated, which is the primary result of interest. Transiton-

metal-carbide-supported catalysts were synthesized and tested for stability because

stability information for glycerol oxidation in PEM reactors is not readily available

in the literature. Due to the simplicity of cell design and sample preparation pos-

sible with solid-state cells, a solid-state cell but no PEM reactor was used for these
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electrochemical evaluations in order to save time.

3.2 Experimental

3.2.1 Synthesis of electrocatalysts

Noble metals (Pt black (Alfa Aesar), Ir black (Sigma-Aldrich), Rh black (Alfa

Aesar)), and carbon-supported noble metals (20wt% Pt/C (Alfa Aesar), 20wt%

Pt-10wt% Ru/C (Alfa Aesar)), were used as received. All carbide-supported Pt

catalysts were synthesized from oxide precursors followed by wet impregnation of

H2PtCl6 · 6 H2O using the standard procedure described in Section 2.2. Nb and W

were chosen from among other transition metals (e.g. Mo) based on their stability

in aqueous acid environments established by Pourbaix [1]. It has been observed that

the stability of carbides in contact with Nafion R© membranes is quite similar to that

predicted by the Pourbaix diagram at pH 0.3 [2].

3.2.2 Physical characterization of electrocatalysts

The N2 physisorption method was used to measure the physical surface area of

electrocatalysts. Nitrogen gas was used with an ASAP 2010 Physisorption Analyzer

(Micromeritics Instrument) to obtain the adsorption isotherms.

XRD analysis was used to determine the crystal structures of electrocatalysts. A

Miniflex X-ray diffractometer (Rigaku) was used with Cu Kα radiation (λ=1.5418 Å),

and a Ni filter. JADE Software (Materials Data, Inc.), which is capable of matching

diffraction patterns in the ICDD-PDF database, was employed together with XRD

analysis.

An ICP-OES was used to quantify the weight percent of the loaded metal on the

carbide support. A 710-ES ICP-OES (Varian) was controlled with ICP Expert II

software for auto sampling and data acquisition. Since W2C cannot be completely
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dissolved into aqua regia (HCl : HNO3 = 3 : 1 by volume), the leftover metal load-

ing solution from the incipient wetness impregnation was used to prepare analyzing

solutions for the ICP-OES to calculate the concentration.

3.2.3 Electrochemical stability and activity measurement using a solid-

state cell

Electrochemical stability and activity measurements were performed in a solid-

state cell (Figure 3.1).

Figure 3.1: Image of a solid-state cell.
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Figure 3.2: Schematic of a solid-state cell [3].

CV was implemented with an Autolab PGSTAT302N potentiostat (Metrohm AG)

controlled by GPES software (Metrohm AG). A pretreated Nafion R© membrane was

installed and hydrated with ultrapure water for 1 hour using the liquid pump prior

to the experiments. After taking blank CV scans with a gold microelectrode, a

catalyst was physically rubbed on to the gold microelectrode surface to ensure good

adhesion. A platinum flag with a platinum wire was used as the counter electrode.

A DHE was used as the reference electrode. For stability measurement, ultrapure

water was supplied from the top channels throughout the experiments. For activity

measurements, either ultrapure water or 0.1 M glycerol was supplied. The flow rates

for water and glycerol were 10 mL/min.
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3.3 Results and discussion

3.3.1 Screening of active metal

Activity toward glycerol oxidation was evaluated for three noble metal catalysts

(Pt, It, and Rh) using the solid-state cell. All these catalysts are unsupported and

used as black. These three materials were chosen because they are stable in acid [1]

and used as catalysts for oxidation of alcohols [4].

Figure 3.3 to 3.5 compare the CV scans for Pt, Ir and Rh in the solid-state cell

and the CV scans for these catalysts in an acidic liquid electrolyte reported in the

literature [5, 6]. Because of the main difference of electrolyte being solid or liquid

states, some peak shapes are different, but we can find some common features in

redox couples, which confirms that the Nafion R© membrane was fully hydrated and

the experiment with the solid-state cell was working properly.

In these CV scans, a peak is an indication of surface interaction or reaction between

some species and an electrode (catalyst). For example, for Pt, oxygen is adsorbed at

1.0 V vs. RHE in the forward scan (Oad), desorbed at 0.8 V vs. RHE in the reverse

scan (Odes), and hydrogen gets adsorbed below 0.3 V vs. RHE (Had), and then

desorbed in the forward scan (Hdes). These peaks related to hydrogen and oxygen

adsorption/desorption were also observed for Ir and Rh. If these peak locations for

the forward and reverse scans are close to each other, the process is referred to as

reversible. When these peaks are located at almost exactly same potential, typically

the process is adsorption and desorption.
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Figure 3.3: Cyclic voltammogram for Pt black in a solid-state cell and in an acidic

electrolyte [5].
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Figure 3.4: Cyclic voltammogram for Ir black in a solid-state cell and in an acidic

electrolyte [6].
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Figure 3.5: Cyclic voltammogram for Rh black in a solid-state cell and in an acidic

electrolyte [5].

Figure 3.6 shows the CV scans for Pt with ultrapure water (in blue) and 0.1 M

glycerol (in red). The glycerol concentration of 0.1 M was chosen to be able to

compare our results with those reported in the literature. Any change in redox peaks

is related to addition of glycerol. Pt showed two distinctive oxidation peaks at 0.8 V

vs. RHE in the forward scan and 0.6 V vs. RHE in the reverse scan, which were not

seen for the cyclic voltammograms in ultrapure water. It also exhibited suppression
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of the hydrogen adsorption and desorption areas located between 0 V and 0.4 V vs.

RHE.
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Figure 3.6: Cyclic voltammogram for Pt black with ultrapure water or 0.1 M glycerol.

These oxidation current peaks have been observed frequently in the literature for

small alcohol oxidations. The peak locations reported for the forward and reverse

scans were consistent with our results, indicating Pt was active for oxidizing glycerol

at an interface with Nafion R©. For all these results shown in Figure 3.6 to 3.8, there

is oxidation of glycerol in the forward scan at around 0.8 V vs. RHE, but in the

reverse scan, there is a secondary oxidation peak instead of a reduction peak. This

secondary oxidation peak is associated with oxidation of incompletely oxidized car-

bonaceous residues as a result of oxidation of glycerol in the forward scan [7–9]. Gomes

and co-workers performed an in-situ FTIR experiment in a three-electrode spectro-

electrochemical cell to characterize these intermediates, and confirmed the formation

of carboxylic acids, ketones and aldehydes [7]. The suppression of H2 adsorption and

desorption suggested that certain sites were occupied by strongly-adsorbed interme-

55



diates, reducing the number of sites available for H2.

band at 2,340 cm−1 that appears at 1.2 V. This band has been
widely reported in the literature and is assigned to the O–C–O
asymmetric stretching mode of CO2 molecule [18]. The onset
potential of the CO2 formation corresponds to the onset
potential of the gold oxides formation (see cyclic voltammo-
gram presented in Fig. 1a). Therefore, the presence of
oxygenated species on the gold surface promotes the CO2

formation. Furthermore, since we did not observe a detectable
signal corresponding to adsorbed CO species (between 1,870
and 2,050 cm−1), the pathway leading to the formation of CO2

possibly does not involve the formation of adsorbed CO as a
reaction intermediate. Previously, Jeffery and Camara [18]
reported that CO is not formed on gold surfaces in alkaline
medium and they suggest that the formation of CO2 can result
from either the oxidation of the intact glycerol molecule or the
oxidation of formate radicals. The assignment of the other
bands presented in Fig. 2 will be discussed later.

Figure 3a shows the cyclic voltammograms of polycrys-
talline Au in acidic medium in the absence and in the
presence of glycerol. It can be seen that, in acidic medium,

the voltammetric profile of Au in the presence of glycerol is
very close to that of Au in glycerol-free solution. This
indicates that the catalytic activity of gold towards the
glycerol electro-oxidation in acidic medium is very low.
Figure 3b presents a set of FTIR spectra for the electro-
oxidation of glycerol on Au in acidic medium. Concerning
the occurrence of the FTIR bands and the variation of their
intensity as function of the increasing applied potential, we
observe the same tendency as that observed in the FTIR
spectra related to the glycerol oxidation on gold in alkaline
medium. In the wavenumber region ranging between 800
and 2,000 cm−1, the spectra taken at 1.6 and 1.7 V clearly
show FTIR bands at 900, 970, 1,030, 1,050, 1,100, 1,130,
1,207, and 1,730 cm−1. In the wavenumber range from
2,300 to 2,400 cm−1, there is a pronounced band at
2,345 cm−1. In general, the FTIR bands in acid medium
are relatively less intense than those observed for glycerol
oxidation on Au in alkaline medium.

The cyclic voltammograms of the polycrystalline Pt in
alkaline medium in the absence and in the presence of

Fig. 5 Cyclic voltammograms of a polished polycrystalline platinum
electrode in 0.1 mol L−1 H2SO4 (a) and 0.1 mol L−1 glycerol+
0.1 mol L−1 H2SO4 (b); scan rate 0.050 V s−1. c In situ FTIR spectra
(P polarization) of the 0.1 mol L−1 glycerol+0.1 mol L−1 H2SO4/Pt

interface as a function of the applied potential. Spectra were computed
from the average of 128 interferograms. The corresponding potentials
are indicated in the FTIR spectra. The spectra are offset along the y-
axis for clarity

Electrocatal (2011) 2:96–105 101

Figure 3.7: Cyclic voltammogram of a polished polycrystalline Pt electrode in 0.1 M

glycerol + 0.1 M H2SO4, scan rate: 50 mV/s. [7]
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Figure 3.8: Cyclic voltammograms of a Pt electrode in 0.1 M alcohols + 1 M H2SO4,

scan rate: 100 mV/s, temperature: 20◦C. [8]
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Regarding Figure 3.8, it is also worth discussing that there seem to be some

similarities in the reaction mechanisms among these small alcohols, including rate-

determining steps or other key steps such as adsorption or surface reaction. Figure 3.9

shows the mechanism of methanol oxidation on Pt, which is the most well-studied

among alcohols. Methanol is first adsorbed on a Pt surface, and hydrogens dissociate

from the C−H bond, followed by oxidation with surface hydroxyls to CO2.

Pt Pt Pt Pt Pt Pt Pt 

OH H H H 
CO2 

2e- 

2H+ 

3e- 

3H+ 

H 

Figure 3.9: A reaction scheme describing the probable methanol electrooxidation pro-

cess within a direct methanol fuel cell (DMFC) anode. [10]

Figures 3.10 and 3.11 show the CV scans for Ir and Rh with ultrapure water and

0.1 M glycerol respectively. There were slight variations for the measured current

in certain potential regions but they mostly maintained a similar shape, with some

enhancement in oxidation peaks. For Ir, there seem to be redox peaks at 0.8 V and 1.0

V vs. RHE, possibly due to adsorption of oxygen on the Ir surface or slow oxidation

of glycerol. Rh also showed possible adsorption of oxygen on the Rh surface at 0.8

V vs. RHE. However, it is clear that neither Ir nor Rh have distinctive peaks for

glycerol oxidation, indicating either that glycerol was not adsorbed, or the reaction

was too slow to be detected with this scan rate (10 mV/s) on these catalysts. Even if

the glycerol oxidation peak was confirmed using a slower scan rate such as 100 µV/s,

the slow kinetics of Ir and Rh would not be suitable to obtain meaningful information

about the reaction.
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Figure 3.10: Cyclic voltammogram for Ir black with ultrapure water or 0.1 M glycerol.
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Figure 3.11: Cyclic voltammogram for Rh black with ultrapure water or 0.1 M glyc-

erol.

Therefore, Pt was chosen as a primary metal. In addition to Pt black, we will

58



investigate Pt supported on carbon or transition-metal carbide because it is not eco-

nomical when Pt is used as black, and because it is possible to expect some synergetic

effect between Pt and those supports with respect to activity and selectivity, which

can lead us to a reduction of Pt usage [11, 12].

3.3.2 Physical characterization of electrocatalysts

Four Pt-based catalysts were characterized before evaluation in the solid-state

cell. The purpose of physical characterization was to validate the completeness of

material synthesis with respect to targeted surface areas, targeted Pt loadings, crystal

structure, and degree of carbonization from metal oxide precursors.

Physical surface areas and actual Pt loadings, if applicable, are listed for the

evaluated electrocatalysts in Table 3.1. Surface area for the 5wt% Pt/NbC and 5wt%

Pt/W2C were an order of magnitude lower than those for the 20wt% Pt/C or 20wt%

Pt-10wt% Ru/C. Both 5wt% Pt/NbC and 5wt% Pt/W2C catalysts have closely met

the nominal Pt loading based on the ICP-OES elemental analysis. Platinum loadings

for the 5wt% Pt/NbC catalysts were equivalent to approximately four monolayers,

and 5wt% Pt/W2C to two monolayers, assuming a site density of 1019 sites/m2. For

convenience, all four catalysts will be denoted without weight percent (e.g. Pt-Ru/C

for 20wt% Pt-10wt% Ru/C) for the rest of this dissertation.

Table 3.1: BET surface areas and metal loadings determined by ICP.

Material Nominal Pt loading 
[wt%] 

Actual Pt loading1 
[wt%] 

Surface area2 
[m2/g] 

20% Pt/C 20 19.0 ± 1.7 190 

20wt% Pt-10% Ru/C 20 - 140 

5wt% Pt/NbC 5 4.4 ± 0.1 3.8 

5wt% Pt/W2C 5 5.0 ± 0.1 6.9 
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The diffraction patterns for the Pt/NbC and Pt/W2C catalysts are shown in

Figure 3.12, together with peak positions for polycrystalline reference materials. The

results indicate that both Pt/NbC and Pt/W2C were successfully carburized from

oxide precursors as there were no peaks associated with their oxides. There were

also no sharp Pt peaks in the diffraction patterns, suggesting that the Pt was finely

dispersed on the carbide supports.
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Figure 3.12: X-ray diffraction patterns for the (a) Pt/NbC and (b) Pt/W2C, and

peak positions for polycrystalline (c) NbC [13], (d) W2C [14], and (e) Pt

[15] reference materials.

3.3.3 Electrochemical stability of transition-metal-carbide-supported Pt

at a Nafion R© interface

The electrochemical stability window for synthesized Pt/NbC and Pt/W2C was

determined using a solid-state cell. First, a window expansion experiment was con-
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ducted to experimentally determine the onset potential of material oxidation. After

the window was chosen, the catalysts were cycled for up to 100 scans with a scan rate

of 200 mV/s.

Figure 3.13 compares scan #10, #50, and #100 for (a) Pt/NbC and (b) Pt/W2C.

Pt/NbC seems stable up to 0.5 V vs. RHE, as there was no change in the voltammo-

grams throughout the scans, but instability began to be seen above 0.6 V vs. RHE.

However, Figure 3.6 showed that glycerol oxidation should preferably be operated at

more than 0.8 V vs. RHE in order to have a reasonable rate. Therefore, Pt/NbC

may not be suitable for this particular reaction.

It was reported previously that W2C is only stable up to 0.4 V v.s. NHE (normal

hydrogen electrode) in an acidic environment [16]. The same conclusion applies to

Pt/W2C, that this catalyst cannot be a choice for glycerol oxidation since it is unstable

at more than 0.8 V vs. RHE where glycerol oxidation occurs on Pt. For Pt/W2C, an

increase in both oxidation and reduction current was observed around the hydrogen

adsorption/desorption region (0−0.4 V vs. RHE), which could attribute to redox

reaction of WxOy species [16]. Weigert et al. reported a superior electrochemical

stability for Pt/WC (tungsten monocarbide) in acid, which was improved to 1.0 V

vs. NHE [17]. In this sense, Pt/WC could be considered as a future candidate for

the electrocatalyst used for glycerol oxidation.
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Figure 3.13: Cyclic voltammogram for (a) Pt/NbC cycled up to 0.5 V vs. RHE, (b)

Pt/NbC cycled up to 0.6 V vs. RHE, and (c) Pt/W2C at a Nafion R©

interface.
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3.3.4 Activity of supported catalysts at a Nafion R© interface

Based on catalyst screening and stability assessment of transition-metal-carbide

supported catalysts, two other Pt-based catalysts were evaluated for glycerol oxida-

tion in a solid-state cell. The first catalyst, Pt/C, is a benchmark catalyst widely used

for PEM fuel cells. The second is the Pt-Ru alloy supported on carbon, which has

shown to be poison resistant to CO [18], and very active for methanol electrooxidation

[19].

Figure 3.14 shows the CV scans for Pt/C with ultrapure water and 0.1 M glycerol.

The CV scans are similar to that for Pt black (Figure 3.6). Evidently, the Pt/C cata-

lyst was active for glycerol oxidation, as two oxidation current peaks were confirmed

in the forward and the reverse scans.
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Figure 3.14: Cyclic voltammogram for 20wt%Pt/C with ultrapure water or 0.1 M

glycerol.

Similar to Pt black, there was a secondary oxidation peak instead of a reduction

peak in the reverse scan. The oxidized intermediates were strongly bonded on the

catalyst surface for further oxidation rather than being desorbed or reduced, sug-
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gesting the reduction or desorption of those intermediates are thermodynamically

unfavorable on Pt as compared to the secondary oxidation.

Figure 3.15 shows the CV scans for Pt-Ru/C with ultrapure water and 0.1 M

glycerol. Though anodic currents were observed at around 0.8 V vs. RHE in the

forward scan, the peak shape and onset potential were quite different from those for

Pt black (Figure 3.6) or Pt/C (Figure 3.14). The peak onset was located much lower,

at 0.4 V vs. RHE for the forward scan, which made the peak shape much broader.

Unlike Pt black or Pt/C, there was no oxidation peak observed in the reverse scan,

suggesting the oxidized species in the forward scan were either reduced or desorbed

in the reverse scan. The oxidation of glycerol and desorption of products on Pt-

Ru/C proceed in a reversible process as opposed to the irreversible one for that on Pt

black or Pt/C. These results indicate that the reaction on the Pt and Pt-Ru surface

involves different intermediates and follows different reaction mechanisms, which will

be explored further in the next section.
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Figure 3.15: Cyclic voltammogram for 20wt%Pt-10wt%Ru/C with ultrapure water

or 0.1 M glycerol.
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3.4 Conclusions

The result showed that transition-metal-carbide-supported Pt catalysts were suc-

cessfully synthesized by meeting the targeted physical properties. Based on the cata-

lyst screening, Pt was chosen as a primary metal to investigate further by supporting

and alloying it with other metals. Although transition-metal-carbide-supported Pt

catalysts showed some stability in a solid-state cell, their stability window was much

smaller, and thus their activity may be quite small to negligible for glycerol oxidation.

Therefore, Pt/C and Pt-Ru/C were chosen to further investigate in a PEM reactor

in the following chapters in terms of activity, selectivity, reaction mechanism and

catalyst deactivation.
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CHAPTER IV

Electrocatalyst performance in a PEM reactor

4.1 Introduction

Recently, the use of a semi-batch electrochemical reactor with a solid-polymer

electrolyte (SPE) has been reported for selective oxidation of glycerol due to some

advantages described earlier. This chapter explores a highly-selective process for

glycerol partial oxidation, and investigates the reaction mechanisms in a PEM reactor

using carbon-supported Pt-based catalysts (Pt black, Pt/C, and Pt-Ru/C) previously

selected in Chapter 3.

4.2 Experimental

4.2.1 Membrane electrode assembly fabrication

Noble metals (20 wt%Pt/C, 20 wt%Pt-10 wt%Ru/C (Alfa Aesar), Pt black (Alfa

Aesar), and Ru-black (Sigma-Aldrich)), were used as received.

MEAs were prepared by painting the catalyst slurry onto the carbon cloth GDLs

with the desired weight loadings using a paintbrush. Catalyst slurry was prepared

by mixing catalyst powder with ultrapure water, isopropanol, and Nafion R© perfluo-

rinated resin solution (5 wt%, Sigma-Aldrich) for both the anode and cathode. The

target concentration for the perfluorinated resin solution in the catalyst ink was 20
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wt% with respect to the catalyst weight. Catalyst loadings were controlled by mea-

suring the weight increase per unit area (e.g. 1 mg-Pt/cm2). After loading the desired

amount of catalyst on the GDLs, they were dried in an oven at 110 ◦C for 1 hour

to remove adsorbed water and isopropanol. Each GDL has an area of 6.45 cm2. A

Nafion R© membrane (N117 obtained from Ion Power, Inc.) was pretreated using the

method described previously in Section 2.3.5 and stored inside the water until use.

After the GDLs were dried, the Nafion R© membrane was sandwiched between the

anode and cathode GDLs, and these three layers were hot pressed together at 135

◦C with a pressure of 56 kg/cm2 for 5 minutes. The resulting MEAs were used to

measure electrocatalytic activities and selectivities in a PEM reactor.

4.2.2 Rate and selectivity measurement in a PEM reactor

The SPE reactor was assembled according to the method described in Section 2.4.2

by placing the MEA between the Teflon R© gaskets, the graphite blocks, and the copper

plates. The humidified N2 gas was supplied to the reactor for 24 hours to fully hydrate

the MEA prior to the MEA performance evaluation to ensure good proton conduction

in the Nafion R©. The evaluations were carried out using the standard conditions listed

in Table 2.2 unless otherwise stated.

4.2.3 Product analysis of glycerol oxidation

The resulting liquid products were analyzed using a GC equipped with FID and

MS. A Varian GC-450 and MS-220 was used, along with a Varian CP-WAX column.

Liquid samples were taken periodically throughout each run for up to 24 hours. The

samples were characterized by diluting them with ethanol (99.5+%, ACS-grade, Acros

Organics) to make 1 vol% and injected into the column with a syringe. The column

was first heated at 40 ◦C and held at that temperature for 5 minutes and then ramped

up with a heating rate of 10 ◦C/min and held at 220 ◦C for 10 minutes.
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The gas products were analyzed using a GC-TCD (8610 GC, SRI Instruments).

The GC was directly connected to either anode or cathode gas effluent. The gas

concentration was measured every 30 minutes during the reaction. A SUPELCO

60/80 Carboxen-1000 column was used for separating gases. Argon was used as a

carrier gas. The condenser was placed before entering the GC to remove the moisture

in the exit stream. After injection of gas samples, the column was held at 70 ◦C for

5 minutes and then ramped up with a heating rate of 20 ◦C/min and held at 220 ◦C

for 12.5 minutes.

4.3 Results and discussion

4.3.1 Rate of glycerol oxidation

4.3.1.1 Reaction order of glycerol oxidation

The reaction order was experimentally determined by evaluating activities for each

electrocatalyst under constant potential at various applied potentials. As shown in

Figure 4.1, the plot for the relative glycerol concentration vs. time produced a straight

line for the evaluated potential range (0.4 V to 1.5 V vs. RHE), which indicated first-

order kinetics. It is also reported in the literature that glycerol electrooxidation is of

first order [1], suggesting our data is consistent with other work.
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Figure 4.1: Initial glycerol concentration over glycerol concentration at time t during

reaction at 1.2 V vs. RHE for Pt/C and Pt-Ru/C.

4.3.1.2 Rate constant of glycerol oxidation

To calculate the rate constants, the PEM reactor was assumed to be a single con-

tinuous stirred-tank reactor (CSTR) operated at steady-state. The glycerol solution

in the PEM reactor was continuously stirred and recycled throughout the reaction.

The reaction was operated under a smaller extent of conversion (less than 5%) than

that which one would get from a batch system, which also justifies this assumption.

Based on the first-order rate law equation determined in Section 4.3.1.1, along with

a mole balance for a CSTR, a rate constant k was calculated for Pt/C and Pt-Ru/C,

which was normalized by the weight of Pt for comparison.

r = −kC First order rate law (4.1)

V =
(C0 − C)Q

−r
Mole balance of a CSTR (4.2)

k =
Q

V

(
C0

C
− 1

)
Derived rate constant (4.3)
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where Q is the volumetric flow rate [mL/s], V is the volume of glycerol solution [mL],

C0 is the initial concentration of glycerol [M], and C is the final concentration of

glycerol [M].

As shown in Figure 4.2, the glycerol oxidation rates generally increased with po-

tential for both Pt/C and Pt-Ru/C, and some regions increased exponentially, which

would be consistent with the Butler-Volmer model of electrode kinetics [2].

i = i0

[
exp

(
−αnFη
RT

)
− exp

(
(1− α)nFη

RT

)]
Butler-Volmer equation (4.4)

where i0 is the exchange current, α is the transfer coefficient, n is the stoichiometric

number of electrons involved in an electrode reaction, F is the Faraday constant, η

is the overpotentail defined as η = E − Eeq, E is the applied potential, Eeq is the

equilibrium potential of the reaction, R is the gas constant, and T is the temperature.
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Figure 4.2: Rate constants of glycerol oxidation at various potentials for Pt/C and

Pt-Ru/C.

The Butler-Volmer formulation describes how electrical current, which can be related
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to the rate constant, depends on the electrode potential. This equation is valid when

the electrode reaction is controlled by electrical charge transfer. Above 1.0 V vs.

RHE in Figure 4.2, the rate is likely limited by mass transfer of glycerol from the

bulk to the electrode surface.

The rates for Pt/C and Pt-Ru/C lay on top of each other, indicating they both

had similar activities towards glycerol oxidation and addition of Ru did not affect

their rates. This result confirmed that Pt alone is the active catalyst for glycerol

oxidation. In other words, Ru does not directly participate in oxidizing glycerol, but

rather indirectly assists the reaction as a major role.

However, these rate constants were determined by overall glycerol conversion,

which included both electrochemical and non-electrochemical reactions. Though it

may not be a major contribution judging from the substantial dependence of the

rate vs. potential, non-electrochemical product formation does not involve electron

transfer by definition, and thus rates would not be affected by potential. In order to

analyze the reaction more accurately, electric current could be used as the measure

of electrooxidation rate. This point will be discussed further to elucidate the reaction

mechanisms in Section 4.3.4.

4.3.1.3 Rate of glyceraldehyde formation

Glyceraldehyde is one of the desired partial oxidation products obtained in a PEM

reactor. Figure 4.3 compares the formation rate of glyceraldehyde at each applied

potential for Pt/C and Pt-Ru/C. The reaction from glycerol to glyceraldehyde is

expressed as follows.

C3H8O3 � C3H6O3 + 2H+ + 2e– (4.5)

The standard potential for this reaction is approximately 0.35 V vs. NHE at
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25 ◦C. Since thermodynamic data for glyceraldehyde were not available, calculations

were made using data for lactic acid (C3H6O3), an isomer of glyceraldehyde [3]. As

shown in Figure 4.3, the rate reached a maximum at 0.8 to 1.0 V vs. RHE, and

plateaued or gradually decreased despite significant applied overpotential.
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Figure 4.3: Formation rate of glyceraldehyde at various potentials for Pt/C and Pt-

Ru/C.

This phenomenon could primarily be explained by mass transport limitation with

respect to glycerol as the rate became limited by the diffusion of glycerol to the

catalyst surface above 1.0 V. However, the rate kept falling above 1.0 V instead of

leveling off to a constant, suggesting the presence of additional factors that limit

the formation rate. Other factors that limit glyceraldehyde formation might be the

existence of predominant competing reactions. One of the competing reactions is

water oxidation at the anode, a common limitation for the aqueous system.

O2 + 4H+ + 4e– � 2H2O E0 = 1.23 V vs. NHE (4.6)
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The dissociated protons transport across the Nafion R© membrane, and the hydrogen

evolution reaction (HER) occurs at the cathode.

2H+ + 2e– � H2 E0 = 0 V vs. NHE (4.7)

As shown in Figure 4.4, the H2 concentration detected from the cathode started to

take off after 1.0 V. This is a clear indication of HER rate increase at higher potential.

Besides water oxidation and glycerol partial oxidation to produce C3 products, there

are other reaction pathways to produce C1 or C2 products via C−C bond cleavage.

As a matter of fact, the CO2 concentration produced as a result of C−C bond cleavage

at the anode substantially increased after 1.0 V vs. RHE as shown in Figure 4.4.
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Figure 4.4: Formation rate of glyceraldehyde for Pt-Ru/C and its correlation with

CO2 via C−C bond cleavage and H2 via water oxidation.

These competing reactions are potential dependent as indicated in Equation 4.5 and

Equation 4.6. The latter equation becomes more dominant at higher potential, re-
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sulting in occupation of the active sites that were originally available for glycerol

oxidation.

4.3.2 Selectivity analysis of glycerol oxidation

GC analyses of the product solution indicated the presence of the five major prod-

ucts listed in Figure 4.5. Some are partial oxidation products, dissociative oxidation

products or thermochemical dehydration products; differences can be assessed by ex-

amining the oxidation number compared to that of glycerol (indicated in the black

box).

0 0 -2 +2 +2 

Glycerol 

-2 

Carbon oxidation number 

Acetol Glyceraldehyde Lactic acid Glyceric acid Glycolic acid 

Figure 4.5: Molecular structure of glycerol and five major products with carbon oxi-

dation numbers.

Selectivities for each electrocatalyst were evaluated at various constant potentials

as shown in Figure 4.6 to Figure 4.10. There seems to have been acid-catalyzed

dehydration to produce acetol. Acetol was categorized as a non-oxidation product

because there was no net change in the carbon oxidation number compared to that

of glycerol. This dehydration reaction did not show potential dependence based

on relatively constant selectivity throughout the entire potential range. Selectivity
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towards glyceraldehyde was much higher for Pt-Ru/C compared to Pt/C. Lactic acid

yield was quite small for both Pt/C and Pt-Ru/C. Lactic acid is a precursor for bio-

degradable polymers such as PLA (poly lactic acid). Glyceric acid was produced by

further oxidation of glyceraldehyde or lactic acid. Interestingly, more glyceric acid

was produced on Pt/C compared to Pt-Ru/C, which may be due to different reaction

mechanisms between these two catalysts. Finally, selectivity towards glycol acid was

relatively small but became significant for Pt/C beyond 0.8 V vs. RHE.
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Figure 4.6: Selectivity towards acetol at various potentials for Pt/C and Pt-Ru/C.
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Figure 4.7: Selectivity towards glyceraldehyde at various potentials for Pt/C and Pt-

Ru/C.
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Figure 4.8: Selectivity towards lactic acid at various potentials for Pt/C and Pt-

Ru/C.
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Figure 4.9: Selectivity towards glyceric acid at various potentials for Pt/C and Pt-

Ru/C.
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Figure 4.10: Selectivity towards glycolic acid at various potentials for Pt/C and Pt-

Ru/C.
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Figure 4.11 compares the selectivity evaluated at 0.9 V vs. RHE for Pt black, Pt/C

and Pt-Ru/C. The Pt black or Pt/C catalyst was more selective toward dissociative

oxidation products (e.g. glycolic acid) as a result of C−C bond cleavage. However, the

Pt-Ru/C catalyst was significantly more selective toward partial oxidation products

(e.g. glyceraldehyde).
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Figure 4.11: Selectivity at 0.9V for Pt-black, Pt/C and Pt-Ru/C.

Unlike the reaction rates (Section 4.3.1.2), where addition of Ru had almost no

effect on improving rates, quite significant change in selectivity was observed be-

tween Pt and Pt-Ru. A similar change in selectivity has been observed for methanol

oxidation, which produced more formaldehyde or formic acid than CO2 for Pt-Ru

compared to Pt by itself [4]. This provides significant support for the hypothesis that

glycerol and methanol oxidation initiate similarly on these catalysts. Since the rate

for the Ru black by itself was negligible based on the separate experiment, addition

of Ru possibly altered the catalyst’s surface chemistry, which was more favorable for

partial oxidation. And most importantly, this suggests that Pt-alloy catalysts could
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be developed for the selective oxidation of glycerol to value-added chemicals.

4.3.3 Current efficiency

Current efficiency (CE) was used as a measure for how efficiently the input po-

tential (or current) was used for producing chemicals. CE for this reaction was de-

termined by the following equation.

CE [%] =
Number of H transferred from glycerol via electrooxidation

Total number of H produced during the reaction
(4.8)

As shown in Figure 4.12, CE for Pt/C and Pt-Ru/C were relative low, ranging

from 10 to 40%. Generally for Pt/C, higher overpotential resulted in lower CE,

which was consistent with the literature [5]. For Pt-Ru/C, the CE stayed around 10

to 20% at lower potential. This is indicative of potential-dependent side reactions in

addition to glycerol oxidation. One possibility is activation of water molecules on Ru

to produce surface hydroxyl [6] that is necessary to oxidize poisoning species such as

CO.

H2O + Ru→ Ru-OH + H+ + e– E0 = 0.35 V vs. RHE (4.9)

Although the poison resistance and product selectivity can be improved by this reac-

tion, there seems to be a sacrifice in CE for Pt-Ru/C compared to Pt/C.
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Figure 4.12: Current efficiency at various potentials for Pt/C and Pt-Ru/C.

4.3.4 Glycerol oxidation mechanisms in a PEM reactor

4.3.4.1 Glycerol oxidation pathways in a PEM reactor

Based on the types of products obtained from the evaluations in a PEM reactor,

there seem to be three main reaction pathways: partial oxidation, dissociative oxida-

tion, and dehydration. Figure 4.13 shows a summary of possible reaction pathways

occurring in this system. First, glycerol is oxidized to glyceraldehyde, isomerized to

lactic acid, and further oxidized to glyceric acid. Glycolic acid and CO2 are formed by

C−C bond cleavage. The third pathway is the formation of acetol, which can be pro-

duced via acid-catalyzed dehydration in contact with a Nafion R© membrane. Nafion R©

can be the source for the protons for this reaction as it is highly acidic when hydrated.
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Figure 4.13: Glycerol oxidation pathways in a PEM reactor.

As shown by Lux et al., the reaction pathway and product selectivity can be

greatly influenced by the acidity of the electrolyte [7]. In an acidic environment,

only glyceraldehyde was produced as a primary intermediate. However, in a basic

environment, a mixture of glyceraldehyde and dihydroxyacetone was observed, as

shown in Figure 4.14. Our reaction pathways were similar to Lux et al.’s acidic

pathways because the PEM reactor provides an acidic environment.
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Figure 4.14: Glycerol oxidation pathways suggested by Lux et al. [7].

4.3.4.2 Investigating the selectivity shift

Pt/C and Pt-Ru/C exhibited similar glycerol conversion rates but significantly

different selectivity towards partial oxidation products. As mentioned earlier, Ru

by itself was not active for glycerol oxidation, indicating some change in surface

chemistry by adding Ru to Pt, which could be responsible for altering selectivity.

This hypothesis was further investigated by the Tafel plot analysis. This type of

plot has been widely used to understand the reaction mechanisms associated with

the rate-determining steps. Under the constant potential experiments in a PEM

reactor, the current response typically showed a decay as indicated qualitatively in

Figure 4.15. The Tafel plot was constructed by reading the current response at some

fixed times (60 seconds and 24 hours) after the start of reaction. There may be

a concern regarding the time required to fully develop the concentration profile for
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glycerol at the beginning of the reaction. To minimize this time, glycerol solution

was heated and circulated for 1 hour prior to the experiment. The open circuit

potential was also constantly monitored and the potential was applied upon reaching

a steady-state.

Potential 

Start Time 

E 
[V] 

Constant 

Current response 

Start Time 

I 
[A] 

Decay 
60s 

24hrs 

Figure 4.15: Applied constant potential and the current response.

Figure 4.16 and 4.17 show the Tafel plots for the current at 60 seconds and at 24

hours for Pt/C and Pt-Ru/C respectively. There is a clear distinction between the

magnitude of current at 60 seconds and the magnitude at 24 hours, and this trend

persisted for both Pt/C and Pt-Ru/C. Given that current can be correlated with the

activity of electrocatalysts, this current decrease typically suggests some degree of

catalyst deactivation, which will be further investigated in Chapter 5.
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Figure 4.16: Comparison of the current for Pt/C at 60 seconds and 24 hours at each

potential.
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Figure 4.17: Comparison of the current for Pt/C at 60 seconds and 24 hours at each

potential.
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Employing the same set of data from Figure 4.16 and 4.17, the Tafel plot was next

compared in terms of electrocatalyst. Figure 4.18 shows the Tafel plots for Pt/C and

Pt-Ru/C, both at 60 seconds. As discussed in Section 4.3.1.2, the rate constants were

very similar for Pt/C and Pt-Ru/C. However, the current for Pt/C and Pt-Ru/C

was observed to be different, and in some regions, those gaps were almost an order

of magnitude wide. The current for Pt-Ru/C was consistently higher than that for

Pt/C.
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Figure 4.18: Comparison of the current for Pt/C and Pt-Ru/C at 60 seconds at each

potential.

This enhancement of current for Pt-Ru/C can be explained by the ability of Ru

to oxidize poisoning species at much lower potentials than those for Pt by itself [6].

H2O + Pt→ Pt-OH + H+ + e– E0 = 0.75 V vs. RHE (4.10)

H2O + Ru→ Ru-OH + H+ + e– E0 = 0.35 V vs. RHE (4.11)

Ru supplies surface hydroxyl at as low as 0.35 V vs. RHE, which provides more active
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sites, leading to a higher current.

A similar trend was confirmed in the Tafel plots for 24 hours as shown in Fig-

ure 4.19, except for the current above 1.0 V vs. RHE. For this region, both Pt and

Pt-Ru gained enough overpotential to oxidize the poisoning species, and therefore the

gap was smaller between catalysts. Also, these catalysts might be greatly deactivated

by other factors besides poisoning, resulting in a different trend compared to that for

60 seconds.
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Figure 4.19: Comparison of the current for Pt/C and Pt-Ru/C at 24 hours at each

potential.

The slope of the plot in the kinetically limited regime could provide some insights

regarding reaction mechanisms. Different slopes suggest different rate-determining

steps. Tafel plots usually exist in kinetically limited regimes at η > 0.1 V [2]. For

glycerol oxidation, the beginning of the kinetically limited regime is located approx-

imately at 0.45 V vs. RHE. As shown in in Figure 4.20, one clear distinction was

observed at 0.7 V vs. RHE where the slope became much steeper. Typically in this

region, the reaction is no longer limited only by kinetics but also by mass transport,
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and therefore it should be excluded from obtaining mechanistic information.

The Tafel slope for Pt/C and Pt-Ru/C was determined from 0.45 V to 0.6 V vs.

RHE. The slope for Pt/C was 216 ± 33 mV/dec, and the slope for Pt-Ru/C was 249

± 19 mV/dec.
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Figure 4.20: Comparison of the slopes for Pt/C and Pt-Ru/C at each potential.

While relatively little research has been reported regarding glycerol oxidation,

there have been some reports of Tafel slopes for methanol oxidation. Schmidt et al.

showed a Tafel slope around 80 mV/dec for Pt electrode, with the oxidative removal

of CO being the rate-determining step (Faradaic rate-determining step). A relatively

high Tafel slope of 195 mV/dec was reported for Pt-Ru, which was attributed to a

change in the rate-limiting step to the initial methanol dehydrogenation (chemical

rate-determining step) to hydroxymethyl (CH2OH) [8].
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Figure 4.21: Methanol oxidation mechanisms on (a) Pt surface, and (b) Pt-Ru surface

[8, 9].
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Table 1
Experimental conditions of the half-cell measurements in Fig. 2

Electrode Electrolyte Protocol Ref.

Pt0.5Ru0.5/carbon, 608C 1.5 M H2SO4, 2.0 M CH3OH not known [15]
Pt0.5Ru0.5/carbon, 608C 2.5 M H2SO4, 1.0 M CH3OH 10 min/potential [22]
Pt0.66Ru0.34/carbon, 608C 0.5 M H2SO4, 1.0 M CH3OH not known [3]

Fig. 2. Comparison of the mass-specific current densities of the PtRu-col-
loid/Vulcan electrocatalyst (0.5 and 2.0 M methanol, respectively) with
literature data. The experimental details for the half-cell measurements can
be found in Table 1.

At higher potentials (E)0.55 V), pure Pt becomes more
active than PtRu [6], but this potential region is irrelevant
for DMFC applications, where the anode potential is always
much less than 0.5V.This high activity ofPt at highpotentials
can be understood by the formation of strongly bonded sur-
face oxides, which occur at more negative potentials on Ru
and PtRu surfaces than on pure Pt (similar shift to the case
of OHad formation [16]). These surface oxides consequently
block either the dissociative adsorption ofmethanol or reduce
the kinetics of COad oxidation (or both).
This phenomenon is also reflected by the much lower

apparent Tafel slopes for Pt/Vulcan catalysts (f80 mV/
dec) compared to PtRu/Vulcan catalysts (f195 mV/dec)
shown in Fig. 1 and also observed in previous studies [6,15].
It can be rationalized by assuming different rate-determining
steps (rds): (i) the oxidative removal of COad in the case of
Pt electrodes, leading to Tafel slopes which are typical for
faradaic rds (i.e., -130 mV/dec); and (ii) the initial dis-
sociative dehydrogenation of methanol in the case of PtRu
electrodes, leading to unusually high Tafel slopes which are
typical for chemical rds (see, e.g., [17,18] where this is
discussed for different CO tolerance mechanisms). This
hypothesis is also supported by previousmechanistic studies,
where the same rds were proposed for different PtRu surfaces
[5,6]. A more detailed inspection of the i–E curves also
points out an increase of the Tafel slopes with increasing
potential, indicating the increasing resistance to the dissoci-
ative adsorption of methanol, due to the oxide formation
process.
Comparing the activities of the two PtRu catalysts, the

methanol oxidation activity on PtRu-colloid/Vulcan is
slightly (roughly 1.5 times) higher than on the state-of-the-
art Etek-PtRu/Vulcan catalyst, which demonstrates the high
potential of colloid-based bimetallic catalysts.
In the following section, the influence of themethanol bulk

concentration on the oxidation current densities of PtRu-
colloid/Vulcan is examined (Fig. 1(b)), mainly for a better
comparison with literature data. We find that the measured
currents for oxidation of 2.0 Mmethanol are between 1.4 (at
0.4 V) and 1.7 (at 0.55 V) times higher than for the reaction
with 0.5 M methanol. The increase in oxidation currents can
be understood from the higher equilibrium surface coverage
of methanol and/or methanol dehydrogenation fragments at
higher concentrations. This can be compared to data from
Bagotzky and Vasssilyev [19] who determined an increase
of the reaction rate with c0.5 for medium methanol bulk con-
centrations on both smooth and platinized Pt, respectively,

up to a maximum rate at cf1 M. At higher concentrations
this is followed by a slight decrease of the rate, induced by a
high surface coverage with methanol/methanol dehydro-
genation fragments. A similiar behavior of current density
versus methanol concentration was reported by Chu and
Gilman [20] on PtRu-alloy electrodes and by Aramata and
Masuda [21] on PtRuAu-SPE and PtSn-SPE (SPEssolid
polymer electrolyte) electrodes.
After having outlined the activity of PtRu-colloid/Vulcan

at different methanol concentrations, it is possible to compare
our TFE results with half-cell measurements of similiar state-
of-the-art PtRu electrocatalysts (Table 1). A quantitative
comparison of data fromdifferent laboratories(especiallyfor
self-poisoning reactions such as methanol electrooxidation)
is not unambiguous due to varying experimental protocols
(e.g., different ‘history’ of the electrodes, duration of
measurements, or different concentrations of the supporting
electrolyte). The duration of themeasurement is an especially
important factor, which in our experiments corresponds to a
current density loss by a factor of two if one compares the
activities after 5 and 30 min at the same potential. For that
reason the following comparison of mass-specific current
densities shown in Fig. 2 should be understood under a more
general point of view, i.e., only differences in activity by
more than a factor of two are considered to be relevant.

T.J. Schmidt et al. / Electrochemistry Communications 1 (1999) 1–42
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Fig. 1. (a) Electrooxidation of 0.5 M methanol: comparison of the mass-specific current densities on Etek-Pt/Vulcan, Etek-PtRu/Vulcan and PtRu-colloid/
Vulcan. 0.5 M H2SO4, 608C, 30 min for each potential. (b) Comparison of the activity on the PtRu-colloid/Vulcan catalyst with 0.5 and 2.0 M methanol
solution, respectively.

to the electrochemical measurements, the PtRu-colloid/
Vulcan catalyst was conditioned in a tube furnace in an
oxygen and hydrogen atmosphere, respectively [7]. The
resulting particle dispersion wasDf43% [7]. The commer-
cial catalysts from E-Tek (20% Pt0.5Ru0.5/Vulcan,Df44%
[12], 20% Pt/Vulcan, Df26% [13]) were conditioned in
the same way as the colloid catalyst. The electrochemical
measurements were conducted in a thermostat-controlled
standard three-compartment electrochemical cell in 0.5 M
H2SO4 (Merck suprapure) at 60"18C, using a saturated
calomel electrode (SCE) as reference electrode, separated
by a closed bridge from the working electrode compartment.
All potentials quoted in this communication, however, are
referred to that of the reversible hydrogen electrode (RHE)
in the same solution.
The preparation of the thin-film electrodes is described in

detail in a previous study [13]. In short, the catalyst was
dispersed ultrasonically in water and 20 ml of the supension
were pipetted onto a glassy carbon substrate (6mmdiameter,
Hochtemperaturwerkstoffe GmbH, mounted in the disk posi-
tion of a Pine Instruments Ring-Disk arbor, but used as a
stationary electrode), which had been polished to mirror
finish (Buehler Alumina, 0.05 mm). The catalyst particles
were attached to the substrate by a thin Nafion film (0.2 mm
thickness), cast from a Nafion solution which was prepared
in a similiar way as decribed by Denton et al. [14]. The
electrodes with a metal loading of 14 mgmetal/cm2 were
immersed under potential control (0.05 V) in the Ar-purged
electrolyte (MTI Gase, N 6.0). After recording the base
voltammogram, the electrodes were held at 0.05 V and
methanol (Merck p.A.)was injected to yield 0.5 or 2.0molar
concentrations of methanol. The electrodes were held for
additional 3 min at 0.05 V before stepping to potentials
between 0.4 and 0.55 V in 0.05 V intervals. To simulate
steady-state conditions, the electrodes were held for 30 min
at each potential. Every data set was recorded with a single
electrode, i.e., after stepping from 0.05 to 0.4 V, a further
step to the following potential was performed. All activities

throughout this paper are quoted in terms of mass-specific
current densities im (in mA/mgmetal, based on the noblemetal
mass).

3. Results and discussion

In the following, the activity of the PtRu-colloid/Vulcan
catalyst towards methanol oxidation at 608C is compared to
the activities of Etek-Pt/Vulcan and Etek-PtRu/Vulcan
catalysts. In Fig. 1(a) the resulting activities from potentio-
static stepping experiments after 30 min are shown. As
expected, both PtRu electrocatalysts show a superior activity
as compared to the Pt catalyst on all examined potentials
(between 0.4 and 0.55 V). This better performance of the
PtRu-alloy catalyst was explained by a bifunctional reaction
mechanism for oxidation of CO-containing intermediates
(for clarity, in the following referred to as COad) on PtRu
surfaces (e.g., [9,15]). In such a picture, which assumes that
the chemical properties of Pt and Ru surface atoms are
similiar to those of the respective monometallic surfaces, the
COad species are formed in a methanol dehydrogenation step
mainly facilitated by Pt sites (Eq. (1)):

q yCH OH ™CO q4H q4e (1)3 ad ad

The removal of COad proceeds via adsorbed OH on both
Pt or Ru sites (Eq. (3)) formed by dissociativewater adsorp-
tion (Eq. (2)):

q yMqH O™OH qH qe ; MsPt, Ru (2)2 ad

q yCO qOH ™CO qH qe (3)ad ad 2

Due to the higher affinity ofRu towardsoxygen-containing
species [16], however, sufficient amounts ofOHad to support
reasonable CO oxidation rates are formed at lower potentials
(abovef0.35 V) on Ru sites than on Pt sites (abovef0.55
V). This effect leads to the higher activity for the overall
methanol oxidation process on PtRu compared to Pt, as
shown in Fig. 1(a).

Pt/C 
80 mV/dec 

Pt-Ru/C 
195 mV/dec 

Figure 4.22: Tafel slopes for methanol oxidation over Pt/C and Pt-Ru/C (Half cell,

0.5M Methanol in 0.5M H2SO4) [8].
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Our results for glycerol oxidation showed that the Tafel slope for Pt/C was 216

± 33 mV/dec, and the slope for Pt-Ru/C was 249 ± 19 mV/dec. Considering the

error range, there does not seem to be a significant difference in their slopes, as

was observed for methanol oxidation. This indicates that the rate-determining steps

for glycerol oxidation on on those catalysts could be very similar. Tafel slope alone

cannot be used to explain the shift of product selectivities.

There have been some reports on electronic structure change of the Pt alloy and

its influence on reaction mechanisms. Wakisaka et al. measured the magnitude of

the core level (CL) shift for the Pt-Ru alloy, which was found to be 0.39 eV from Pt

CL (Figure 4.23).

CO under a controlled potential with a hanging-meniscus
configuration. After the electrochemical measurements, the test
electrode was emersed from the electrolyte under the potential
control, and then the EC chamber was rapidly evacuated by a
combination of the pumps. It usually took no longer than 5min
to transfer the sample and achieve the UHV ready for the
analysis.
Thin film Pt-based alloys or pure Pt (diameter 8 mm and

thickness 80 nm) were prepared on Au polycrystalline disks by
dc-magnetron sputtering a Pt target with or without a second
metal target (Co or Ru) in an Ar plasma at room temperature
(SH-23D, ULVAC, Japan). The composition of the Pt alloys
was controlled by varying the ratio of the sputtering currents
for Pt and the second metal, and analyzed by XPS and
fluorescent X-ray analysis (Rayny EDX-800, Shimadzu, Japan).
The grazing incidence (θ ) 1°) X-ray diffraction (MXP3II,
Bruker AXS, Germany) patterns of the alloys indicated the
formation of solid solutions with face-centered-cubic (fcc) phase.
After the introduction into the UHV system, clean surfaces of
the test electrodes were obtained by scanning Ar+ ion bombard-
ment at 1 keV (0.68 µA) for 10 min without annealing.
All photoelectron spectra including the valence level region

were taken by using monochromatic Al KR (hν ) 1486.58 eV)
at 350 W. The photoelectron takeoff angle and analysis area of
the specimen were 45° and 0.8 mm × 2 mm, respectively. The
electron spectrometer with an OMNI Focus III lens (PHI) was
calibrated by using Au 4f7/2 (83.98), Ag 3d5/2 (368.26), and Cu
2p3/2 (932.67 eV) lines before and after each experiment.41 The
pass energy and resolution of the electron spectrometer were
23.50 and 0.76 eV (full width at half-maximum (fwhm) of Ag
3d5/2), respectively. All the binding energies in this paper are
reported with an uncertainty of (0.03 eV (2σ). The background
was subtracted from each spectrum by applying an iterative
Sherley method (MultiPak, PHI). Normalization of spectra was
performed after the background subtraction. The surface com-
positions of the solid solution alloys in the XPS measurements
were evaluated by the equation

where Xi, Ii, Mi, and Si are the molar fraction, measured
photoelectron intensity, molar volume, and sensitivity factor of
element i provided by PHI,41 respectively. The compositions
evaluated from eq 1 were in good agreement with those from
the EDX analysis within an error of (2%.

3. Results and Discussion

3.1. Electronic Structures of Pt in Pt-Co and Pt-Ru
Alloys. We first measured valence level (VL) and core level
(CL) spectra for clean bimetallic alloys and pure Pt prior to
electrochemical treatments. Figure 2 shows area-normalized VL
spectra for pure Pt (dotted line), Pt58Co42 alloy (solid line), and
Pt60Ru40 alloy (dashed line) with respect to the Fermi level (EF).
In the case of pure Pt, the VL spectrum exhibits a steep edge at
EF followed by a shoulder peak at 2.0 eV and a characteristic
peak at 4.2 eV as indicated by thin vertical lines in Figure 2.
The electronic structures of the alloys are apparently different
from that of pure Pt. The VL spectra for both alloys exhibit
dull edges and tailed peaks (reduced electron density at EF and
valence band broadening), which strongly suggests the positive
shift of Pt 5d band center from that of the pure Pt. Figure 3

shows CL spectra of Pt 4f7/2 for pure Pt (dotted line), Pt58Co42
alloy (solid line), and Pt60Ru40 alloy (dashed line), normalized
in total Pt 4f photoelectron intensity (area). The CLs for both
Pt-Co and Pt-Ru alloys are clearly observed to shift to higher
binding energy with respect to that for pure Pt. The magnitude
of the CL shift for the Pt-Ru alloy was 0.39 eV, bigger than
0.19 eV for the Pt-Co alloy as summarized in Table 1. In
comparison with the d-band center determined in Figure 2, the
CL measurement is easier and more useful for quantitatively
evaluating the alloying effects on the electronic structures of a
particular element (Pt).
In general, a positive CL shift of an atom has been interpreted

by an electron loss of the atom.42 Indeed, the 5d electron loss
in Pt-based alloys had been already demonstrated by Mukerjee
et al. in their XANES study.32 In comparison between Pt-Co
and Pt-Ru alloys, the order of the CL shifts of Pt 4f7/2 was in
good agreement with the order of their work functions (Co and
Ru) as previously reported elsewhere.32,34 However, in com-
parison between pure Pt and the alloys, the conventional
explanation conflicts with the order of the work functions. In
view of the order (Pt > Ru > Co), the electron transfer must
occur from Ru or Co to Pt atom. Furthermore, it has been
reported in theoretical studies29,43 that the total number of
electrons per a Pt atom increased while the 5d electron decreased
when the Pt atom was alloyed with a second component. As
recently mentioned by Weinert et al.,44 an alternative explanation
for the positive Pt 4f7/2 CL shift in XPS measurements should
be made by the difference in work function between pure Pt
and the alloy, accompanied by rehybridization of the d-band as
well as the sp-band. The work function change leads to the
reference level (EF) shift in photoelectron measurement. Such
a change in the work function, i.e., upshift of the reference level,
results in an opposite downshift of Pt 4f7/2 CL as well as the

XA )
IAMA/SA

!
i)A,B

IiMi/Si

(1)

Figure 2. Area-normalized VL spectra for pure Pt (dotted line), Pt58-
Co42 alloy (solid line), and Pt60Ru40 alloy (dashed line) with respect to
the Fermi level (EF). All the spectra were taken with monochromatic
Al KR.

Figure 3. Area-normalized CL spectra of Pt 4f7/2 for pure Pt (dotted
line), Pt58Co42 alloy (solid line), and Pt60Ru40 alloy (dashed line) with
respect to EF.
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0.39 eV 

Figure 4.23: Area-normalized CL spectra of Pt4f7/2 for pure Pt, Pt58Co42 alloy, and

Pt60Ru40 alloy with respect to EF [10].

They saw the negative shift of a Fermi level (EF ) by X-ray photoelectron spec-

troscopy (XPS), which resulted in a positive shift of the d-band center and the CL

for the 4f7/2 electron configuration of Pt as schematically shown in Figure 4.24. The

d-band center represents the electron density near the Fermi level. This shift is made

by the difference in work function between pure Pt and the alloy, accompanied by

rehybridization of the d-band as well as the sp-band [11].

91



d-band center, as illustrated schematically in Figure 4. The
theoretical CL shift for an alloy can be calculated as a function
of the alloy composition by applying the Z + 1 approximation
of the final state and Born-Haber cycles with the enthalpy for
the alloy formation,45,46 which can be evaluated from work
functions and electron densities at the boundary of a Wigner-
Seitz cell of the pure elements (see the Appendix).47 Theoretical
CL shifts for Pt58Co42 and Pt60Ru40, calculated from the
electronic parameters of the pure elements given in the
literature,47 are presented together with the experimental values
in Table 1. For both alloys, the measured values of the CL shifts
are in good agreement with the theoretical ones.
Weinert et al. have pointed out that, for elements with almost

filled d-bands, e.g., Pt, the CL shift is a good indicator
(“fingerprint”) of shift in the center of the occupied d-states as
illustrated in Figure 4.44 Nørskov and co-workers have proposed
a strong correlation between the d-band center of a metal
substrate and the adsorption energy of CO in their theoretical
study and concluded that a downshift of the d-band center leads
to a reduction of the adsorption energy.23-25 By combining these
theoretical studies, it can be suggested that the positive CL shifts
of Pt in both alloys, observed in the present XPS measurement,
may be a good measure of the CO tolerance.
3.2. Electronic Structures of Pt after Electrochemical

Stabilization. As reported in our previous studies,12,16 the Pt-
Co alloy electrode was electrochemically stabilized by a
formation of Pt skin layer during several repetitive potential
sweeps in 0.1 M HClO4 solution, i.e., a dissolution of alloy
components followed by a rearrangement of the surface. Once
the electrochemical stabilization procedure was performed, the
chemical composition and electrochemical properties of the alloy
electrode were found to maintain even after exposure to air.12,16
Yu et al. have also reported the stability of a PtCo/C cathode
catalyst in a PEFC over 2400 potential cycles between 0.87
and 1.2 V.48 In the present research, the electrochemical
stabilization of the alloy electrodes was performed in the EC-
XPS apparatus in the following procedure: (i) Immerse the clean
Pt-Co alloy electrode into the electrolyte solution saturated with
N2 under potential control at 75 mV and hold the electrode

potential for 10 min. (ii) Repeat potential cycling between 75
and 1000 mV at a sweep rate of 100 mV/s until the cyclic
voltammogram showed a steady state. (iii) Keep the electrode
potential at 75 mV again for 40 min to complete the rearrange-
ment of the surface.17 After the stabilization, the solution in
the electrochemical cell was changed more than twice to remove
the dissolved Co ions from the electrode surface before the XPS
measurement.
Figure 5b shows a transient cyclic voltammogram of Pt58-

Co42 during the electrochemical stabilization in 0.1 M HClO4.
In the first potential sweep, a large anodic current due to
dissolution of Co was observed at E > 400 mV. The anodic
current was gradually decreased with the number of sweeps.
After 30 cycles, the voltammogram reached a steady state
(dashed curve) and exhibited a feature similar to that of
polycrystalline Pt as shown in Figure 5a. In the XPS measure-
ment, it was found that the intensity of Co 2p3/2 significantly
decreased by a factor of 2.5 after the electrochemical stabiliza-
tion, as shown in Figure 6a. These results support the Co
dissolution from the alloy and the formation of the Pt skin layer,
or at least Pt-rich layer, on the electrode surface during the
electrochemical stabilization. Although the depth profile of Co
in the stabilized alloys was not evaluated in this study, 22%
can be calculated as the residual Co concentration averaged in
the photoelectron escape depth (3λ/cos 45° ≈ 4 nm, where λ )
1.9 nm).42 On the contrary, the change in the cyclic voltam-
mogram for the Pt60Ru40 alloy is negligibly small during the
potential cycles between 75 and 800 mV in 0.05 M H2SO4, as
shown in Figure 5c. In fact, the photoelectron intensity of Ru
3d5/2 was observed to be unchanged after the potential cycles,

TABLE 1: Core Level Shifts (∆CLs) and Changes of Surface Core Level Shift (∆SCLSs) of Pt 4f7/2, and Estimated CO
Adsorption Energy on Pt, Eads(CO)

∆CL/eV
sample experimental theoretical after stabilization ∆SCLS/eV Eads(CO)/eV
pure Pt 0 0 0 0.95 1.44
Pt58Co42 0.19 0.20 0.15 0.75 1.24
Pt60Ru40 0.39 0.35 0.39 0.57 1.06

Figure 4. Schematic explanation of the alloying effect on the electronic
structures of Pt. In XPS measurement, the binding energy should be
referred to EF.

Figure 5. (a) Cyclic voltammogram at the pure Pt in 0.1 M HClO4.
(b) Transient cyclic voltammogram at the Pt58Co42 alloy electrode in
0.1 M HClO4. (c) Cyclic voltammogram at Pt60Ru40 alloy electrode in
0.05 M H2SO4. Sweep rate was 100 mV s-1. All the electrodes were
immersed in solutions under potential control at 75 mV and held for
10 min before the potential sweeps.
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Figure 4.24: Schematic explanation of the alloying effect on the electronic structures

of Pt [10].

Wakisaka et al. also found that there was a linear relationship between the shift

of CL (or d-band center) and CO adsorption energy. A greater shift in CL or d-band

center led to a reduction of the adsorption energy, which was an important finding to

explain the enhanced CO tolerance of the Pt alloy [10].

the decompositions of Pt 4f7/2 for the stabilized Pt-Co and Pt-
Ru alloys, respectively. Each spectrum was decomposed in the
same manner as the pure Pt. The values of ∆SCLSs extracted
by the fitting were 0.75 and 0.57 eV, corresponding to CO
adsorption enthalpies of 1.24 and 1.06 eV, for the stabilized
Pt58Co42 and the Pt60Ru40 alloy, respectively. Thus, it is clarified
that the bond strength of Pt-CO was weaker on the alloy
electrodes than on the pure Pt. The HOR cannot be hindered
by such a weakly bonded CO at the alloys. It should be noted
that Ru is a more effective element in weakening the bond
strength probably because Ru remains near the Pt site on the
surface, while the electronic state of the Pt skin is modified by
the underlying Pt-Co alloy.
As summarized in Table 1, the values of Eads(CO) and the

CL shifts (∆CLs) of Pt 4f7/2 were found to be in order. Figure
13 shows a plot of Eads(CO) as a function of the ∆CL. A good
linear relation is found between the Eads(CO)and the ∆CL:

To our knowledge, this is the first to demonstrate the practical
trend in the strength of CO adsorption at Pt-based alloy
electrodes in aqueous solution by experiments. Nørskov and
co-workers theoretically predicted a similar linear relation
between changes in the CO adsorption energy and shifts in the
d-band center,23-25 and our results agreed with their prediction.
Because the Pt 4f7/2 CL shift due to alloying can be more easily
measured by XPS than the d-band center, this should be one of

the most important parameters to screen Pt-based materials for
CO-tolerant anode catalysts.

4. Conclusion
We investigated the electronic structures of pure Pt, Pt-Co

alloy, and Pt-Ru alloy electrodes by using XPS combined with
an electrochemical cell. It was revealed that alloying with Co
or Ru caused the positive shift of Pt 4f7/2. At the Pt-Co alloy
electrode, an appreciable Pt 4f7/2 CL shift remained after the
electrochemical stabilization forming a Pt skin layer. The
magnitudes of the CL shifts were 0.15 and 0.39 eV for the
stabilized Pt58Co42 and Pt60Ru40 alloys, respectively. The CO
adsorption energy on pure Pt, Pt58Co42, and Pt60Ru40 were
estimated from the ∆SCLSs, which were 1.44, 1.24, and 1.06
eV, respectively. We have found a linear relationship between
the CL shifts and the CO adsorption energy so that the CO
adsorption becomes weaker in the order pure Pt > Pt-Co >
Pt-Ru. Hence, the CO-tolerant HOR activity at Pt-Co or Pt-
Ru in the fuel cell anode (<100 mV vs RHE) is ascribed to
weaker CO bond strength due to the modification of the Pt
electronic structures.
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Appendix
Calculation of Formation Heat of Transition Metal Alloy.

Formation heats (∆H) of transition metal alloys can be calculated
by Miedema’s semiempirical equation47 based on Hildebrand’s
rule:

whereΦi, nWSi, Vi, P, and Q are work function, electron density
at the boundary of a Wigner-Seitz cell, volume, and empirical
constants, respectively. The first term in eq 5 describes an
electron transfer between metal A and B, which dominates the
value of alloy formation heat in the case of Pt-Co or Pt-Ru.
Calculation of CL Shift for Transition Metal Alloy. The

theoretical CL shift for an alloy can be calculated as a function
of the alloy component by applying the Z + 1 approximation
of the final state and Born-Haber cycles with formation heats
of the alloy.45,46 The CL shift of a metal A in AxBy alloy can
be calculated by the equation46

To estimate the CL shifts of Pt 4f7/2 for the Pt-Co and Pt-Ru
alloys, all enthalpies needed for eq 6 were calculated by eq 5
with electronic parameters of pure elements given in the
literature.47
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Figure 12. Decomposition of Pt 4f7/2 spectra (open circles) for Pt60-
Ru40 alloy (a) before and (b) after CO adsorption. Solid and dashed
lines show the contributions due to surface and bulk core levels,
respectively.

Figure 13. Linear relation between CL shifts and ∆SCLSs (CO
adsorption energies).

Eads(CO) ) 1.42 - 0.95(∆CL) (4)

∆HBinA ) -PVB
2/3(φA - φB)

2/(nWS
-1/3)av +

QVB
2/3{(nWS

A)1/2 - (nWS
B)1/2}2 (5)

∆CLA(x) ) y2{-∆HAinB + 2x(∆HAinB - ∆HBinA)} -
y(∆HA+1inA - ∆HA+1inB) + xy∆HA+1inAB (6)
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Figure 4.25: Linear relation between CL shifts and CO adsorption energies [10].
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Although CO and glycerol molecules may not interact with Pt or Pt alloys sim-

ilarly, it is possible that improved selectivity was due to the difference in electronic

structure between Pt and Pt-Ru, which caused the adsoprtion energies of some species

to change. One close measurement that could provide information about the adsorp-

tion is CV. Figure 4.26 compares the cyclic voltammogram in a Nafion R© solid-state

cell under the 0.1M glycerol flow. The peaks at 1.0 V for Pt/C and 0.8 V for Pt-Ru/C

were related to glycerol oxidation. The onset of these peaks occurs at the potential

where glycerol starts to adsorb and react on the catalyst’s surface.
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Figure 4.26: Cyclic voltammogram with 0.1M glycerol for Pt/C and Pt-Ru/C (solid-

state cell, RT, 10 mL/min of 0.1M glycerol).

It is apparent that the peak onset for Pt-Ru/C was located much lower than that

for Pt/C. Glycerol can be adsorbed and reacted with at as low as 0.4 V vs. RHE on

a Pt-Ru surface, possibly by reducing the glycerol adsorption barrier as a result of

change in electronic structure.

In Figure 4.27, the glycerol oxidation mechanism on the Pt and Pt-Ru surfaces

93



is elucidated. The key difference is the step indicated in the red box, at what po-

tential glycerol adsorbs on these catalysts’ surfaces, which significantly affects the

subsequent reaction pathways. On the Pt surface, glycerol is adsorbed at a much

higher potential (E > 0.8 V vs. RHE), where Pt can interact with oxygen to create

Pt-O species. Surface oxygen can directly react with glycerol molecules by breaking

the C−C bond. Glycerol is more strongly adsorbed since desorption or reduction

of oxidized intermediates is thermodynamically unfavorable, and the residual species

go through a greater extent of oxidation, resulting in the production of secondary

oxidation products (e.g. glyceric acid) or dissociative oxidation products (e.g. glycolic

acid).

On the other hand, for the Pt-Ru surface, glycerol adsorption occurs before the

Pt surface creates Pt-O. In addition, enough OH species are provided by Ru that it

is possible to oxidize surface-bonded poisoning species or destabilize the adsorbed re-

action intermediates. These reaction energetics may favor the desorption of partially

oxidized products (e.g glyceraldehyde) on Pt-Ru as opposed to complete oxidation to

CO2 since there was also a smaller amount of secondary oxidation product (e.g. glyc-

eric acid) for Pt-Ru than was observed on Pt/C, according to the selectivity analysis

in Section 4.3.2.
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Figure 4.27: Glycerol oxidation mechanisms in a PEM reactor on (a) Pt surface, and

(b) Pt-Ru surface.

4.4 Conclusions

The rate and selectivity of glycerol oxidation were evaluated on Pt/C and Pt-Ru/C

in a PEM reactor. Both catalysts showed similar rate constants while exhibiting

substantial differences in selectivity towards glyceraldehyde.

The glycerol oxidation mechanisms occurring on Pt and Pt-Ru surfaces were in-

vestigated. The key mechanistic differences were attributed to the nature of glycerol

adsorption, which significantly affected the subsequent reaction pathways. On the

Pt-Ru surface, glycerol adsorption and desorption seemed much more facile, possibly

due to the difference in its electronic structure. Ru did not directly oxidize glycerol,

but it prevented the severe and irreversible poisoning of Pt active sites by facilitating

CO oxidation.
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CHAPTER V

Deactivation mechanisms in a PEM reactor

5.1 Introduction

Chapter 4 briefly discussed the deactivation of electrocatalysts in a PEM reactor as

indicated by chronoamperometry. Although some catalysts showed promising results

regarding selectivities, durability of those catalysts against deactivation needs to be

improved in order to assure long-term performance.

In this chapter, nonlinear regression analysis is first carried out to give us a pre-

liminary idea about deactivation mechanisms and to suggest what type of character-

ization technique should be used to examine post-reaction materials. Then various

characterization methods are conducted on spent catalysts to investigate the deacti-

vation mechanisms that occurred during the operation of the PEM reactor for glycerol

oxidation.

5.2 Experimental

5.2.1 Electrochemical surface area measurement in a PEM reactor

ECSA was directly measured in the PEM reactor by switching the anode and

cathode gas/liquid flow as described in Section 2.6.3. An Autolab PGSTAT320N

potentiostat (Metrohm AG) was used to produce cyclic voltammograms. The cath-
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ode was connected to the reference and the counter electrodes, and the anode was

connected to the working electrode. For all measurements, CV profiles were typically

recorded between 0 and 0.8 V vs. RHE at 50 ◦C with a scan rate of 5 mV/s, unless

otherwise stated.

5.2.2 Catalyst morphology visualization using SEM

A Philips XL 30 SEM (FEI Company) was used to visualize any change in mor-

phology that occurred during the reaction. The fresh or spent anode catalyst was

scraped from the MEAs using a spatula. The collected powder was placed on copper

tape and analyzed with SEM.

5.2.3 Thermogravimetric analysis on spent catalysts

A Q50 Thermogravimetric Analyzer (TA Instruments) was used to determine the

amount of extra material deposited on the spent catalyst during glycerol oxidation in

a PEM reactor. Similar to the SEM analysis, the fresh or spent catalyst was scraped

from the MEAs. Approximately 1 to 3 mg of material was placed on a platinum

pan and heated in the furnace with exposure to 15 mL/min of dried oxygen. After

equilibrating at 30 ◦C, the catalyst was heated to 800 ◦C with a heating rate of 20

◦C/min.

5.2.4 Carbon support corrosion analysis

Water oxidation was conducted in a PEM reactor to measure the concentration of

CO2 associated with carbon support corrosion at the anode. The same reactor set-up

and the operating conditions described in Table 2.2 were used, except for the anode

flow. Here, ultrapure water was used instead of 2.7M glycerol.
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5.3 Results and discussion

5.3.1 Electrochemical surface area

ECSA has been used as a measure for understanding degradation of PEM fuel cell

catalysts during potential cycling [1–5]. A similar method was applied here to inves-

tigate the catalyst deactivation for glycerol oxidation in a PEM reactor by comparing

ECSA of fresh and spent catalysts.

Figure 5.1 shows the cyclic voltammograms in a PEM reactor before and after

glycerol oxidation.
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Figure 5.1: Cyclic voltammogram for the fresh and the spent MEA (Glycerol oxida-

tion: 0.9 V vs. RHE, scan rate: 5 mV/s, anode catalyst: 20% Pt/C).

From these voltammograms, the ECSA of Pt was calculated using the mean inte-

gral charge of the hydrogen adsorption and desorption region at 0.4−0.6 V vs. RHE,

corrected for double layer current. It was assumed that one adsorbed H was observed

per Pt atom, consistent with Equations 2.10 and 2.11.
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Table 5.1 summarizes the ECSA loss as a function of potential. It shows a signifi-

cant drop in ECSA when the reaction is operated at higher potentials. To lose about

70% of surface area, the particle’s radius would be five times bigger than the initial

size.

Table 5.1: ECSA loss after glycerol oxidation at various potentials for Pt/C.

ECSA  
[m2

Pt/gPt] 
OCV* 0.6 V 0.9 V 1.2 V 1.5 V 

Before reaction 40 51 69 59 71 

After reaction 39 37 24 18 23 

ECSA loss 2.5% 27% 66% 70% 67% 
∗ OCV (open circuit voltage) is the difference of electrical potential between

anode and cathode when the external power supply is not connected to the PEM reactor.

The loss of ECSA has been linked to 1) catalyst particle growth, 2) Pt metal

loss by dissolution into the electrolyte, and 3) carbon support corrosion associated

with electrical isolation of metal nanoparticles [5]. One could also lose ECSA to site

blocking by carbon deposition or poisoning.

5.3.2 Catalyst particle growth

Catalyst particle sintering has been studied as a major cause for the particle

growth that causes ECSA loss. Particle sintering is the agglomeration of particles to

form larger particles, which can be minimized by supporting catalysts on high surface

area materials (e.g carbon) [2].

Particle growth could be confirmed by measuring the particle size using methods

such as XRD. However, for these samples, XRD was not suitable due to the presence

of the carbon support and Nafion R© resin, which interfere with the peak identification

for determining particle size.
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5.3.3 Pt metal loss by dissolution

The Pt dissolution rate is potential dependent between 1.1 and 1.5 V in strong

acid. The dissolved Pt was precipitated to form bigger Pt particles. Also significant

Pt dissolution in 0.5M H2SO4 has been reported [3].

To study this Pt dissolution, ECSA loss was measured as a function of time.

Figure 5.2 shows the surface-area loss over time when the PEM reactor was operated

at 0.9 V vs. RHE. It was experimentally observed that surface area loss had reached

about 70% after 50 hours.
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Figure 5.2: ECSA loss over time during glycerol oxidation at 0.9 V vs. RHE in a

PEM reactor.

Next, the time scale to lose 70% of surface area only by Pt dissolution was the-

oretically determined. The maximum concentration of Pt which can be dissolved at

pH = 0.3 was calculated from the following equations [6]:

Pt2+ + H2O→ PtO + 2H+ (5.1)

log10

[
Pt2+

]
= −7.06− 2pH (5.2)
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A pH of 0.3, which represents the pH for 0.5M H2SO4, was considered to be close to

the acidity of Nafion R© and used as a good estimate. The diffusion coefficient of Pt in

Nafion R© was assumed to be similar to that in water, which is 1.0×10−9 [m2/s] [7].

−JPt2+(0, t) = D

[
∂CPt2+

∂x

]
x=0

Fick’s law of diffusion (5.3)

[Pt2+]bulk = 0 [mol/m3] Boundary condition at bulk (5.4)

[Pt2+]surface = 10−3 [mol/m3] Boundary condition at surface (5.5)

The diffusion equation was solved with the boundary conditions and then the time

required to lose 70% of surface area was calculated by the following equation.

t =
Amount of Pt dissolved to lose 70% of surface area

J × Ageometric

(5.6)

In conclusion, it would take 106 hours to lose about 70% of surface area by Pt

dissolution driven by the concentration gradient from surface to bulk at pH 0.3.

Comparing this with the empirical result that 70% of surface area was lost in 50

hours, it is unlikely that this surface area loss was caused solely by Pt dissolution

but rather than mostly by other mechanisms discussed in Section 5.3.1. Therefore,

the possible effects of each of the other deactivation mechanisms were investigated by

using nonlinear regression analysis of current decay and other experimental methods

in order to narrow down the most relevant deactivation mechanism occurring during

glycerol oxidation in a PEM reactor.

5.3.4 Nonlinear regression analysis of current decay

The current decay was observed for both Pt/C and Pt-Ru/C catalysts during the

glycerol oxidation in a PEM reactor. As shown in Figures 5.3 and 5.4, approximately

80% or more compared to the initial activity has been lost for both catalysts after 24
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hours of reaction.
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Figure 5.3: Current decay for Pt/C in a PEM reactor at constant potentials from 0.5

V to 1.5 V vs. RHE.
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Figure 5.4: Current decay for Pt-Ru/C in a PEM reactor at constant potentials from

0.5 V to 1.5 V vs. RHE.
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Nonlinear regression was used to fit the current decay to the deactivation models

discussed earlier in Section 2.6.1 and in the literature [8, 9]. Mathematica R© (version

8, Wolfram) was employed to calculate R2 values. Tables 5.2 and 5.3 summarize the

R2 values for Pt/C and Pt-Ru/C at constant potentials from 0.5 V to 1.5 V vs. RHE.

Table 5.2: Deactivation model fit results for Pt/C.

Deactivation 
mechanism 

Surface oxidation Poisoning Sintering Carbon deposition 

Function   Linear     Exponential Hyperbolic 
Reciprocal 

power 

    R2 

P
ot

en
tia

l  
[V

 v
s.

 R
H

E
] 0.5 -0.267 0.908 0.945 0.960 

0.7 -0.200 0.933 0.956 0.942 
0.9 0.424 0.830 0.910 0.992 
1.2 0.131 0.841 0.925 0.978 
1.5 0.413 0.975 0.981 0.995 
Average 0.101 0.897 0.943 0.973 

Table 5.3: Deactivation model fit results for Pt-Ru/C.

Deactivation 
mechanism 

Surface oxidation Poisoning Sintering Carbon deposition 

Function   Linear     Exponential Hyperbolic 
Reciprocal 

power 

    R2 

P
ot

en
tia

l 
[V

 v
s.

 R
H

E
] 0.5 0.223 0.948 0.952 0.955 

0.7 0.454 0.817 0.824 0.967 
0.9 -0.100 0.926 0.940 0.953 
1.2 0.061 0.847 0.916 0.984 
1.5 0.422 0.812 0.944 0.972 
Average 0.212 0.870 0.915 0.966 

According to these results, all functions that were not linear (exponential, hy-

perbolic, and reciprocal power) showed fairly good fit in terms of R2 value. The

corresponding mechanisms are poisoning, sintering and carbon deposition respec-
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tively. The results for Pt-Ru/C were similar to those for Pt/C, showing relatively

high R2 values for the three models. Reciprocal power, or carbon deposition, seemed

to have the highest average R2 value for both catalysts. However, these results did

not provide enough evidence to support one deactivation mechanism over the others.

It is also possible that initial catalyst deactivation is governed by one mechanism and

final deactivation is governed by another. To investigate further, the experimental

and theoretical results to support suggested deactivation mechanisms are discussed

in the following sections.

5.3.5 Catalyst morphology

Figure 5.5 shows SEM images of fresh and spent Pt-Ru/C at various constant

potentials. Surface pore structure seemed reduced for the catalyst spent at 1.5 V

compared to that for the fresh catalyst. This could be due to Pt particle sintering,

carbon support corrosion, or carbon deposition. All these could contribute to lowering

the Pt dispersion and making the surface look more planar. However, with this SEM

magnification, it is not possible to conclude upon a primary deactivation mechanism,

and other experimental methods must be combined.
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(a) Fresh catalyst (b) Spent Pt-Ru/C at 0.7V 

(d) Spent Pt-Ru/C at 1.5V (c) Spent Pt-Ru/C at 1.1V 

10 µm 

50 µm 20 µm 

50 µm 

Figure 5.5: SEM images for fresh and spent catalysts scraped from MEAs (a) fresh

Pt-Ru/C, (b) Pt-Ru/C spent at 0.7 V, (c) Pt-Ru/C spent at 1.1 V, (d)

Pt-Ru/C spent at 1.5 V vs. RHE.

5.3.6 Thermogravimetric analysis on spent catalysts

Figure 5.6 shows the weight change measured by TGA during the temperature

ramp for the Pt-Ru/C catalyst that was spent at 1.5 V vs. RHE for glycerol oxidation

in a PEM reactor. Any moisture or organic species should be removed during the

heating process in the furnace, and the remaining ash usually contains nonvolatile

residues such as metal (e.g. Pt) or metal oxide (e.g. RuO2).
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Figure 5.6: TGA results for Pt-Ru/C spent at 1.5 V vs. RHE scraped from MEAs.

There were three major losses of weight observed approximately at 400 ◦C, 550 ◦C,

and 750 ◦C. The weight loss at a specific temperature corresponds to the decomposi-

tion of a specific carbon species. The presence of multiple weight-loss temperatures

indicates that different types of carbon species were deposited [10]. For the temper-

atures below 200 ◦C, highly volatile materials such as moisture or solvent outgas,

but they are of minimal importance for this study, and therefore excluded from the

result. For temperatures of 200-750 ◦C, those degraded species are medium volatility

materials, which typically include organics and polymers. Species degraded above

750 ◦C are referred to as combustible material, carbon black being an example [11].

The weight loss (∆W) was used to compare the amount of extra material deposited

on the surface with that of the fresh catalyst. Figure 5.7 shows the weight loss at

each temperature (∆WT) divided by the final weight of Pt (WPt) for Pt-Ru/C spent

at each constant potential. By dividing with WPt, the results were normalized by

the weight of unit Pt to compare side by side when the starting weight was different.

The weight of RuO2 was excluded from WPt. The result for 0 V represents the data
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for the fresh catalyst that was never exposed to the reaction. Any increase relative

to the fresh catalyst indicates that additional species were deposited on the catalyst

surface as a result of reaction.
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Figure 5.7: TGA results for fresh and spent Pt-Ru/C catalysts scraped from MEAs

in terms of ∆WT/WPt.

For the species degraded at 400 ◦C and 550 ◦C, the excess of material (∆W400/WPt

and ∆W550/WPt) increased linearly with potential. The value of ∆W750/WPt had

reduced compared to that for the fresh catalyst. This result indicated the loss of

carbon black used as catalyst support.

According to the literature, CO desorption on Pt typically occurs at around 450-

500 ◦C [12], which is close to the temperature where the ∆W550 is located in Figure 5.6.

This leads us to the conclusion that ∆W400 is related to carbon deposition associated

with the intermediate produced during the reaction. The sum of ∆W400 and ∆W550

is approximately equal to three molecules of carbon-based species covering the unit

Pt molecule. These TGA results confirmed the presence of carbon deposition, CO

poisoning, and carbon support corrosion, which could be the primary mechanisms of
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catalyst deactivation occurring in the PEM reactor. Given that the weight loss at

550 ◦C possibly related to CO oxidation from the spent catalyst, the ∆W550/WPt for

Pt/C could be much higher than that for Pt-Ru/C, suggesting an interesting avenue

for future study.

5.3.7 Carbon support corrosion

Carbon support corrosion has been fairly well studied in the context of PEM fuel

cell catalyst durability [3–5, 13–19]. Carbon support corrosion is potential dependent,

as indicated in the following equation.

C + 2H2O→ 2CO2 + 4H+ + 4e– E0 = 0.207 V vs. SHE (5.7)

This reaction particularly becomes important at more than 1.0 V vs. SHE (standard

hydrogen electrode) under fuel starving conditions in acid electrolytes, and results in

electrical isolation of the catalyst particles and aggregation of catalyst particles [19].

Figure 5.8 compares the concentration of CO2 at the anode measured by the GC-

TCD during water and glycerol oxidation in a PEM reactor. During water oxidation,

carbon support was the only carbon source to produce CO2 at the anode, while

both glycerol and carbon support could provide carbon during glycerol oxidation.

Approximately 15% of CO2 was produced from the carbon support at 1.5 V vs. RHE,

but its contribution had reduced to 0% when operated at 0.9 V vs. RHE. In other

words, carbon support corrosion can be minimized by choosing a lower operating

potential. The use of graphitized carbons could be another solution; graphitized

carbon has been shown to be highly corrosion resistant in a high-temperature acid

environment [20].
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Figure 5.8: Concentration of CO2 at anode for water oxidation and glycerol oxidation

in a PEM reactor.

5.4 Conclusions

A series of experimental and theoretical studies suggested the existence of com-

bined deactivation mechanisms occurring during glycerol oxidation in a PEM reactor.

The main deactivation mechanisms could be carbon deposition, CO poisoning, and

carbon support corrosion. Most of these effects can be minimized by lowering the

operating potential, suggesting a trade-off between activity and durability.
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CHAPTER VI

Conclusion and future work

6.1 General conclusions

This thesis has focused on glycerol oxidation in the context of a PEM reactor.

Various physical and electrochemical characterization methods were applied to un-

derstand the reaction.

Some noble metals (Pt, Ir, and Rh) were first tested in a solid-state cell to screen

the active catalyst for glycerol oxidation at a Nafion R© interface. Pt showed the best

performance in terms of the ability to adsorb glycerol and activity towards glycerol

oxidation. Therefore, Pt-based catalysts (Pt black, Pt/C, and Pt-Ru/C) were chosen

for further evaluation in a PEM reactor.

The effects of electrocatalyst and applied potential on activity and selectivity were

studied by evaluating the order of reactions and intermediates. Glycerol oxidation

rates in the reactor occurred with first-order kinetics, an observation consistent with

the literature [1]. While the rates for Pt/C and Pt-Ru/C were similar, a significant

change in selectivity towards partial oxidation products (e.g. glyceraldehyde) was

observed when adding Ru to Pt. Ru by itself exhibited negligible rates of glycerol

oxidation, indicating a change in surface chemistry between Pt, Pt-Ru, and Ru.

The glycerol oxidation pathways and the rate-determining step were also identified

for each catalyst. Tafel slope analysis suggested that the rate determining steps for
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Pt and Pt-Ru may be similar. The selectivity shift between Pt/C and Pt-Ru/C

was possibly caused by some surface chemistry change correlated with the electronic

structure. The electronic structure greatly influences the adsorption energy of specific

molecules to the catalyst surface that favors certain reaction pathways. One example

was discussed in Chapter 4 regarding the improvement of CO tolerance from pure Pt

to Pt-Ru alloy by reducing the CO adsorption energy measured by XPS [2].

We also observed a reduction of the glycerol adsorption barrier on the Pt-Ru

surface relative to Pt. For Pt/C, glycerol starts to adsorb at a rather high potential

where the Pt surface forms Pt-O. This active oxygen interacts with glycerol molecules

and breaks C−C bonds (dissociative oxidation) in addition to facilitating partial

oxidation. On the other hand, for the Pt-Ru surface, glycerol starts to adsorb at

a much lower potential, where the Pt surface is not yet oxidized, resulting in more

partial oxidation than dissociative oxidation. Ru can also activate water at much

lower potentials to create the surface hydroxyl that is necessary to oxidize surface-

bonded species, which facilitates the desorption of partially oxidized species.

Catalyst deactivation mechanisms occurring in a PEM reactor during glycerol

oxidation were also investigated. Based on nonlinear regression analysis and experi-

mental observations, we conclude that several deactivation mechanisms exist simulta-

neously. Particle sintering may be occurring, but the crystal size of the Pt is too small

to be detected by the XRD, and thus the effect of sintering is still unknown. The

ECSA loss over time suggests that Pt dissolution is unlikely due to the mismatch in

time scales between empirical values and predictions based on diffusion theory. TGA

suggested that carbon deposition, CO poisoning, and carbon support corrosion were

the major contributors for deactivation, which can be minimized by selecting a lower

operating potential.

In summary, Pt-alloy could be developed as a selective catalyst for glycerol oxi-

dation in a PEM reactor to produce commodity chemicals. However, simultaneous
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management of catalyst deactivation is required to ensure the long-term and stable

operation of the reactor.

6.2 Future directions of this research

Throughout this research, one of the most interesting findings was the effect of

electrocatalyst on product selectivity. In the case of glycerol oxidation, the selectivity

towards the partial oxidation product was greatly improved by alloying Pt with Ru.

Therefore, it is worthwhile to screen other Pt alloy catalysts for performance. The

type of solid-polymer electrolyte also has an impact on both activity and selectivity,

which should be investigated further. This reaction can also be evaluated in a non-

aqueous environment that would eliminate the competing reaction associated with

water oxidation to achieve higher efficiency.

While this thesis focused on understanding the difference in selectivity between

Pt and Pt-Ru, the parameters that would increase the reaction rate should also be

explored. For example, the gravimetric rate could be improved by highly dispersing

Pt on carbon black. Next-generation support such as carbon nanotubes may have a

positive effect on both rate and selectivity.

To deepen our understanding of the selectivity shift occurring on Pt and Pt-Ru

surfaces, additional experiments can be performed, including XPS to measure ad-

sorption energy on probe molecules, in-situ Raman spectroscopy in a three-electrode

cell to characterize reaction intermediates, or electrochemical impedance spectroscopy

to obtain differential capacity with respect to each reaction intermediate related to

adsorption strength, which would help to develop a more comprehensive glycerol ox-

idation mechanism.

Finally, improved resistance to catalyst deactivation is an important area for future

research, especially in the context of carbon deposition, CO poisoning, and carbon

support corrosion when used in a PEM reactor environment. Findings in this direction
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will also be a great base on which to develop more reliable fuel cell technology.
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