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Frequently used abbreviations

FC
DAFC
DEFC
DEGFC
DGFC
DMFC
Gly

EG
MeOH
EtOH
cv
MEA
ORR
GFCs
GDLs/MPLs
ClLs

AE
PME
EOR
ETR

Kj

EGOR

Fuel Cell

Direct Alcohol Fuel Cell

Direct Ethanol Fuel Cell

Direct Ethylene Glycol Fuel Cell

Direct Glycerol Fuel Cell-Direct Glucose Fuel Cell
Direct Methanol Fuel Cell

Glycerol

Ethylene Glycol

Methanol

Ethanol

Cyclic Voltammetry

Membrane Electrode Assembly

Oxygen Reduction Reaction

Gas Flow Channels, cooling channels, bipolar plates
Gas Diffusion Layers, micro-porous layers
Catlyst Layers

Alkaline Electrolizer

Polymeric Membrane Electrolizer
Ethanol Oxidation Reaction

Electron Transfer Rate

Ketjen black carbon

Ethylene Glycol Oxidation Reaction
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Chapter 1. Introduction

1.1 Overview

The depletion of fossil fuels and climate changes caused by greenhouse gases are
boosting increasing research efforts to find out alternative energy sources and
technologies. Among these, fuel cells are receiving much attention for their efficiency as
well as the capability to use, besides hydrogen, a variety of renewable fuels such as
alcohols and carbohydrates. Fuel cells of which there exist different types according to
the electrolyte employed, working temperature and fuel , are electrochemical devices
that directly convert the chemical energy stored in a fuel into electrical energy with little
or no emission of greenhouse gases, no noise and with high energy efficiency. In this
doctorate thesis, we have focused our attention on Direct Alcohol Fuel Cells (DAFC), i. e.
low temperature fuel cells that make use of renewable alcohols as fuel. We have
synthesized several new anode electrocatalysts and have also developed a new type of

DAFC where alcohols are partially and selectively oxidized to carboxylic acids.
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1.2 The planet Earth safety

Climatic changes, rapidly growing world population and increasing energy shortage are
current dramatic issues. Over the last two centuries, fossil fuels have been the primary
source for the generation of electricity, domestic heating and transportation vehicles.
Nowadays, this type of development is not allowed as fossil fuels are rapidly declining in
guantity and quality. On the other hand, the Society’s demand needs to be satisfied but
this is possible only by safeguarding the environment to provide the future generations
with a decent life standard. Establishing an equilibrium between mankind’s needs and
environment is a challenging task for all scientists.

In 1983 was established the Bruntland Commission (ONU) for the Environment and
Development and in 1987 a document entitled “Our common future” appeared
reporting on the Earth environment. During the Kyoto congress (1997), all industrialized
countries agreed to limit remarkably the greenhouse emissions within 2012 by more
than 5%. This year, in Cancun (Mexico) a further commitment to reduce the emission by
20% has been decided.

Chemistry can largely contribute to establish a real sustainable development: all new
chemical processes must be selective and make use of nontoxic and recyclable reagents.
Likewise, fossil fuels must be replaced, whenever possible, by renewable resources and
energy produced by more efficient processes than the plain combustion of the resources
themselves. In this doctorate thesis work, we have considered direct alcohol fuel cells as
a tool to produce simultaneously energy and selective chemicals from renewable

resources.
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1.3 H, fuel: a possible solution?

A fuel cell represents an attractive technology as tomorrow’s energy vector, because it
converts the chemical energy of a chemical compound (fuel) directly into electrical
energy. Since fuel cells generate electricity through a chemical process, they are not
subjected to the Carnot Limit, so they can extract more energy from fuel (40-70%
efficiency) than traditional internal combustion engines (30% efficiency). If fed with H,,
no CO, is emitted by fuel cells. In addition a fuel cell can be recharge quickly with an
amount of fresh fuel giving the same performances, while a common battery (lithium-
battery, f.i.) stops working when it reaches the chemical equilibrium of the redox
reaction .

Fuel cells have been discovered in 1839 by William Grove, but the first practical
applications appeared more than a century later with the advent of the space age
(1950)° then the General Electric Company (GE) started developing fuel cells and was
awarded a contract for the Gemini fuel space mission >. Nowadays different kinds of fuel
cells exist depending on the working temperature, type of fuel and electrolyte (Table 1).
PEM fuel cells contain polymer electrolyte membranes (generally Nafion®) as proton
exchange medium and platinum (Pt)-based materials as electrocatalysts. Their main
features include low operating temperature, high power density, and easy scale-up,
making PEM fuel cell a promising candidate as the next generation power sources for
transportation, stationary, and portable applications. Scheme 1 shows a schematic of a
PEM fuel cell. Furthermore the hydrogen is the most aboundant element of the
universe, as it is the simplest molecule and the energy request for breaking the H-H
bond is (453 kJ/mol). The major application of PEM fuel cells is for automotive in city

centers where pollution is more important than elsewhere *.
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PEMFC PAFC MCFC AFC SOFC
Molten Alkaline
Electrolyte Polymer Electrolyte  Phosphoric Acid Solid Oxide
Carbonate solutions
25-75°C
Temperature 25-100°C 160-220°C 600-650°C 800-1000°C
100-250°C
H,, alcohols, light H,, light H,, light H, H,,
Fuels
hydrocarbons hydrocarbons hydrocarbons hydrocarbons
Residential
Industrial
Applications Portable Distribution Portable Industrial
Distribution
Transport

Table 1. Different kind of fuel cells for different electrolytes.

Other applications include distributed/stationary and portable power generators. The
major motor companies are prevalently considering PEM fuel cells due to their high
power density and excellent dynamic characteristics as compared with other kind of fuel
cells °. Auto makers such as Toyota, Honda, Hyudai, Daimler, and General Motors (GM)
have announced plans of commercializing their fuel-cell vehicles by 2015 °. Distributed
PEM fuel cell power system is primarily focused on small scale (50-250 kW for
decentralized use or <10 kW for households) ’. Early design of fuel cells was for
residential power supply, in which the waste heat can be utilized for household usage ®.
However, the high cost of PEM fuel cells remains a major barrier hindering their
widespread application in this area. Indeed in general the world-wide commercialization
barriers of PEMFCs are durability and cost of electrocatalysts and membrane °. Fuel cell
components, such as the MEA (membrane electrode assembly) °, suffer degradation
during long-term operations. The lifetime required by a commercial fuel cell is over 5000
operating hours for light-weight vehicles and over 40,000 h for stationary power

1011 various interrelated and

generation with less than a 10% performance decay
complex phenomena occur during fuel cell operation, including mass/heat transfer,
electrochemical reactions, and ionic/electronic transport, which governs fuel cell
operation. For example, avoiding electrode flooding is of critical importance for optimal
fuel-cell performance and durability; however this phenomenon is not well understood.

The ability to model fuel and reactant transport and electrochemical reactions in
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Scheme 1. A simplified and dissected view of the basic components of a proton exchange membrane
hydrogen/oxygen fuel cell 12

electrodes is critical, particularly at the cathode side in which the oxygen reduction
reaction (ORR) is sluggish and inefficient and water is generated. The fundamental
understanding of the electrochemical activity at the triple-phase boundaries is a key to
breakthroughs of further Pt-loading reduction °. Specifically, as schematically shown in
Figure 1, the following multi-physics, highly coupled and nonlinear transport and
electrochemical phenomena take place during fuel cell operation °: (1) hydrogen gas and
air are forced (by pumping) to flow down the anode and cathode GFCs (Gas flow
channels, cooling channels, and bipolar plates), respectively; (2) H.and O: flow through
the respective porous GDLs/MPLs (Gas Diffusion Layers and micro-porous layers) and
diffuse into the respective CLs (Catalyst layers); (3) H. is oxidized at the anode CL,
forming protons and electrons; (4) protons migrate and water is transported through
the membrane; (5) electrons are conducted via carbon support to the anode current
collector, and then to the cathode current collector via an external circuit; (6) O: is
reduced with protons and electrons at the cathode CL to form water; (7) product water
is transported out of the cathode CL, through cathode GDL/MPL, and eventually out of

the cathode GFC; and (8) heat is generated due to inefficiencies, mainly in the cathode
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Figure 1. Phenomain a PEMFC®.

CL due to the sluggish oxygen reduction reaction (ORR), and is conducted out of the cell
via carbon support and BPs. The transport phenomena are three-dimensional because
the flows of fuel (H.) and oxidant (O.) in the anode and cathode GFCs are usually normal
to proton transport through the membrane and gas transport through the respective
GDLs/MPLs and CLs. When operating under practical current loads, relatively high inlet
humidity, liquid water is present within the fuel cell. Fundamental models have been
developed to examine the transport processes based on the laws of conservation of
mass, momentum, energy, species and charges and the multiphase mixture formulation

141516 The reactions that occour in a PEMFC are shown below:

Anode: H,—2H"+2e", Cathode: 1/20,+2H"+2e = H,0
Overall: H,+1/20,-H,0, r.t. AE° 123 V

On the other hand, there are other important aspects to consider to overcome the
barriers to the commercialization of PEMFCs. The hydrogen production from water

electrolysis represents an alternative to the production of hydrogen from fossil fuels
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(reforming of hydrocarbons), and the only way where renewable energy can be
exploited to produce highly pure hydrogen (99.999%) '’. Unfortunately this process
requires too much energy (AE° 1.228V energy request).

Botte et al. '&!9%0

studied the acqueous ammonia electrolysis on Pt-Ir catalysts in
alkaline electrolizer (AE) needs of 0.36V at 60°C. Other authors used methanol in anode
compartment of a PME (Polymeric Membrane Electrolizer) containing cation-exchange

membrane on a Pt catalyst 2**

. The oxidation reaction produces CO, and the anode
material slowly gets poisoned by CO coordination on active sites, which leads to high
overpotentials 2*. Recently in our lab a PME which electrolyzes renewable alcohols-
water to chemicals and pure hydrogen was prepared (AE° 0.127V) **. In addition to
other issues, efficient hydrogen storage is still an unresolved problem to consider in the

hydrogen economy.
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1.4 Other renewable fuels

An interesting alternative to the hydrogen-fuel is represented by liquid fuels such as
renewable alcohols. The devices which use this kind of fuel are named Direct Alcohol
Fuel Cells (DAFCs). Compared to gaseous fuels, liquid fuels have the advantage of high
energy density as well as easy transportation and handling. On the other hand the
oxidation kinetics of any alcohol are much slower and still H,-fueled PEMFCs exhibit
superior electrical performance as compared to DAFCs with comparable electroactive
surface areas ~>*°,

Methanol (MeOH) is a highly attractive fuel for mobile applications such as electric

27,28

vehicles as it has a theoretical cell voltage of 1.2 V and a theoretical energy density

of 6094 Wh Kg™ (5x that of the best battery couples). Surely its practical energy density
is only 1500-3100 Wh kg™ while its operating cell voltage is 0.4 V °. Further methanol is
an easy available product, but it is toxic. Usually the DMFC (Direct Methanol Fuel Cell)
contains a MEA constituted by an anode catalyst based on Pt/C, a Nafion® membrane
(cationic membrane) and a Pt/C cathode. The main potential lossess are due to anode
side overvoltages caused by slow oxidation kinetic and by irreversible poisoning **° and
to cathode side overvoltage caused by methanol cross-over, which competes with ORR
(Oxygen Reduction Reaction). Indeed platinum itself is known to be rapidly poisoned on
its surface by strongly adsorbed species coming from the dissociative adsorption of
methanol *>*!. In the literature many efforts to mitigate the Pt poisoning have been

32,33,34,29¢,d

concentrated on the addition of co-catalysts, particularly ruthenium and tin

333637 to platinum; or on the influence of the carbon support on the Pt poisoning (multi

38,39

and single walled carbon nanotubes , polyaniline nanofibres *°, carbon nanofibres®,

39

carbon nanowires > and so on). On the other hand also the methanol cross-over

represents a serious problem, as it influenced the ORR (Oxygen Reduction Reaction)

41,42,43 44,45

. Metalloporphyrins and Platinum Group Metal (PGM) alloys *® have been used
to design catalysts for the 4e” reduction of O, to water and many studies are directed to
understand the mechanism of oxygen reduction on Pt-Fe, Pt-Ni, Pt-Co *’, including CO or
methanol tolerance “®. Several methods have been proposed to reduce methanol

crossover in DMFCs, such as adding ZrO, to the membrane *, using a PTFE improved
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Nafion® as the electrolyte membrane *°, adding a thin layer of palladium *** etc. All of
these methods are capable of reducing methanol crossover to a certain extent, but none
can prevent methanol crossover and all of these methods also increase the impedance
for proton transport through the membrane.

For all of these reasons ethanol (EtOH) offers an attractive alternative as fuel in low
temperature fuel cells, because it can be produced in large quantities as it is the major
renewable biofuel from the fermentation of biomass °* from agricultural products (first
generation ethanol). Nowadays it is also producted from the organic urban waste
(second generation ethanol). Moreover EtOH copes with the toxicity problem of MeOH,
its boiling point (64.7°C) and its low energy density *’. By comparing the performance of
fuel cells employing Pt-Ru anode catalyst, H;PO,-doped polybenzimidazole membrane
on various methanol-alternative fuels, Wang et al. ** found that ethanol is a promising
alternative fuel with an electrochemical activity comparable to that of methanol. Further
pure Pt is not the most efficient anode catalyst for DEFC (Direct Ethanol Fuel Cell) ***?,
the ethanol permeation through the Nafion® membrane towards cathode is not so
appreciable as well as for MeOH and EtOH reaction kinetic on Pt/C cathode is slower
than for MeOH °°. The latter evidences make possible a development of DEFC working
with cationic membrane using Pt-Sn anode catalysts that improve EOR (Ethanol

57

Oxidation Reaction) notwithstanding C-C bond cleavage inhibition >’, or Pt-Sn-based

58,59,60 59,60

ternary catalysts , or in the presence of Sn or Ru oxides , Which promote water
dissociation at a lower potential than Pt-Ru systems and cathode containing Pt-Pd (9:1)
catalysts more tolerant to ethanol cross-over.

In alkaline media Pd-based anode electrocatalysts show better activity towards EOR for
better electrochemical performances and poison tolerance °'. Recent studies have
shown that the oxidation of alcohols in general in alkaline media proceeds with
enhanced kinetics for both anode and cathode reactions than in acidic environment
626384 This is due to a major concentration of —OH groups at the surface in alkaline
media, which plays a key role in the removal of electrode poisoning species ®. The
increased performances in alkaline media for DAFCs is also due to the favourable
direction of the electro-osmotic drag, which goes from the cathode side to the anode
side, slowing the alcohol cross-over. For ethanol in alkaline environment, acetaldehyde,

65b

acetic acid and carbon dioxide (pH<13 °°) are discussed as products *®. In order to use

the full energy density of an alcohol, the fuel needs to be completely oxidized to carbon
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dioxide. However, in the case of ethanol this involves the breaking of the C-C bond,
known to be difficult, and its product in the highest oxidation state in alkaline medium is
acetate which means an electron transfer of four electrons or a Faradic efficiency of
33%.

Other higher molecular weight alcohols can be used as fuels in DAFCs: Ehtylene glycol
(EG) and glycerol (Gly). Both of them are renewables as EG can be produced by
heterogeneous hydrogenation of cellulose, while Gly is a byproduct of biodiesel
production and, as such, is inexpensive and largely available ®’. EG has also a higher
electron transfer rate (ETR) than EtOH and the higher theoretical capacity than
methanol (EG 4.8 Ah/mL; MeOH 4 Ah/mL) %97 |t has been demonstrated that the

"L72 \which leads to the electron

main product of EG oxidation is oxalic acid/oxalate
transfer of 8 electrons, hence the ETR of EG is 80% 3. These alcohols, however, are
difficult to oxidize on platinum or platinum alloys. In particular, no known anode catalyst
based on platinum has demonstrated the capacity to produce acceptable power
densities in either DEGFC **’*”®> or DGFC **’*’>** unless a partially inorganic solid
electrolyte is used at temperatures >130°C ’®. The Glycerol is also an interesting fuel as it

has a high theoretical energy density of 5.0 kWh/kg and its complete oxidation leads to

14e (according to Eq [1)].

CH,0OH-CHOH-CH,0H+200H 53C03%+14H,0+14¢e ............oeceereereee (1)

Coutanceau et al. have demonstrated that Pd,Au,.,/C and PdysNigs/C electrocatalysts
have a higher activity towards glycerol oxidation close to Pt/C and that the catalyst

7 in alkaline

composition and structure affect the Gly oxidation product distribution
media. Indeed Au and PdAu catalysts do not show selectivity to C-C cleavage, at the
opposite that for Pt and Pd catalysts. At the same time Gly gives high current density in
alkaline media also in half-cell study on Pd/MWCNT electrode respect to Pt-Ru/MWCNT
electrode in acidic media .

79,80

Glucose can also be used as fuel in DAFCs operating in alkaline environment . Usually

this sugar is employed in enzymatic bio-fuel cells for applications in medical implants

such as pacemaker and glucose-sensor

, giving low power density. Nowadays it
represents a potential fuel for DAFCs because it is renewable, abundant, non-toxic, easy

handle and store and its complete oxidation leads to 24e 5. For these reasons Chan et al

10



Chapter 1. Introduction

# measured the cell performance of a glucose-air fuel cell with PtCo and Pt as the anode

l.  compared the cell performances of an AEM-

and the cathode catalysts. Fujiwara et a
DGFC and a PEM-DGFC using the PtRu black and Pt black as the anode and cathode
catalysts, obtaining best results in alkaline media.

In conclusion the DAFCs can use a lot of renewable alcohols for producing energy and
chemicals, but it is necessary to design and develop catalysts with specific structures for

each of them for reaching H,-fuel PEMFC performances and getting possible their global

commercialization respecting the sustainability concept.

11
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Figure 2. DAFCs with anionic and cationic polymeric membranes.

1.5 The Direct Alcohol Fuel Cell (DAFC)

The Direct Alcohol Fuel Cell (DAFC) is an electrochemical device which converts the
chemical energy of a fuel (alcohol) into electrical energy and eventually chemicals of
industrial interest. The performance of a fuel cell depends on the catalyst
activity/lifetime. DAFCs contains Membrane Electrolyte Assemblies (MEAs) constituted
by anode, polymeric electrolyte membrane and cathode mechanically pressed onto each
other. In general, DAFCs cannot operate at temperatures higher than to 80°C due to the
low thermal stability of the membrane . In Figure 2 are illustrated the two type of DAFCs
operating with either anionic or cationic exchange polymeric membrane (Tokuyama
Corporation membranes, Morgane by Solvay and Nafion™ by Du Pont).

Eq[(1-6)] report single electrode and overall reactions occurring in a direct ethanol fuel
cell in either acidic or alkaline media. The reactions below refer to the total oxidation of
ethanol to CO, or CO5%, but there are DEFCs (largely presented in this thesis work)

where the partial oxidation of ethanol (as well as of other alcohols) occurs selectively.

CH3CH,OH+3H,0-2C0,+12H"+12¢" (E, 0.084 V) (1)
30,+12H"+12e ~6H,0 (E. 1.23 V) (2)

12
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CH3CH,OH+30,—2C0,+3H,0 (E.i1.146 V) (cationic membrane) (3)
CH3CH,OH+160H —2C03%+11H,0+12¢™ (E, -0.736V) 4)
30,+6H,0+12e—120H (E. 0.41 V) (5)

CH3CH,OH+30,+40H —2C05*+5H,0 (E..; 1.146 V)  (anionic membrane) (6)

The oxidation potentials of alcohols are favourable in alkaline environment ¢,

1.5.1 Cathode electrocatalysts

The slow oxygen reduction reaction (ORR) kinetics on Pt catalysts is among a limiting
factor in the energy conversion efficiency of PEMFCs. Also, Pt is scarcely available and its
price increases constantly. Alternative catalytic materials are therefore necessary for
fuel cell applications. ORR process includes several individual reactions (Scheme 2). For
electrochemical catalytic ORR analysis, two general processes are examined mostly. One
is the production of water through a four-electron pathway, and the other is the
production of hydrogen peroxide through a two-electron pathway. The desired feature
for a successful ORR catalyst would reduce oxygen molecules to water through the four-
electron route. Incomplete reduction of oxygen to hydrogen peroxide not only leads to
low energy conversion efficiency, but also produces reactive intermediates that can

further convert to harmful free radical species ®, deteriorating the cathode catalysts.

ky (+4e7)
diff | kz (+2¢) kg (+2e") l
Og 2(ads) -———— HPOE[ads] H,0
ko (-2¢)
\ / kﬁll ks
ks H,0,

Scheme 2. ORR mechanism %,

13
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Since 1964 ®° cobalt and iron complexes with phthalocyanines (Pc) or similar N-
macrocycles, supported on carbon blacks, have been largely used as electrocatalysts for

86,87,88,89

the oxygen reduction reaction (ORR), either in the molecular form and or after

90,91

thermal treatment under inert atmosphere . This has been possible working in DAFCs

operating in alkaline environment (anionic polymer electrolyte membrane), where one

may use no noble metals ?*%

. As a matter of fact, MPc-derived electrocatalysts are the
best materials for alkaline direct alcohol fuel cells (DAFCs), in terms of both cost and
performances °%°.

Considering catalysts treated under inert atmosphere, the pyrolysis temperature has
been found to be a crucial parameter to determine the structure of
metallophthalocyanine-derived electrocatalysts and, consequently, their
electrochemical performance ®. It is now apparent that pyrolysis temperatures around
600 °C lead to the prevalent formation of M-N, units with the metals predominantly in
the +2 oxidation state, while metal particles are obtained at higher temperatures,
around 800 °C ****®*_ An other important aspect is that these kind of metal complexes
do not oxidize alcohols, reducing the problem correlated to their cross-over which can
occur in DAFCs *. For bettering ORR performances of MPc-derived electrocatalysts, the
influence of the carbon support has been investigated and it has been understood that

93,96,97

also its nature influences the ORR activity of the cathode electrocatalysts . During
this Doctoral thesis work all of the passive and active fuel cell tests were performed
using FeCo/Kj black cathode electrocatalysts, before synthesized and characterized in

our labs %,

1.5.2 Polymer electrolyte membrane

The electrolyte is fundamental for the correct working of a fuel cell, as it keeps in
contact the two anode and cathode compartments through a ionic flux, but resisting to
cross-over of fuels from one side to an other and to the oxidative environment of anode
or the reductive environment of the cathode. In the DAFC operating in acid media also
the water management can be a problem, as it is attracted to the cathode side for

98,99
I .

polarization and water is frequently introduced in the feed stream to the fuel cel n

14
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addition interfacial transport across the membrane/gas boundary diffusion layer swells

10 This affects the local

all contribute resistances to water transport and sorption
proton conductivity. The most common used membrane for fuel cell operating at low
temperature is the cationic Nafion® by DuPont. It is based on perfluorosulfonic acid
made of polytetrafluoroethylene which provides membrane with physical strength. The
sulfonic acid functional groups provide charge sites for proton transport. Additionally
other perfluorinated membrane such as Neosepta-F™ (Tokuyama), Gore-Select™ (W. L.
Gore and Associates, Inc.), Flemion™ (Asahi Glass Company) and Asiplex™ (Asahi
Chemical Industry) are also adopted for fuel cells >. On the other hand in the alkaline
environment the water management is a less serious problem, as water is formed at the
anode side and the electroosmotic flux goes from cathode to anode. In the last years the
increasing interest in DAFCs operating in alkaline condition permits to develop and

101102 The drawback of traditional alkaline

produce anion exchange membranes (AEMs)
fuel cells (AFCs) to undergo electrolyte carbonation is strongly minimized by the use of
an anion conductive polymeric membrane.

In this Doctoral thesis Tokuyama AO006 (Tokuyama Corporation) anion exchange
membrane was used for all the electrochemical measurements for active and passive

103,78,104

monoplanar DAFCs (perfluorinated membrane in its quaternary ammonium

form).

1.5.3 Anode electrocatalysts

The most used anode electrocatalysts for DAFCs are based on Pt. They still present many
problems. Further they are not so efficient for oxidizing superior alcohols as ethanol,
ethylene glycol or glycerol. For all of these reasons the real attraction is to develop Pd-
based electrocatlysts. This metal is less expensive and more abundant than platinum, it
is efficient for alcohol oxidation in alkaline media where it is usable also diluted with no

noble metal at the anode or cathode side °*°

. For getting good catalysts one may pay
attention to the morphology, shape, dispersion and to the support material. The support
is generally constituted by carbon matrix, recently utilized in a lot of nanostructures

(tubes, wires, fibers..). The large availability and the low cost make the Vulcan-type

15
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materials the most used support for electrocatalysts in low temperature fuel cells. It has
a high surface area, good electrical and thermal conductivity, suitable porosity and high
stability in the FC environment. The large majority of carbon-supported electrocatalysts
are prepared by reduction of physic and chemisorbed metal salts or metal complexes
with chemical reductant (NaBH,, ethylene glycol, hydrazine, tannic acid, formic acid,
formaldehyde, hydrogen gas) that may also act as templating agent to favour the
formation of nanosized metal particles '®. It is also possible reduce metal salts making
surfactant stabilized colloidal Pd particles via the Bonneman method and then mixed

106

with carbon support . Binary electrocatalysts of PtPd/C or PtPdBi/C have been

prepared by water-in-oil microemulsion method successively added to a conductive

carbon '’

. Another actual and fast method for synthesize metal nanoparticles is through
intermittent microwave irradiation (IMH). Indeed in literature there are an increasing
number of publications dealt with this technique *®.

Carbon nanotubes (CNTs) are widely used as support for electrocatalysts for DAFCs as
their properties of having higher surface area, higher electric conductivity and porosity

199 As a matter of fact it has been

than common Vulcan or Ketjen black carbon
demonstrated that increasing the graphitization degree of carbon materials, the mn-sites
grows up and so the metal particles interaction with the present support, disfavouring
the metal sintering and at the same time favouring the stability of the electrocatalysts
11078 “Multiwalled carbon nanotubes (MWCNTs) and their functionalized derivates are
already a widespread support for FC (Fuel Cell) catalysts. Sulfonated MWCNTs for
depositing Pd showed good activity towards methanol oxidation **! as well as treated
MWCNTs with hydrofluoric acid towards stability in EOR ''°. Li and co-workers
developed MWCNTs functionalized with mercaptobenzene moieties for anchoring
palladium later tested for the oxidation of formaldehyde in alkaline solution ***. Often

they can use for depositing two metal species and realize a binary electrocatalysts 2

(PdNi ). In addition TiO, ' nanotubes, vanadium oxide nanotubes **® and B-MnO,

118 119

nanotubes '/, carbon microspheres (CMSs) ™2, coinlike hollow carbons (CHCs) **° and

ultrahigh-surface hollow carbon spheres (HCSs) **°

can replace MWCNTSs as support for
FC catalysts. Tungsten carbide (WC) nanocrystals, prepared by the IMH method, have
been recently employed as supports for Pd nanoparticles *** with better activity towards
EOR reaction in alkaline media than Pd/C, as they have higher surface area and there is a

synergistic effect between Pd and WC '®. Recently transition metal oxides are
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employed for supporting Pd particles as they have a co-catalytic role on Pd activity for

105c

alcohol oxidation . Indeed Shen and Xu obtained active materials in terms of onset

10%¢ |n the

oxidation potential and peak current density and also stability towards EOR
Chapter 3 of this work it is possible to find a similar material based on CeO,/C (vide
infra). Finally spontaneous deposition (SD) of noble metals onto less noble metal

particles or metal surface is emerging ***

. The electrocatalysts shown in the Chapter 2 of
this Doctoral thesis represent an example of this kind of deposition technique 2. The
materials obtained show the best performances never shown before in the literature **
towards EOR and EGOR in DAFCs operating with an anion exchange membrane (vide
infra), as palladium particles are very little (1-2 nm) and well-dispersed. A technique
similar to SD is the redox replacement reaction between sacrifical cobalt nanoparticles
and Pt(IV) and/or Pd(ll) *** (see Chapter 3) which can give materials with a particular
structure such as hollow nanospheres. Although essentially used for laboratory tests in
half cells, unsupported Pd electrocatalysts for alcohol oxidation have been reported in
the literature. Usually they are prepared through electrochemical methods which
involve the electrodeposition technique of one or two metals by cyclic potential sweep
125 or using templating agents **° such as a porous aluminium oxide.

All known Pd-based catalysts are unable to completely oxidize alcohols to CO, (CO5%).
Ethanol is almost exclusively oxidized to the corresponding carboxylic acid (carboxylate),
while polyalcohols (EG, Gly..) may undergo C-C bond cleavage with formation of
carbonate in a minor path as compared to the partial oxidation to carboxylates. Our
experimental evidence highlights the sustainability of DAFCs that can simultaneously

produce energy with no CO, emission and chemicals from renewables.
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1.5.4 Synthetic strategies and characterization of electrocatalysts for DAFCs

The most common synthetic routes to obtain metallic nanostructured electrocatalysts
can be divided in two approaches: bottom-up (from molecular scale to nanoscale) and
top-down (from large to smaller dimensions). Further they can be classified as chemical
or physical methods. The physical techniques include the thermal evaporation '*’ or the
sputtering *® in high vacuum of metals. The main disadvantages of physical techniques
are the little dimensional check on nanostructure formations and on their distribution
onto the surface. Lithography techniques have also been applied to achieve better

control of size in vacuum methods **

. On the other hand a large variety of chemical
methods have been reported for the synthesis of metal nanoparticles for FC
applications. The common starting point of chemical methods is the molecular or ionic
precursor dissolution in water or organic liquid phase. Sometimes the precursors can be
carried in supercritical carbon dioxide **° or can be itself the gas carrier in the case of

metal organic chemical vapour deposition ***

. Then a reducing agent is used to obtain
metal particles directly on the support to form a larger area electrocatalyst. Other
chemical steps such as decomposition, displacement or electrochemical reactions are
possible. A crucial step is the nucleation of metal nanoparticles as its control determines
the activity of the material. To this aim in Figure 3 some dimensional control strategies

are illustrated .
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Figure 3. Chemical methods to synthesize supported platinum nanoparticles with different size control
methodologies 132

The colloidal method (Figure 3) uses an organic agent (PVP, PVA, PPh;....) to protect the
metal nanoparticles in organic phase (organosol) or in aqueous phase (hydrosol),
stabilizing either by steric hindrance or by electrostatic charges. A narrow size of the
metal particles is reached, but at the same time the surfactant agent must be removed

to ensure the good catalytic action of nanoparticles **

. It would be preferable using
appropriate combination of precursor , solvent, reducing agent and electrolyte, as f.i.
Wang et al. ** have used ethylene glycol as solvent/surfactant in the appropriate
alkaline condition to produce nanoparticles of a lot of metal species. In the Chapter 2 of
this work Pd/C synthesis is reported through the latter strategy.

On the contrary the impregnation method illustrated in Figure 3 consists in soaking up of
a dissolved metal precursor into pores of a support (Vulcan XC 72, f.i.) and then reducing
it into metal particles by chemical or electrochemical strategies. The major drawback is
the scarce dimensional control of metal particles except when the support has a definite

118119120 ' On the other hand the electrochemical method

ordered mesoporous structure
reduction can be a method for controlling this parameter through the amount of current
passed '**. Finally the microemulsion method *® consists in mixing the metallic

precursor liquid phase in an immiscible liquid (surfactant phase) creating an emulsion.
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The reducing agent can be introduced itself as a microemulsion and often a co-
surfactant can be used for modifying the dimension of metal particles.

Physical methods for the electrocatalyst characterization include high resolution
electron microscopy (HRTEM), extended X-ray absorption fine structure spectroscopy
(EXAFS), energy dispersive spectroscopy (EDS), inductively coupled plasma atomic
emission spectroscopy (ICP-AES), near edge X-ray absorption spectroscopy (XANES), X-
ray powder diffraction (XRPD), and infrared and Raman spectroscopy (IR, RS). All of
these techniques show morphological and structural information about electrocatalysts.
Electrochemical characterization methods include cyclic voltammetry (CV),
chronopotentiometry, chronoamperometry, AC impedance spectroscopy, in situ
spectroelectro-chemistry, and electrochemical scanning tunnelling microscope. Fast
electrocatalyst screening has been achieved by scanning electrochemical microscopy.
The latter electrochemical techniques represent a preliminary study about the
oxidation/reaction activity of the FC electrocatalysts.

Finally electrochemical tests on the whole activity of a DAFC are effectuated by specific
potentiostat-galvanostat for FC (Arbin or Scribner instruments), often after mechanical

hot-pressing the MEAs.

1.6 Scope

In this Doctoral thesis, we have developed and characterized Pd-based anode catalysts
for DAFCs with aim of producing high current density at relatively low temperature. In
the course of our studies we have also developed catalysts that selectively convert
renewable alcohols into the corresponding alkali metal carboxylates.

The choice to synthesize Pd-based electrocatalysts is exhaustively discussed in the
Introduction as well as in Chapter 2. In Chapter 3 are reported our efforts to improve the
first catalysts synthesized, by varying metal particle morphology and dimensions,
support materials as well as combining other metals with Pd.

The primary goal of this work is indeed the design and development of Pd-based
electrocatalysts and their use as anode materials in DAFCs equipped with anion

exchange membranes.
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Chapter 2. Palladium onto Nickel-Zinc supports

2.1 Overview

This chapter provides the synthesis and the characterization of two nanostructured
palladium-based electrocatalysts for anodes of DAFCs, where the anolytes are alkaline
aqueous solutions of renewable alcohols such ethanol, glycerol and ethylene glycol.

For comparative purposes is also described the synthesis and the characterization of a
traditional palladium catalyst supported on Vulcan XC-72. The chemical-physical
characterization of all materials was carried out by HRTEM, EXAFS, XANES, ICP-AES,
XRPD techniques.

Next, the electrocatalytic activity of all materials towards several fuels was evaluated in
both half-cells and monoplanar passive and active fuel cells. To this aim, MEAs were
assembled using cathodes comprising in-house Fe-Co electrocatalysts and anion-
exchange membranes (from Tokuyama, Japan).

Finally, we focus on the NaBH, fuel additive use capable of improving the fuel cell

performance, especially in terms of fuel efficency.

31



Chapter 2. Palladium onto Nickel-Zinc supports

2.2 Introduction

Palladium has recently aroused notable interest in electrocatalysis as it is more
abundant in nature, hence less expensive (four times) than platinum and has the
capacity to promote the oxidation of several alcohols, including ethanol, in alkaline
media. Current synthetic methods for the preparation of Pd-based electrocatalysts for
anodes of DAFCs are manifold *. There are many aspects to consider for manufacturing
electroactive materials. The three major procedures are outlined below.

Electroless procedures generally involve the adsorption of a palladium compounds
(PdCl,, K,PdCl, or H,PdCl,), alone or in conjunction with a salt of another metal, onto a
conductive support material, generally carbon black, followed by reduction in aqueous
dispersion with an appropriate reducing agent that may also act as templating agent to
favor the formation of nanosized metal particles (NaBH,, ethylene glycol, hydrazine,
tannic acid, formic acid, formaldehyde, hydrogen gas) % It is also possible that
surfactant-stabilizing can be independently prepared and later mixed with a carbon
black *. Following this procedure nanosized Pd particles are obtained with dimension
depending on the reducing agent as well as the reaction parameters. An important role
in determining the structure of the Pd particles is also provided by the morphological
characteristics of the carbon black, in particular specific area, pores and micropores
dimension, chemical nature of the surface. So a large variety of conductive materials
have been used to support Pd nanoparticles, alone®® or in combination with either

nanocrystalline metal oxides (NiO, CeO,, C03;0,, Mn;O;) *°

or tungsten carbide
nanocrystals ¢. The two most common supports are Vulcan XC-72 and Ketjen Black, but it
is possible also utilize carbon microspheres ’, coinlike hollow carbons ®, ultrahigh-surface

hollow carbon spheres’, carbonized porous anode alumina *°

, carbonized TiO,
nanotubes ™, multiwalled carbon nanotubes *? and activated carbon nanofibers *2. As an

alternative to electroless procedure,
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Scheme 1. Deposition of metal MIl onto particles of metal Ml by redox transmetalation 8,

Pd-electrocatlysts can be synthesized by electrochemical methods. One of the most
used is the electrodeposition of one metal at a time, eventually followed by the
electrodeposition of other metals, if necessary. Pd nanowire arrays have been prepared
by template-electrodeposition on glassy carbon electrodes ** with a highly ordered
scheme, while cyclic potential sweep techniques have been used to prepare Pd thin
films on polycrystalline Pt or Au substrates *.

A third, less frequent method to synthesize Pd-based electrocatalysts is the spontaneous
deposition of noble metals onto less-noble metal particles or metal surfaces *>*°. This
technique has found some applications for the preparation of anode electrocatalysts for

15c,d,e,16e

fuel cells , including only one example of an active Pt-Ru anode catalyst in a DEFC

¢ The spontaneous deposition is actually considered as a transmetalation reaction,
while it is often confused with the electroless deposition technique *’. One of the best
definition has been proposed by Cheon and co-workers *° who wrote: “When a metal-
ligand complex in a positive metal oxidation state (M,"'L™) approaches an other metal
surface (M,), M,L; molecules can be reduced through the sacrificial oxidation of the M,
surface atoms to produce M, deposition on the M, metal surface via a redox
trasmetalation process”. A scheme representing the spontaneous deposition of a high-
valent metal through redox transmetalation is shown in the following Scheme 1 for a
hypothetical metal phase supported on a conductive material. Using the spontaneous
deposition method, Nakashima et al. obtained the formation of a Pt-Ni alloy by
treatment of nickel discs with an aqueous solution of H,PtCls under acidic conditions by
the mentioned above mechanism . The redox reaction that would occur [Eq. (1)]
generates a modified nickel electrode that is active in the catalytic oxidation of

methanol.

PtO+NiT—P+7+Ni° 1)
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Certain examples can be lain between the spontaneous and the electroless deposition.
This might be the case of the deposition of Pt on either a Ru(001) single surface **® or Ru

nanoparticles supported on Vulcan XC-72R ***

. Indeed, Adzic and co-workers argued that
the oxidative dissolution of Ru by action of [PtCl¢]* can be excluded because it would
occur at a potential more positive than the equilibrium potential of Pt/[PtCl¢] >**°. So
they proposed that the reduction of [PtCls]* to Pt metal is assisted by Ru-OH surface

species, easily formed under the specific experimental conditions [Egs. (2) and (3)].

Ru°+xHZO—'RquHX+2(x-y)H*+(2x-y)e‘ (2)

[PtCly 1% +4e —Pt%+6CI (3)

In this PhD thesis work, we describe the synthesis of new nanostructured Pd-based
catalysts obtained by the spontaneous deposition of Pd on Ni-Zn materials. Traditional
Vulcan XC-72 supported Pd catalysts were prepared for comparative purposes by
electroless reduction *2%%!,

As metal phases for the transmetallation reaction, we selected skeletal or sponge nickel

alloys similar to Raney nickel (such as Ni-Al and Ni-Zn) that are being used to catalyze

various chemical processes (e.g. hydrogenation and hydrogenolysis) as well as

22,23 24,25

electrochemical processes, such as the water and aqueous ammonia electrolysis.
Skeletal Ni materials have the advantage of being cheap and have a high surface area.
However they present some disadvantages: pyrophoricity, the great tendency to be
oxidized in air with the formation of thick surface-oxide layers and the strong corrosion
in acidic conditions. All of these features have prevented so far their effective use in

26

polymer electrolyte membrane fuel cells (PEMFCs) and DMFCs “°. The alkaline

environment is mandatory for Ni, and the effectiveness of Ni electrocatalysts to oxidize

f 228 or monoplanar cells ° have been proved . A

alcohols in alkaline media either in hal
patent of 1997 * reported the spontaneous deposition of palladium onto a Ni-Al alloy
for the oxidation of hydrogen in a fuel cell. The presence of Zn in the material for
depositing palladium is not a drawback as Zn is more electropositive than Ni and
therefore prone to undergo fast transmetalation by reaction with Pd" or Pd" salts. The

Ni-Zn phases were prepared through two procedures. The first is reported for the Ni-Zn

Urushibara catalysts, which exist in two forms depending on whether the excess of Zn is
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31 The second one is referred to the Ni-Zn-P

removed by using an acid or a base
composites, developed for the protection of steel from corrosion *. During the synthesis
both of them were supported on Vulcan XC-72. To the best of our knowledge, there are
no other reports describing the use of Urushibara-like or Ni-Zn-P composites as starting
materials for transmetalation reactions with noble metals, eventually leading to anode
electrocatalysts for DAFCs. All new materials were characterized by high resolution
microscopy (HRTEM), combined with Energy-Dispersive X-ray spectroscopy (EDX)
measurements, X-ray Powder Diffraction (XRPD), Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) Extended X-ray Absorption Fine Structure (EXAFS) and
X-ray Absorption Near Edge Structure (XANES). The latter two techniques have provided
insight into the local environment of the palladium and nickel atoms. The
electrochemical measurements were carried out primarily in half-cells (cyclic
voltammetry, cronopotentiometric tests, Tafel plots) in the presence of different fuel
solutions (ethanol, glycerol, methanol, ethylene glycol, generally in 5-10 wt%) and in
alkaline media 2M KOH. The tests in active monoplanar cells were carried out using a
fuel cell control system by Scribner (USA) and in passive monoplanar cells by ARBIN

potentiostat-galvanostat.
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2.3 Results and discussion

2.3.1 Catalyst synthesis

The Ni-Zn Urushibara type used for the spontaneous deposition of palladium was
obtained by reducing a hydrous nickel (Il) salt with Zn powder in the presence of Vulcan
XC-72, followed by treatment of the resulting Ni-Zn phase with an alkaline hydroxide,
generally NaOH, to remove the Zn excess. The resulting material is denoted as Ni-Zn/C.
The Ni-Zn-P support was prepared by the reduction of mixtures of Ni and Zn salts with
sodium hypophosphite in the presence of sodium citrate, ammonium chloride and
Vulcan XC-72, followed by treatment with concentrated KOH solution to remove the
excess of zinc. The resulting support product is denoted as Ni-Zn-P/C.

The spontaneous deposition of Pd was achieved by stirring an aqueous solution of
K,PdCl, in the presence of either materials under a nitrogen atmosphere for several
hours *.

The amount of Pd deposited onto the Ni-Zn/C or Ni-Zn-P/C materials was, in all cases,
proportional to the loss of Ni and Zn from the support, which confirms the occurrence of
a redox transmetalation process. Control experiments in which an aqueous solution of
K,PdCl, was added to a stirred dispersion of Vulcan XC-72, followed by washing with
water did not show any appreciable deposition/adsorption of Pd on the carbon black.
Finally, the Pd/C catalyst was prepared by electroless reduction of an aqueous
dispersion of Vulcan XC-72 impregnated with a PdCl,/HCl solution with ethylene glycol at

high temperature %%,
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2.3.2 Catalyst characterization

The distribution diagram of volume particles vs diameter for Pd-(Ni-Zn)/C showed an
average diameter Pd particle of 2.3 nm (o 0.5 nm) (Figure 1a). By an in column EDX
probe, palladium was found often in aggregates of several small particles where Pd/Ni
ratio was 1:2. Here, the two metals are not alloyed and show well defined truncated
cuboctaahedron-hexagonal geometry habit and diffraction fringes of metal Ni(110)
(d=0.249 nm), Ni(111) (d=0.203 nm), Pd(110) (d=0.275 nm) and Pd(200) (d=0.194 nm)
crystal planes, indicated a Ni and Pd face-centered-cubic packing (fcc) in a
cubohoctaedral growth geometry.

Where the metal particles were sufficiently large and isolated to allow for a single
particle EDX analysis, the composition was predominantly Pd or predominantly Ni-Zn
(5:1), with the palladium particles larger than Ni particles and not alloyed (Figure 1b).
Indeed, a comparison of the metal element mapp distribution, performed at high
maghnification (250000 X) for Pd and Ni, showed clearly the proximity of the particles of
the two atomic species, as the distribution density was well reproduced, but the images
were not superimposable, suggesting the absence of alloys or decoration effects. Most
of the support grains were crystalline with well resolved diffraction fringes of the
graphite planes and showed a uniform dispersion of the metal particles over the entire
support surface.

Samples of Pd-(Ni-Zn)/C was investigated by EXAFS and XANES in an attempt of
elucidating the local environment of the Pd and Ni atoms in the corresponding
agglomerates. The Pd-(Ni-Zn)/C sample was kept all the way under a nitrogen
atmosphere. The spectroscopic analysis results defined that the Ni atoms was largely
present as small metal particles with an average size of 1.5 nm (Figure 2) and that the
large majority of Pd was present as small metal phase with a mean size of 1 nm (Figure

3), with a little amount of Pd oxidized.
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Figure 1. a) HRTEM histograms of particle volume distribution versus diameter for Pd-(Ni-Zn)/C. The average
size (8) and standard deviation (o) are reported. b) HRTEM images of Pd-(Ni-Zn)/C at different
magnifications. Spots of EDX analysis are shown in circles; Pd/Ni relative compositions as detected by EDX
integrated peak areas: 1) Ni> Pd with Ni(110) plane fringes; 2) Ni(111) plane fringes; 3) Pd/Ni=1:2; 4)
Pd/Ni=1:1; 5) Pd with cubooctahedron crystal facets; 6) Ni; 7) Pd(110) plane fringes; 8)Pd>Ni. There is a
minor O contribution everywhere 3,

The Pd(ll) particles were most probably due to a little oxide layer at the metal surface,
which could not ruled out a coordination to four oxygen atoms by the isolated palladium
ions. There was no evidence of the Ni-Pd alloy phase, as we found neither Ni neighbors

at the Pd edge nor the contrary.

38



Chapter 2. Palladium onto Nickel-Zinc supports

IFFTI
=
w
S
-

4 / 'éiff / r'.il; /\ _/\d
c /
i

s
v

a
005 01 015 02 025 03 035 04 045 05 055 086
Rinm

Figure 2. Ni-K edge Fourier transform EXAFS spectra (not phase-corrected): a) Pd-(NI-Zn-P)/C (—); b) Pd-(Ni-
Zn)/C (- = =) ; ¢) NiO (...); and d) Ni foil reference standards (—) 3,
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Figure 3. Pd-K edge XANES spectra: a) Pd-(Ni-Zn-P)/C (—); b) Pd-(Ni-Zn)/C (- - =) ; PdO (...) ; and d) Pd foil
reference standards (—) 33.

The HRTEM image of Pd-(Ni-Zn-P)/C showed a broad metal particle size distribution,
with a mean diameter of 3.2 nm (o 1.3 nm) (Figure 4). In the areas where EDX analysis
was possible 70% of metal particles were agglomerated with Pd:Ni composition of ca.
1:1. Ni small amorphous particles were detected together with some particles having
lamellar structure. Zn and P were not detected, because their concentrations were
below the instrumental resolution, while oxygen is present in moderate concentration
everywhere in the sample. Few larger Pd particles were also visible (4-6 nm) that could

be included in a thick amorphous oxide layer surrounding small metal cores.
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Figure 4. a) HRTEM histograms of particle volume distribution versus diameter for Pd-(Ni-Zn-P)/C. the
average size (8) and standard deviation (o) are reported. b) HRTEM images of Pd-(Ni-Zn-P)/C at different
magnifications. Spots of EDX analysis are shown in circles; Pd/Ni relative compositions as detected by EDX

integrated peak areas: 1) Pd; 2) Ni; 3) Ni/Pd=1:1; There is a minor oxygen contribution everywhere 33

The diffraction fringes of graphite support grains were present, but the metal particle
distribution were inhomogeneous on the surface.

Pd-(Ni-Zn-P)/C was characterized by EXAFS and XANES experiments, after being
porpusefolly exposed to air for 12 h before being examined. In Pd-(Ni-Zn-P)/C. Ni was
present in a Ni bulk oxide phase (Figura 2), with small contributions from Zn at distance
consistent with Ni-Zn and Ni-Zn-P (Table 1) in many of the possible alloy phases in which
they can exist. Pd was present in metal phase to form small clusters (<0.5 nm) with an
average number of 1.8 Pd-Pd metal neighbours and partly as isolated ions in a four-

oxygen coordination sphere (Figure 5).
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Figure 5. Pd-K edge Fourier transformed EXAFS spectra (not phase-corrected): a)Pd-(Ni-Zn-P)/C; b) Pd-(Ni-
Zn)/C; reference standards: c) Pd foil (right axis); d) PdO; and e) [Pd(acac),] 3

Table 1. EXAFS best fit results at Ni and Pd K-edges and estimated aver-
age metal particle diameters (D).¥
Sample Ni K-edge
shell N R[A] O [A] DAl
Pd-(Ni-Zn-P)/C Ni-O 5.4(1) 2.04(2) 0.072(2)
Ni-Zn 1.3(2) 2.48(3) 0.097(4)
Ni=Ni, 8.9(1) 3.12(2) 0.098(3)
Ni-Zny ez, 15(2)  3.08(3) 0.099(1)
Pd-(Ni-Zn)/C Ni-O 25(1) 2.02(2) 0.074(2)
Ni=Nigy 3.7(3) 2.96(2) 0.081(3) 15
Ni=Niper 5.3(2) 2.46(3) 0.084(1)
Ni foil Ni-Ni 12 2.48(1) 0.073(1)
NIO Ni-O 6 2.08(2) 0.065(3)
Ni-Ni 12 2.94(3) 0.081(2)
Sample Pd K-edge
shell N R[A] oy [A] D[A]
Pd-(Ni-Zn-P)/C Pd-0O 4.0(2) 2.02(2) 0.077(4)
Pd-Pd,.. 1.8(3) 2.74(3) 0.071(2) <23
Pd-Ni,, 1.9(2) 3.24(3) 0.089(4)
Pd-(Ni-Zn)/C Pd-0 3.5(3) 2.05(3) 0.079(2)
Pd-Pd,... 3.3(4) 2.75(2) 0.070(4) 10
Pd-Pd,, 1.7(2) 3.38(4) 0.071(2)
Pd foil Pd-Pd 12 2.738(1) 0.006(1)
FdO Pd-0 4 2.032(2) 0.056(2)
Pd-Pd 4 3.042(2) 0.088(3)
Pd-Pd 8 3.378(4) 0.089(2)
[Pd(acac),]™ Pd-0 4 1.963(1) 0.006(2)
[a] Error bars for the last decimal place are provided in parentheses. Sub-
scripts: ox=oxidized, met=metal. [b] acac = acetylacetonate.
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Figure 6. a) HRTEM histograms of particle volume distribution versus diameter for Pd/C. The average size (8)
and standard deviation (o) are reported. b) HRTEM images of Pd/C. Spots of EDX analysis are shown in
circles (Pd with minor O contribution) 3,

This is consistent with a spontaneous deposition process during the synthesis. The
distance of 3.24 A from Ni and Pd was consistent with a Pd-O-Ni shell to indicate that Pd
single sites are stabilized by oxygen of NiO on the Pd-(Ni-Zn-P)/C surface®.

The HRTEM image of Pd/C showed quite a broad particle size distribution with mean
diameter of 3.7 nm and a standard deviation (o) of 1.1 nm. (Figure 6). The EDX analysis
of the circled spots showed much larger and less crystalline Pd particles than in Pd-(Ni-

Zn)/C or Pd-(Ni-Zn-P)/C.
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Figure 7. XRPD patterns of 1a) Pd-(Ni-Zn)/C and 1b) Ni-Zn/C; 2a) Pd-(Ni-Zn-P)/C and 2b) Ni-Zn-P/C; 3a) Pd/C
and 3b) C (Vulcan XC-72) materials 3

The XRPD spectra of Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C, and Pd/C, (a) together with those of
the corresponding support material (b) are reported in Figure 7. All spectra revealed the
presence of the typical diffraction peaks of the carbon support at around 25° and 44°
and the diffraction peaks at the Bragg angles of 40.10°, 46.40°, and 68.08° for

respectively (111), (200), (220) facets of fcc Pd crystals®>. The XRPD spectra of (Ni-Zn)/C
showed a peak at 44.5° due to Ni(111)*, as well as several peaks to the (Ni-Zn-P)/C
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phase. A clear assignment of the peaks at 19°, 32.8°, 38.2°, 59° and 62.8° (“X” peaks) is
not possible as Ni-Zn-P alloys can exist in a variety of compositions and morphologies
depending on the experimental synthesis conditions (above all pH and stoichiometric
ratio of the reagents)*****”, Cross experiments on the supports containing the Zn-P/C
and Ni-P/C phases confirmed that nickel contributes to all the peaks “X” marked in
Figura 7. The Pd/C material exhibited less crystalline metal particles, still representative
of fcc Pd. In accordance with the EXAFS and HRTEM results, the XRPD analysis confirm

that highly crystalline Pd particles are obtained on the Ni-Zn and Ni-Zn-P phases.
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2.3.3 Electrochemical characterization of the Pd-based catalysts in alkaline

environment

The Ni-Zn-P/C and Ni-Zn/C materials were electrochemically characterized in the same
experimental conditions used in fuel cell systems (vide infra). A preliminary cyclic
voltammetry (CV) was carried out in 2M KOH. Nickel alone 2®9%%% or combined with

3637383940 i known to be an active electrocatalyst for alcohol

other transition metals
oxidation in alkaline media, through at high overpotentials, never attained in a DAFC
(vide infra). In Figure 8 the Ni-Zn/C CV was reported in 2M KOH (fifth scan) at scan rate
of 50 mV/s. In the forward sweep one may notice the oxidation peak of Ni(OH), to
NiO(OH) at 0.44 V (vs Ag/AgCl/KCl,) and the relative reduction peak in the backward
scan at 0.29 V ******* The assignement of the reduction peak at -0.30 V is not
straightforward. The reduction of Ni(OH), to Ni° usually occurs at -1 V in alkaline
environment ***, but the catalyst nanostructure might contribute to a positive shift. As
suggested by Henn and co-workers*’, a metal species of the type NiO,H,, with 0<x<0.3
can be reduced to an effective Ni(OH), state at -0.30 V. The CV voltammograms did not
show a clear oxidation peak due to Ni° to Ni(OH), (-0.70/-0.60 V in alkaline media **) in
accordance with a complex oxidation path involving a-Ni(OH), formation, followed by its
transformation to B-Ni(OH), **. As shown in the inset of Figure 8, ethanol is actually
oxidized by NiO(OH) species, but the relative overpotential is not available in any DAFC
27,2829 Tha Nj-Zn-P/C material exhibits a similar cyclic voltammogram compared to that
of Ni-Zn/C (Figure 9) with some minor differences. The Ni(OH), to NiO(OH) oxidation
occurs at 0.49 V (vs 0.44 V for Ni-Zn/C) and the relative reduction peak is at 0.21 V (vs
0.29 V for Ni-Zn/C). There is also a shoulder at 0.35 V and the peak at -0.30 V is shifted
45,46,47

to -0.35 V, which are probaly due to the different nickel nature in Ni-Zn-P phase

Again, the onset of ethanol oxidation occurs at the formation of NiO(OH) species.
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Figure 8. CV on Ni-Zn/C electrode in 2M KOH vs Ag/AgCl/KCl,. Scan rate 50 mV/s. Nickel loading 40 pg/cm’.
Inset: CV with 10 wt% EtOH in 2M KOH solution under nitrogen 8
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Figure 9. CV on Ni-Zn-P/C electrode in 2M KOH solution vs Ag/AgCl/KCl,. Scan rate 50 mV/s. Nickel loading
40 ug/cmz. Inset: CV with 10 wt% EtOH in 2M KOH solution under nitrogen 8

Next the Pd-(Ni-Zn)/C, Pd/C, Pd-(Ni-Zn-P)/C catalysts were investigated by cyclic
voltammetry in 2M KOH (Figure 10). The only difference respect to the CV of the Ni-
based phases is the presence of the reduction peak of Pd" species, either PdO or
Pd(OH),, with an onset at -0.20 V and a peak at -0.47 V (the potential values are
consistent with the nanostructured nature

of the material). The CVs of Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C confirm that Pd and Ni are
not alloyed in either materials. In the range of potentials investigated in the CV study,

the formation of Pd" species can be ruled out safely*®*.
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Figure 10. CVs on a) Pd/C electrode, Pd loading 23 ug/cmZ ; b) Pd-(Ni-Zn)/C electrode, Pd loading 24 ug/cmz;
¢) Pd-(Ni-Zn-P)/C electrode, Pd loading 22.1 },lg/(:m2 in 2M KOH solution, at scan rate of 50 mV/s vs
Ag/AgCl/KCl sat under nitrogen 3,

It is not easy to explain the broad shape of Pd(0) to Pd(Il) peak due to the complexity of
the oxide/hydroxide palladium(ll) species formed at the surface ***°. The CV of Pd/C
under comparable experimental conditions shows a broad oxidation peak starting at -
0.2 V with a peak at 0.1 V, while a much narrower and more intense reduction Pd" peak

to Pd’ peak was observed to start at -0.20 V with a peak at -0.47 V (Figure 10).
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Figure 11. a) CV of a Pd/C electrode (vs RHE) in a 2M KOH solution under nitrogen. Scan rate 50 mV/s . Pd

loading 23 ug/cmzn.

In an attempt of rationalizing the oxidation of Pd to Pd(ll) in 2M KOH, a CV study was
carried out on Pd/C. The results are illustrated in Figure 11. The peak A’ (0.39 V vs RHE)
is assigned to the oxidation of the adsorbed and absorbed hydrogen, which current
depends on the hydrogen dissolved into palladium. A”” (0.53 V) is associated to oxidation
of palladium to Pd(OH)*? and is overlapped to A’. The formation of PdO starts at 0.60 V
and the formation of an oxide coverage of the surface was argued through the current
increase. The cathodic peak C’ at 0.69 V was associated to PdO reduction®, while C”

(0.18 V) is attribuited to hydrogen uptake®*.
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2.3.4 Half cell studies of ethanol oxidation on the Pd-based catalysts in alkaline

environment

The electrochemical activity of Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C towards ethanol
oxidation was investigated by CV in 2M KOH + 10 wt% ethanol at room temperature. For
all catalysts, the Pd loading varied from 20 to 25 ug/cm”. The scan rate was kept to 50
mV/s. The KOH concentration was purposefully kept very high to maintain the pH higher
than 13 during all the experiments in both half cell and monoplanar fuel cell. Indeed, an
in situ FTIR study from our lab has shown that Pd behaves as a selective electrocatalyst
for ethanol oxidation to acetate only for pH values higher than 13 (vedi infra) ’. Another
reason to use a high OH concentration is the fact that ethanol oxidation in alkaline

media consumes OH groups (Eq (4)-(5)).

C:HsOH+50H —CH3;CO0 +4H,0+4e" E°=-0.743V (4)

C,HsOH+160H —2C0;5*+11H,0+12¢" E°=-0.724V (5)

The ethanol concentration was fixed to 2M (about 10 wt%, 2.17 M), although in terms of
current density better results can be obtained for higher concentrations. On the other
hand, the selected concentration is optimal to minimize alcohol crossover in DEFCs
(direct ethanol fuel cells) as well as the loss of FC efficiency due to fuel evaporation >*°°.
The CVs of the three catalysts investigated in the presence of 2M KOH solution

containing 10 wt% ethanol are illustrated in Figure 12.
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Figure 12. CVs (at the tenth cycle; E vs Ag/AgCI/KCl,,) on Pd/C, Pd-(Ni-Zn)/C, and Pd-(Ni-Zn-P)/C electrodes
in 2M KOH and 10 wt% EtOH solution under nitrogen. Scan rate 50 mV/s 33.

All the catalysts showed high efficiency for ethanol oxidation in terms of onset potential
(-0.60 V) and specific current densities (around -0.10 V and 3.6 mA/ug Pd). Pd-(Ni-Zn)/C
was the most active material. Considering that the oxidation of ethanol on the support
(Ni-Zn/C or Ni-Zn-P/C) occurred at about 0.4 V, we can conclude that the nickel is not
directly involved in the oxidation process. The backward scan revealed an additional
anode peak. It can be associated to the oxidation of either fresh chemisorbed ethanol on
newly generated Pd(0) species (vide infra) or weakly adsorbed species, most likely Pd-

>’ In Table 2 the electrochemical data for ethanol oxidation were

acetyl species
reported for our catalysts as well as other catalysts fished out in the literature.
Shen et al. described several Pd-based electrocatalysts obtained with different

procedures as well as different support materials 29**

. In general, the Pd loading in
Shen’s catalysts is ten times higher than that in our electrocatalysts (300 vs 20-30
pg/cm?). The good dispersion and small size of the palladium nanoparticles obtained by
the spontaneous deposition procedure as well as the presence of single Pd ions may
account for the excellent performance of the Pd-(Ni-zZn-P)/C, and Pd-(Ni-Zn)/C

electrocatalysts.
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Table 2. Relevant electrochemical parameters for the ethancl oxidation
reaction at room temperature cn electrodes coated with the catalysts in-
vestigated in this work™ or with previously reported catalysts.

Catalyst Jg Sa, Vy Q, Tafel slope
[mAcm™] [mAug(Pd)™] V] [Cug(Pd)™) [mV]
Pd/C 84.5 3.03 —0.12 00136 153
(a=04)
Pd-{Ni-Zn-P)/C 108.7 3.03 —0.10 0.0135 132
(a=04)
pd-(Ni-Zn)/C 785 3.60 —0.14 00152 140
(c=04)
pd/Cl 21 0.07 0.04 188%
pd-NiQ/C* 95 0.32 —0.08 1954
Pd/TiO,CH® 76 0.25 -0.19
pd/CPAAT 69 0.23 —0.08

(a] Average values for at least three measurements. Peak current density
) specific peak current density (Say), forward anodic peak potential
(V,), integrated specific charge of the anodic peak area (Qsa), Tafel slopes,
and electronic transfer coefficient o. [b] Data taken from ref. [12]. [c] Data
taken from ref. [10]. [d] Data taken from ref [13]. [e] Data taken from
ref. [19]. [f] Data taken from ref. [18] (CPAA=carbenized and pulverized
porous anodic alumina).

Tafel plots for ethanol oxidation reaction (10 wt% EtOH +2M KOH) on Pd/C, Pd-(Ni-Zn-
P)/C, and Pd-(Ni-Zn)/C electrodes were obtained at scan rate of 5 mV/s in the potential
interval from -0.7 to -0.6 V vs Ag/AgCl/KCl,,. The values for the Tafel slopes and of the a
coefficients (Table 2) are comparable with each other as well as with those reported by
Shen et al.”. The slope indicates the same reaction mechanism, while the a coefficients
(0.4) are consistent with an electrochemical rate-limiting step for ethanol oxidation
reaction on Pd. As for the absolute values of the Tafel slopes, the relatively high values
observed are in line with porous high-surface-area electrodes with high electrocatalytic

2530 The catalyst stability was studied by chronopotenziometric experiments

activity
lasting 5.5h at 3 mA/cm?” in EtOH 10 wt% + 2M KOH, using the same palladium loading
used for the CVs experiments. As is apparent from perusal of Figure 13, the chrono-
curves showed some potential oscillations only within the first 2-3 h, but the potential
did not increase significantly, suggesting little electrode deterioration or poisoning
83980 Under the present experimental conditions, the electrodes with the Pd-(Ni-Zn)/C
and Pd-(Ni-Zn-P)/C catalysts are more stable than with Pd/C catalyst.

Plotting the value of anode peak current density against the square-root of the scan-rate
for all the three catalysts investigated (Figure 14), a typical relationship of an
electrochemical reaction under diffusion control was observed for Pd-(Ni-Zn-P) at scan
rates lower than 100 mV/s. Above 100 mV/s the ethanol reaction seems to be limited by

substrate diffusion, desorption of the oxidation product and low presence of

catalytically active sites (due to extremely low Pd loading 22-25 pg/cm?). For Pd-(Ni-
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Zn)/C the linear relationship between S, and v changed in slope after 50 mV/s. Below
this value the ethanol reaction was under diffusion control, while for higher scan rates
other factors seem to control the reaction rate. A similar behaviour has been reported

273 and it has been ascribed to the

for ethanol oxidation on Pt in alkaline media
formation of a passive layer during the early stages of the electron transfer. Here CV and
chronopotentiometric studies seem to exclude electrode passivation, because the high
activity would also generate high instantaneous acetate concentration at the surface,
with consequent slowing down of substrate adsorption at high scan rates. Unlike Pd-(Ni-
Zn)/C and Pd-(Ni-Zn-P)/C, Pd/C exhibits a linear dependence on S, and v under 50
mV/s similar to those reported by Shen et al. for Pd/TiO,C and Pd/CPAA > . The
parabolic trend has been attribuited to the prevailing occurrence of activation
polarization. In the little inset of Figure 13c we reported a plot obtained using a higher
palladium loading (130 pg/cm?) to demonstrate that the curve shape changes depending

on the metal loading, showing that the ethanol oxidation is diffusion-controlled over the

range of scan rates investigated.
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Figure 13. Chronopotenziometric traces of ethanol oxidation on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C
electrodes at 3 mA/cmZ in 2M KOH + 10 wt % EtOH *.
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2.3.5 Direct Ethanol Fuel Cells (DEFCs) with Pd-based anode electrocatalysts

The anode electrocatalysts were primarily tested in passive (air/oxygen breathing)
monoplanar fuel cell (see cell hardware in Figure 47). To this purpose, membrane-
electrode assemblies (MEAs) were realized in conjuction with proprietary Fe-Co/C
cathodes ®* and an anion-exchange membrane from Tokuyama (A-006). The MEA was
fabricated by mechanically pressing anode, membrane and cathode. The anode
electrocatalysts were dispersed in distilled water and then spread onto a 5 cm’ Ni-foam
plate (Pd loading of 1 mg/cm?). The cathode ink was sprayed or spread onto carbon
cloth (Fe:Co (1:1) loading 2-2.5 mg/cm?). The membrane was rinsed in a 1M KOH
solution for a few minutes and gently dryed before assembling the MEA. After filling the
anode compartment with 10 mL of 10 wt% EtOH 2M KOH, the DEFC was conditioned for
1h at room temperature at the open circuit voltage (OCV). After this time, the cell
polarization and power density curves were registered at room temperature. Figure 15.
shows such curves for the three catalysts. Apparently, Pd-(Ni-Zn)/C exhibits the best
power performance for ethanol oxidation with a power density of 58 mW/cm?” at 225

mA/cm? as well as an exceptionally high OCV voltage value (0.90 V).
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Figure 15. Polarization and power density curves provided by DEFCs filled with a 2M KOH solution of ethanol
(10 wt%) air breathing system at 20-22°C. The MEAs were composed of Pd-(Ni-Zn)/C 62, Pd-(Ni-Zn-P)/C and
Pd/C anodes (on 5 cm™ Ni foam) 1 mg/(:m2 Pd loading, Tokuyama A006 membrane and Fe-Co/C (on carbon
cloth) cathodes 2-2,5 mg/cm2 Fe, Co loading.

Next, the anode electrocatalysts were tested in active monoplanar fuel cell (see cell
hardware in Figure 48) using the following fluxes: 200 mL min™ oxygen; 4 mL min™ 10
wt% EtOH + 2M KOH. The membrane-electrode assemblies (MEAs) were realized as
previously reported. The cathode and electrolytic membrane were the same as in the
passive anode ink was prepared by mixing the powdered catalysts with a 5-10 wt%
aqueous dispersion of polytetrafluoroethylene (PTFE) and spread onto a 5 cm? Ni-foam
plate (Pd loading 1 mg/cm?). The active DEFC was then conditioned for 1h at 25°C, 40°C,
60°C and 80°C before closing the circuit. After this time, the cell polarization and power
density curves were registered at each temperatures. As shown in Figure 16. Pd-(Ni-
Zn)/C ®* exhibits the best power performance for ethanol oxidation at 80°C (170
mW/cm? at 600 mA/cm?).

The cell containing Pd-(Ni-Zn-P)/C anode electrocatalyst performs similarly to that with
Pd-(Ni-Zn)/C, whereas lower power densities are obtained with Pd/C anode especially at

high temperatures.
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Figure 16. Polarization and power density curves provided by active DEFCs with a 2M KOH solution of 10
wt% ethanol (4 mL/min), oxygen-breathing system (200 mL/min) at 25°C, 40°C, 60 °C, 80°C. The MEAs were
composed of Pd-(Ni-zZn)/C 62, Pd-(Ni-Zn-P)/C and Pd/C anodes (on 5 cm? Ni foam plate), 1 mg/cm2 Pd
loading; Tokuyama A006 membrane and Fe-Co/C (on carbon cloth) cathodes, 2-2,5 mg/(:m2 Fe, Co loading.

A series of galvanostatic experiments were carried out at room temperature in the
passive DEFCs using oxygen instead of air at cathode side just to avoid any CO,
interference on the oxidation products (vide infra). After filling the anode compartment
with 21.70 mmol of EtOH 2M KOH solution and conditioning the cell for 1h, a current of
102 mA was allowed to pass in the cell until OV potential.

The DEFC assembled with the Pd-(Ni-zn)/C ® anode lasted for 9.5 h (Figure 17)
converting 9.98 mmol of acetate (isolable as potassium acetate), which correspond to
46% ethanol conversion (Figure 18). The qualitative and quantitative analysis of the
DEFC exhausts were performed by “*C{*H} NMR spectroscopy and ionic chromatography
(IC). 1,4-Dioxane was used as internal reference for the *C{*H} NMR experiments, while
sodium propionate was used as internal standard for the IC analysis. In Figure 18 is
shown the NMR spectrum: the only product was acetate with no trace of carbonate
(168 ppm) or acetaldehyde (206 ppm) detected at any stage of the galvanostatic
experiment. The IC analysis was in agreement with fuel cells. Accordingly, the anode

reaction can be summarized as in Eq (6).
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Figure 17. Galvanostatic curves registered at 102 mA until OV in inert atmosphere provided by passive DEFCs
filled with a 2M KOH solution of 21.7 mmol of ethanol, oxygen-breathing system at room temperature .The
MEAs were composed of Pd-(Ni-Zn)/C 62 Pd-(Ni-Zn-P)/C and Pd/C anodes (on Ni foam 5 cm'z), 1 mg/cm2 Pd
loading; Tokuyama A006 membrane and Fe-Co/C (on carbon cloth) cathodes, 2-2,5 mg/(:m2 Fe, Co loading.

C:HsOH + 50H = CH3CO0O" + 4H,0 + 4e™ (6)

Analysis of the cell exhausts showed that our Pd-based catalysts, in the present
experimental conditions, are selective for the conversion of ethanol into acetate with no
appreciable formation of C-C bond cleavage products such as carbonate. Such a
selectivity is never shown by Pt-based catalysts that generate mixtures of acetate and

carbonate in alkaline fuel cells ¢3¢

. NMR spectroscopy allowed us to estimate the loss
of ethanol by direct or cross-over evaporation (4.2 mmol). Finally the anode
compartment was freshly recharged with further 10 mL of fuel solution. The cell was
fully regenerated with the same OCV voltage (about 0.90 V) and gave similar
galvanostatic duration and conversion performance. The voltage decay shown in Figure
17 has been attribuited to other factors than catalyst poisoning or membrane
carbonation, i.e. the increasing viscosity of the solution, the pH decrease due to OH’
consumption, and, most importantly, the competitive substrate adsorption /product
desorption and the formation of PdO layer.

Galvanostatically, Pd-(Ni-Zn-P)/C exhibited similar behaviour (9.27 mmol of acetate
obtained with an ethanol loss of 4.4 mmol) as Pd-(Ni-Zn)/C (Figure 17). The passive DEFC
with the Pd/C anode gave less energy efficency and converted 8.98 mmol of acetate,
leaving 9.82 mmol of unreacted ethanol.

From our experiments, one may conclude that the catalysts obtained by the

spontaneous deposition procedure perform better than the catalysts obtained by
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traditional electroless procedure. Besides affecting the Pd particle distribution and
morphology, the Ni-Zn and Ni-Zn-P phases may also play a sort of co-catalytic effect. In
particular, a bifunctional mechanism®, where the nickel phase would increase the
concentration of OH,y, species on the catalysts surface, promoting the acyl-,4s -OH.q4s
coupling®® cannot be excluded. This effect is illustrated in Scheme 2 that reports a
generally accepted mechanism of ethanol oxidation to acetate on anode electrocatalysts

in alkaline media .

1,4-dioxane
CH,CH,OH
CH,CH,OH
CH,COO
CH,C0O0,
b .
181 6657 2317
(ppm)

Figure 18. 13C{lH} NMR spectra of cell exhaust after 10.5h of galvanostatic experiment for passive DEFC
equipped with Pd-(Ni-Zn)/C anode (0V 102 mA) 62,
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Scheme 2. Proposed mechanism for the selective conversion of ethanol into acetate on Pd-based
electrocatalysts in alkaline media &8,

2.3.6 NaBH,: an additive that improves the DEFC performance

The polarization losses observed in the galvanostatic experiments after ca. 50%
conversion of the fuel (see above) are not apparently originated from irreversible
poisoning of the catalyst surface, as the cells re-start working upon filling with a fresh
anolyte solution. Among the factors that may be responsible for the performance decay
one may suggest the difficult desorption of the acetate groups from the catalyst surface,

62,75,

the competitive adsorption of ethanol, acetate, hydroxyl groups and the catalyst

33,52

passivation due to the formation of a PdO layer . In an attempt of understanding why

our Pd-electrocatalysts lose activity with time, generally after 50% conversion of ethanol

to acetate 8277’

(Figure 17, 2.3.5), a reducing additive was added to the fuel solution.

A recent CV study of ethanol oxidation on a smooth palladium electrode® has suggested
that the adsorption/dehydrogenation of ethanol on Pd is a fast process (Pd-(COCHs).qs
formation), while the coupling of the adsorbed acyl with the adsorbed hydroxyl (Pd-
OH.4s) is the rate determining step. Accordingly, the formation of Pd-OH.4 at low
potential would be a crucial factor to control the activity of any Pd-based

electrocatalysts towards ethanol oxidation in alkaline media, while the formation of PdO

would disfavour the process.
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As an additive to reduce PdO to Pd, we selected NaBHj, as it is relatively cheap, no toxic,
and capable of maintaining its reducing action in alkaline water solutions for months. It
is also used as fuel in direct borohydride fuel cells (DBFCs)®®. The effect of adding NaBH,
to the anode compartment of our DEFCs was studied in half cells by CV and in situ FTIR
spectroelectrochemistry as well as in monoplanar cells with anodes containing the Pd/C
anode electrocatalyst. The cathode and membrane are the same as in all fuel cells here
described. The results obtained are compared to those reported in Section 2.3.5. The
different anolytes in 2M KOH solution investigated are reported in Table 3. The
polarization and power density curves for DBFCs and DEFCs with the different anolytes
are shown in Figure 19. In all cases, the MEAs were assembled using a Pd/C anode (100
mg of Pd/C anode powder mixed with 100 mL of water and 100 mg of 5 wt% PTFE
spread onto 5 cm® Ni foam plate, Pd loading 1 mg/cm?), a Tokuyama A006 anion-
exchange membrane (rinsed in 1M KOH solution for a few minutes and gently dried) and

a carbon cloth cathode onto which was spread a proprietary Fe-Co/C electrocatalyst (2-

2.5 mg/cm?).
Anolyte | NaBH, (wt%) | EtOH (wt%)
1 - -
2 - 10
3 0.1 -
4 0.2 -
5 0.5 -
6 1.0 -
7 0.1 10
8 0.2 10
9 0.5 10
10 1.0 10

Table 3. Anolyte solutions in 2M KOH investigated to comprehend NaBH, effect in DEFCs 51
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Figure 19. Polarization and power density curves provided by DAFCs filled with the following anolytes:
NaBH, (0.1 wt%) (a); NaBH, (0.2 wt%) (b); NaBH, (0.5 wt%) (c); NaBH, (1 wt%) (d); (o) ethanol (10 wt%)
+NaBH, (0.1 wt.%) and (e) ethanol (10 wt%) (e); (o) ethanol (10 wt%) +NaBH, (0.2 wt%) and (e) ethanol (10
wt%) (f); (o) ethanol (10 wt%) +NaBH, (0.5 wt%) and (e) ethanol (10 wt%) (g); (o) ethanol (10 wt%) +NaBH,
(1 wt%) and (e) ethanol (10 wt%) (h) *".

As shown in Figure 19, the polarization curves for DBFCs show an irregular trend in the
high potential region with peaks that are likely due to adsorbed-absorbed hydrogen on
palladium®. The anolyte solutions containing 0.1 and 0.2 wt% NaBH, (Figures 19 a and
b) give current densities of 14 and 24 mA cm™ at 0.2 V, while at the same potential
value the anolyte containing only ethanol 10 wt% gives 107 mA cm (Fig. 19 e).

The addition of NaBH, to EtOH 10 wt% (2M KOH) makes the Pd/C anode electrode more
efficient for the oxidation of ethanol. Indeed, just by adding NaBH, 0.1 wt% (Fig. 19 e)

the current density increases to 124 mA cm™2, which is slightly higher than the sum of
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the current densities recorded for the single anolytes (121 mA cm™). By adding NaBH,
0.2 wt% (Fig. 19 f) the current density registered at 0.2 V increases to 188 mA cm™, a
value much higher than the sum of the current densities provided by the solutions of the
single fuels (131 mA cm™). A perusal of Figure 19 e-g readily shows that NaBH,
promotes the oxidation of ethanol on the palladium electrocatalyst, when the former
fuel is added in concentrations lower than 0.5 wt%. For higher concentrations, the
oxidation of NaBH, prevails over that of ethanol behaving itself as the fuel rather than
the additive. Indeed, in Figure 19 g, the current density at 0.2 V is 170 mA cm™2, while
the sum of the contributions of ethanol and NaBH, alone is 190 mA cm™. The observed
decrease in power output suggests that the sluggish ethanol oxidation subtracts active
sites for NaBH, oxidation. The enhanced ability of Pd/C to oxidize ethanol in the
presence of tiny amounts of NaBH,, has been unequivocally proved by the quantitative
analysis of the cell exhausts obtained by potentiostatic experiments at 0.2 V for 17 h. A
3C{"H} NMR analysis of the fuel exhaust of a DEFC with no NaBH, showed 50% of
ethanol conversion into acetate (as in Figure 18, section 2.3.5), whereas the addition of
0.2 wt%.NaBH, increased the conversion to 80%. An B{*H} NMR analysis of the same
cell exhausts showed the selective oxidation of BH, to metaborate (BO, ) ([Eq(7)]). For
further additions of NaBH,, neither the ethanol conversion nor the selectivity showed
substantial changes.

In an attempt of rationalizing these results, a careful CV analysis of NaBH,/ethanol
oxidation on Pd was carried out. In Figure 11 (see section 2.3.3) we have shown the CV
of a Pd/C electrode in 2M KOH solution. The effect of adding 0.1 wt% NaBH, is reported
in Figure 20. One may readily realize that the A' and A" peaks, attributed to absorbed
and adsorbed hydrogen, grow up in intensity *. Indeed, the two peaks are not visible in

in Figure 11 as they are merged into a single peak( A').

BH4_+2H20_’BOZ_+4H2 (7)

The A" and A" peaks are due to the direct oxidation of BH, anion [(Eq(8)].

BH,+60OH —BO, +4H,0+H,+6e” (8)
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Figure 20. CV of a Pd/C electrode in a 2M KOH 0.1 wt% NaBH, solution under nitrogen >

Figure 21b shows the CV of a Pd/C electrode in a solution containing 2M KOH, 0.1 wt%
NaBH, and 10 wt% EtOH. The A' peak is due to hydrogen oxidation at 0.30 V, while the
onset (0.4 V) of a broad intense A" peak is the convolution of ethanol and borohydride
oxidation. A current peak is observed at 0.89 V, while at higher potentials the current
density is controlled by PdO formation. In the absence of NaBH,; (Figure 21a), the
current peak is at lower potential (about 0.8 V vs RHE) than in the presence of NaBH, as
this additive allows for an efficient ethanol oxidation at more positive potential. It is
notably that the current density continued to be anode even at 1.2 V, suggesting the
surface was still active for the oxidation of ethanol-borohydride mixture.

This suggests that the additive can reduce PdO to Pd. Furthermore the sum of the peak
density current is higher (82 mA/cm?) than the sum of the peak current density (72
mA/cm?) supplied by the cells containing the anolytes 2M KOH + NaBH, 0.1 wt% and 2M
KOH + NaBH, 0.1 wt% + EtOH 10 wt%, in accordance with DEFCs and DBFCs power

densities and polarization studies.
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Figure 21. 21a) CV of a Pd/C electrode in a solution containing 2M KOH, 10 wt% EtOH; 21b) CV of a Pd/C
electrode in a solution containing 2M KOH, 0.1 wt% NaBH, and 10 wt% EtOH under nitrogenSI.

In situ FTIR ** studies in accordance with the CVs studies suggest that ethanol competes
with NaBH, for adsorption on the Pd active sites. EtOH seems to prevail in adsorption for
NaBH, concentrations <0.1 wt%.

In conclusion, NaBH,; amounts of about 0.1-0.2 wt% in the anolyte result in higher power

densities, increased catalyst lifetime and larger ethanol conversion to acetate.
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2.3.7 Half cell studies of ethylene glycol oxidation on the Pd-based catalysts in

alkaline environment

The electrooxidation of ethylene glycol (EG) on Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C
electrodes has been investigated by CV "°. This diol can be an effective fuel in direct fuel

71,72

cells in both alkaline [Eq(9-11)] and acidic media . There is great interest in the use of
EG as a fuel because it may be obtained from abundant and renewable resources such
as cellulose 7.

The cyclic voltammograms were registered at a scan rate of 50 mV/s with a Pd loading
varying from 24-28 pg/cm? (corresponding to 18-20 mg of ink), in the presence of 5 wt %

EG ’* 2M KOH solution.

(CHon)2+5OH__’CHz(OH)COO+4Hzo+4€_ (9)
(CHon)z"‘lOOH__’ (C02)22_+8H20+8€_ (10)
(CH,OH),+140H —2C05% +10H,0+12¢" (11)

The cyclic voltammograms are illustrated in Figure 22 and the relevant electrochemical
parameters are reported in Table 3. The three anode catalysts investigated show high
activity towards EG oxidation with an onset potential of about 0.4 V (vs RHE) and specific
current densities higher than 3.2 mA/ug Pd, comparable to those obtained fot the
ethanol electrooxidation (2.3.4 section). The Pd-(Ni-Zn)/C electrode gives the higher
specific current densities (3.4 mA/ug Pd). The EG oxidation starts with the formation of

Pd(OH),qs on the catalyst surfrace (section 2.3.3 Figure 10, 11) 294337675,
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Figure 22. CVs (at the tenth cycle) on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes in 5 wt% EG in 2M KOH
solution under nitrogen. Scan rate 50 mV/s 70.

Catalyst Jo(mA em™) Sa. mA(ug Pd)™ Veper (V) Vp(V)  Tafel slope imV dec™)
Fd-{MNi-Zn)/C  &42 3.33 037 1.02 205 (a 0.284)
PA-{Ni-Zn-T)/C 655 246 042 0.95 190 {a 0.307)
Fd/C 845 315 042 0.95 180 {m 0.324)

Table 4. Selected electrochemical parameters for CVs of EG oxidation in 2M KOH solution on Pd/C, Pd-(Ni-
Zn)/C, Pd-(Ni-Zn-P)/C electrodes 0

The CVs shown in Figure 22 illustrate clearly that the peaks associated to the backward
scan decrease in terms of specific current densities as compared to the forward
potential scan, while the peak potential moves anodically to 1.6 V (vs RHE). Besides the
formation of a PdO layer can cause the current decrease originated by mass transfer
phenoma as well as instantaneous shortage of OH™ groups at the electrode-anolyte
interface. Indeed, a previous CV study of EG electrooxidation on a smooth Pd electrode
has demonstrated that the current densities are independent on the substrate

concentration, but proportional to the OH™ concentration with a reaction order of ca.1’®.
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Scheme 3. Proposed mechanism of EG oxidation to glycolate ion in alkaline media 7,

Tafel plots for the EG oxidation reaction (5 wt% fuel in 2M KOH solution) on Pd/C, Pd-
(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes were registered at scan rate of 5 mV/s in the
potential range from 0.3 V to 0.5 V (vs RHE). The values for the Tafel slopes and for the a
coefficients (Table 4) are comparable with those reported in the literature for other Pd
catalysts **”°, but they are higher than those for Pd smooth electrodes (120 mV/dec)
2c),75.

The a values (ca.0.3) suggest an electrochemical rate limiting step of EG oxidation for all
the three electrocatalysts. The Tafel slopes result similar to each other, denoting also a
similar oxidation mechanism.

Plotting the peak current density value against the square root of the scan rate (Figure
23), gives a linear relationship for the Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C electrodes , which
indicates an electrochemical diffusion control of the EG oxidation reaction. In contrast, a
parabolic curve is obtained for the Pd/C electrode as the oxidation reaction would be
controlled by activation polarization. As previously reported for the oxidation of ethanol
on the same Pd/C electrode, this effect can be related to the very low number of

catalytically active sites on the electrode.
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Figure 23. Plots of the anode peak current density against the square-root of the scan rate for the oxidation
of 5 wt% EG in 2M KOH on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes 7,

Chronopotentiometric experiments have been performed at a constant current of 3
mA/cm? for 5 h (Figure 24). In general, the curves show a negligible potential oscillation

for 2 h, indicative of no strongly adsorbed species on the catalyst surface.

—e—PdiC
—&— Pd-(Ni-Zn)/IC
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05 F E

Time/ h

Figure 24. Chronopotenziometric experiments in 5 wt% EG + 2M KOH solution with Pd/C, Pd-(Ni-Zn)/C, Pd-
(Ni-Zn-P)/C electrodes 3 mA/cm2 for 5h.

Notably, analysis of the chrono-exhausts by IC/**C NMR show an almost selective
formation of glycolate with traces of oxalate and carbonate for Pd/C. A less selective

reaction is observed for the reactions catalyzed by Pd-(Ni-Zn)/C or Pd-(Ni-Zn-P)/C.
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Figure 25. CVs of (A) 2 wt% glycolic acid and (B) 2 wt% glyoxylic acid in 2M KOH on Pd/C, Pd-(Ni-Zn)/C, Pd-
(Ni-Zn-P)/C electrodes under nitrogen. Scan rate 50 mV/s o,

Indeed on both electrocatalysts, EG is prevalently converted to glycolate (ca. 60%),
oxalate (ca. 33%) and carbonate (ca. 7%). The different product distribution provided by
the three catalysts seems to be inconsitent with a unique oxidation mechanism, as
suggested by the Tafel slopes. A proposed mechanism of EG oxidation in alkaline media
(Scheme 4) on the basis of relevant literature reports " is in good agreemnet with our
experimental data. To gain further insight into the EG oxidation mechanism , CV studies
on the same Pd/C electrode were carried out using some EG intermediates, such as
glycolic and glyoxylic acid in 2M KOH solutions. The results obtained are illustrated in
Figure 25.

Glycolate is easily less oxidized (S, 0.3 mA/ug Pd at 0.8 V vs RHE) than glyoxylate (1.5
mA/ug Pd at 0.6 V vs RHE). The shoulder at 0.8 V in the glyoxylate CV is assigned to the

disproportionation of the glyoxylate to glycolate in alkaline environment.
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Scheme 4. Overall reaction scheme of EG oxidation on metal electrocatalysyts in alkaline media. Products in
boxes have been isolated; products in circles have been detected spectroscopically 7,
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Scheme 5. Direct and sequential routes for the electrooxidation of EG to oxalic acid 7,

The glycolate anion is not oxidized to oxalate on the Pd/C electrode; its concentration in
the Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C chrono-exhausts suggests two parallel routes for
oxalate production, with path c prevailing over paths a-b (Scheme 5).

In Figure 26 CVs of 2 wt% oxalate with 2M KOH solution and of only 2M KOH solution on
Pd/C, Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C electrodes were shown. In the CVs with 2 wt%
oxalate 2M KOH solution a significant decrease in the peak associated to PdO reduction
(0.65 V vs RHE backward scan) is observed together with an oxidation peak at 0.47 V vs
RHE of 0.03 mA/ug Pd of specific current density. In the light of our experimental
evidence, one may conclude that the carbonate formed upon electrooxidation of EG on
Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C is prevalently obtained from the glycolate oxidation
rather than from the oxalate oxidation’®. In Scheme 5 is shown a possible mechanism of

EG electrooxidation on Pd/C, Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C electrodes.
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Figure 26. CVs of 2 wt% oxalic acid in 2M KOH on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes under
nitrogen. Scan rate 50 mV/s 70.

2.3.7.1 In situ FTIR study in alkaline environment with ethylene glycol on

Pd-based catalysts

In an attempt to get insight into the oxidation mechanism of EG on the Pd-based catalyst
here investigated, an in-situ spectrocelectrochemical FTIR study was carried out (Figure
27). A smooth Pd electrode was used in 1M EG solution with different NaOH
concentrations with the same ionic strength ”°.

From a perusal of the FTIR spectra (Figure 27), one may readily conclude that palladium
does not effectively catalyze the EG oxidation at pH lower than 12 (like for the
ethanol)”’, while no activity at all is observed in neutral or acidic media. This evidence is
in accord with previous DFT calculations indicating that the dehydrogenation of alcohols

on Pd requires a high OH,4 coverage on the catalyst surface ”’.
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Figure 27. In situ FTIR spectra obtained under potential step polarisation of the following solutions: (a) 0.01
M NaOH + 0.99 M NaClO, + 1 M EG; (b) 0.1 M NaOH + 0.9 M NaClO, + 1 M EG; (c) 1 M NaOH + 1 M EG; (d) 2
M NaOH + 1 M EG. Scan number: 128 °.

For NaOH concentrations higher than 1M, the glycolate stretching bands were visible at
1580 cm™ (C=0) and 1070 cm™ (C-0), together with lower intensity bands due to the
carbonate (1,410 cm™) and oxalate (1,310 cm™) stretching modes (Fig. 27 c), d)). An
oxalate band, expected at 1600 cm™, is likely masked by the glycolate band. When NaOH
was used in concentrations lower than 1M, the CO, band became visible at 2343 cm™
already at 0.7 V (Fig.27 a), b)).

No CO stretching band was detected at any pH or potential, although it is worth
reporting that such a band is difficult to detect in alkaline media 2.

Since in situ FTIR studies of EG electrooxidation on Pd are not reported in the relevant
literature, a comparison can be made only with Pt catalysts in alkaline media. According
to the literature for Pt, our Pd catalysts do not diverge substantially in terms of
selectivity for EG electrooxidation. Both metals lead to the production of glycolate,
oxalate and carbonate at comparable potential value, with increased concentrations of
oxalate and carbonate at higher potential values (ca. 0.9 V). Differently from Pd, the

79,80

adsorption of EG at a Pt electrode is dissociative at any pH with formation of CO,q "°". It
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was suggested that glycolate and carbonate are produced from the same intermediate,
e.g. [Pt-CH(OH)CH,0H], while oxalate is obtained by oxidation of desorbed glycolate.
What really seems to distinguish Pd from Pt is the higher electrochemical activity of the
former metal in alkaline media towards EG electrooxidation, as demonstrated by the

CVs and FTIR &,

73



Chapter 2. Palladium onto Nickel-Zinc supports

2.3.8 Direct Ethylene Glycol Fuel Cells (DEGFCs) with Pd-based anode

electrocatalysts

The three anode electrocatalysts Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C were primarly
tested in passive monoplanar fuel cell air (oxygen breathing). The cell hardware is shown
in Figure 47 (see Exp. Section), while the MEAs were realized as previously described
(section 2.3.5). In Figure 28 are shown the cell polarization and power density curves of
a DEGFC loaded with 11 mL of 5 wt% EG in 2M KOH solution.

Pd-(Ni-Zn)/C exhibits the higher power density with 24 mW/cm? at 138 mA/cm?, while
the lower power density (11 mW/cm?” at 100 mA/cm?) is provided by Pd/C.

25

—o—Ppdi C
—C—Pd-(Ni-Zn)/ C
——Pd-(Ni-zn-P)/ C 20

E/V
5 @
LU/ /d
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Figure 28. Polarization and power density curves provided by air-breathing DAFCs filled with 2M KOH
solutions of ethylene glycol (5 wt%) at 20-22 °C. MEAs: Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C anode with Pd
loading of 1 mg/cm?, Tokuyama A006 membrane, Fe-Co/C (1:1) 2-2.5 mg/cm’ loading cathode.

Next, a series of galvanostatic experiments were carried out for each anode catalyst at
room temperature utilizing the same MEA (Figure 29). The measurements were carried
out using an oxygen atmosphere inside a bry-box. After filling the anode compartment
with 8.87 mmol of EG in 2M KOH and conditioning the cell for 1h at the OCV (0.85 V for
Pd-(Ni-Zn-P)/C, 0.94 V for Pd-(Ni-Zn)/C and 0.64 V for Pd/C), a current of 102 mA was
discharged until 0 V.
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Figure 29. DEGFCs galvanostatic curves with 8.87 mmol of ethylene glycol in 2M KOH (0V 102 mA) under
nitrogen atmosphere, oxygen cathodic flux , at 20-22°C, on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes.

The cell with the Pd-(Ni-Zn-P)/C anode lasted for 12 allowing the passage of an overall
electric charge of 4439 C (Figure 29). From a perusal of Figure 29, one may readily
realize that the present catalysts are much less efficient for EG oxidation than for
ethanol oxidation. Indeed, the DEGFCs with the present MEAs are not as efficient than
the DEFCs (Figure 17, 2.3.5 section).

The quantitive determination of the oxidation products was performed by *C{*"H} NMR
spectroscopy (Figure 30). One may notice that Pd-(Ni-Zn-P)/C converts 7.82 mmol of EG
in carbonate (7.3%), glycolate (63%) and oxalate (29.7% ) with no significant loss of fuel
by either direct evaporation or evaporation by cross-over, likely a consequence of the
high boiling point of EG (197,6°C) and larger size as compared to ethanol. The cell with
the Pd-(Ni-Zn)/C anode gave carbonate (7.0 %), glycolate (55.4%), oxalate (37.6% ) and a
trace of formate, for a total of 6.73 mmol of EG converted. Finally the Pd/C anode gave
carbonate (3.9%), glycolate (89.5%) and oxalate (6.6% ) for 4.84 mmol of EG converted.
The chemoselectivity of EG oxidation in fuel cells is essentially identical to that observed
in the chronopotentiometric experiments (2.3.7 section). In particular, it is confirmed
that Pd/C is quite selective for glycolate production, while the other nickel-containing

catalysts are poorly selective, with a prevalence of oxalate.
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Figure 30. Bc NMR spectra for Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes in passive DEGFCs after
galvanostatic experiments.

In accordance with the mechanism shown in Scheme 5 (2.3.7 section), these results
support the hypothesis that oxalate is a secondary oxidation product, coming from
glycolate oxidation on Pd/C, yet it may be a primary oxidation product on the more
oxophylic Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C catalysts.

The anode electrocatalysts were also tested in active monoplanar fuel cell with an
oxygen flux of 200 mL/min and a fuel (5 wt% EG in 2M KOH) flux of 4 mL/min. The cell
hardware is shown in Figure 48 (2.6 section). The polarization and power density curves
were registered at 25, 40, 60, and 80°C (Figure 31). All the three anode catalysts show
about the same power density at 25°C and 40°C, in accordance with the passive DEGFCs
measurements. The Pd-(Ni-Zn)/C anode gives the highest power density at 80°C with 95
mW/cm? at 403 mA/cm?.
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Figure 31. Polarization and power density curves provided by air-breathing active DEGFCs filled with 2M
KOH solutions of ethylene glycol (5 wt%) at 25 °C, 40°C, 60°C, 80°C. Pd/C anode, Pd-(Ni-Zn-P)/C anode, Pd-
(Ni-Zn)/C anode (Pd loading 1 mg/cmz) in conjunction with Tokuyama A006 membrane and Fe-Co/C (1:1)

(Fe, Co loading 2-2.5 mg/cmZ cathode) (MEAs).
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2.3.9 Half cell studies of glycerol oxidation on the Pd-based catalysts in alkaline

environment

The growing production of biodiesel by transesterification of fatty oils with methanol or
ethanol is leading to a surplus production of glycerol (Gly). For this reason and the high
boiling point and specific energy, there is much interest in the use of Gly as fuel in fuel
cells. The presence of three hydroxyl groups makes the oxidation of Gly a more complex
reaction as compared to the oxidation of methanol or ethanol (Scheme 6).

The electrochemical activity of the Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C electrodes
towards Gly (5 wt%) oxidation was investigated by CV in 2M KOH solutions at room
temperature with Pd loading of ca. 26-32 pg/cm? (corresponding to 17-19 mg of ink) and

at scan rate of 50 mV/s.

OH OH ) OH
IIU\/\J(-)H _— HU\/\(O- _ Dw{)' —_—
O

0 0
glycerate tartronate
OH O
— [ICOO" + o .
'\T — > 0 -
l’ O 0
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Scheme 6. Proposed glycerol oxidation path.

The KOH and glycerol concentrations were fixed at 2M and 5 wt%, respectively, as these
concentrations seem to be suitable for passive and active DGFCs experiments (vide
infra). In Figure 32 are shown the CVs for glycerol oxidation on Pd/C, Pd-(Ni-Zn)/C, Pd-
(Ni-Zn-P)/C electrodes while in Table 5 are reported the corresponding electrochemical

data.
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Figure 32. CVs (at the tenth cycle) on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes in 5 wt% glycerol 2M
KOH 2M under nitrogen. Scan rate 50 mV/s, at room temperature.

Catalyst Jo (MmA cm'z) Sap MA(Ug Pd)t Vv onset (V) V, (V) Tafel slope (mV dec™)

Pd-(Ni-Zn)/C 55.5 2.10 0.41 0.87 132 (0 0.44)
Pd-(Ni-z-P)/C 80.4 2.49 0.43 0.95 73 (a 0.80)
Pd/C 65.3 2.50 0.42 0.93 123 (0 0.47)

Table 5. Selected electrochemical parameters of 5 wt% Gly oxidation on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C
electrodes in 2M KOH.

All catalysts show good activity towards Gly oxidation with onset potentials around 0.42
V (vs RHE) and specific current densities of ca. 2.5 mA/ug Pd. In general the specific
current densities are lower than that obtained for EtOH or EG electrooxidation in half-
cells.

Tafel plots for Gly oxidation (Gly 5 wt% 2M KOH) on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C
electrodes were obtained at a scan rate of 5 mV/s in the potential range from 0.45 V to
0.6 V (vs RHE) (Table 5). The Tafel slope value and the a coefficient for Pd-(Ni-Zn-P)/C
electrode diverge from those of the other two materials. The value for the Tafel slope is
equal to 73 mV/dec and this might imply a lower glycerol oxidation overvoltage at its
surface during the CV experiment. An a value of 0.8, is obtained for the Pd-(Ni-Zn-P)/C
electrode, while values of 0.44 and 0.47 are calculated for Pd-(Ni-Zn)/C and Pd/C,
respectively. A fractional number of a indicates generally an electrochemical rate
limiting step for the electrooxidation reaction. Within this context, an a value of 0.8

might indicate faster glycerol oxidation kinetics on Pd-(Ni-Zn-P)/C electrode surface.
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Plotting the value of anode peak current density against the square root of the scan rate
for the three catalysts (Figure 33), a typical linear relationship referable to an
electrochemical reaction under diffusion control is determined.

The catalyst stability was studied by chronopotentiometric measurements at a constant
current of 3 mA/cm? using the same palladium loading of the CV experiments.
Experiments lasting for 1 or 2h, depending on the specific catalyst, are illustrated in
Figure 34. The Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes are less stable for Gly
oxidation than for ethanol oxidation. In agreement with the CV results, the Pd-(Ni-Zn-

P)/C electrode exhibits the best durability performance.
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Figure 33. Plots of the anode peak current density against the square-root of the scan rate for the oxidation
of 5 wt% Gly 2M KOH on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes.
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Figure 34. Chronopotenziometric experiments in the presence of Gly 5 wt% 2M
Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes, 3 mA/cmZ.

KOH solutions with Pd/C,
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2.3.10 Direct Glycerol Fuel Cells (DGFCs) with Pd-based anode electrocatalysts

The present Pd-based anode electrocatalysts were tested in both passive and active fuel
cells also for Gly oxidation. The MEAs were assembled as described in section 2.3.5,
using the same experimental conditions. For the passive DGFCs, the polarization and
power density curves were obtained at room temperature (Figure 35). The curves were
registered, after the anode compartment was filled with 10 mL of a 5 wt% Gly in 2M
KOH and a conditioning time of 1h at the OCV.

Pd-(Ni-Zn-P)/C exhibits the best performance releasing 16 mW/cm?” at 117 mA/cm?, in

nice accord with the CVs (2.3.9 section).
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Figure 35. Polarization and power density curves provided by air-breathing DGFCs filled with 2M KOH
solutions of glycerol (5 wt%) at 20-22 °C for Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes.

The galvanostatic experiments at 102 mA were carried out for each anode
electrocatalyst in passive DGFCs using the same MEAs. The experimental conditions
were the same of the galvanostatic DAFCs with ethanol or ethylene glycol. After
charging the anode compartment with 5.43 mmol of Gly in 2M KOH solution and

conditioning for 1h at the OCV, the curves were registered ( Figure 36).
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Figure 36. DGFCs (glycerol 5 wt% 2M KOH) galvanostatic curves registered at 102 mA until OV, under
nitrogen atmosphere, at 20-22°C, oxygen cathodic flux on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes.

The cell with the Pd-(Ni-Zn)/C anode shows the highest energy efficency and continued
to work for 6.5 h. An *C{*H} NMR analysis of the cell exhaust (Figure 37) gave the
following product composition: 24.00% carbonate, 4.18% glycolate, 27.16% glycerate,
28.00% tartronate, 14.00 % oxalate and 2.50% formate. Overall, 2.14 mmol of the
starting glycerol were converted without appreciable loss of fuel (Gly has a boiling point
of 290°C and scarce tendency to cross-over the anion exchange membrane).

An analysis of Figure 36 shows that the Pd/C anode was the least efficient. The cell with
this catalyst kept on working for 5.5 h and gave 27.17% carbonate, 11.30% glycolate,
14.40% glycerate, 27.70% tartronate, 13.00 % oxalate and 6.90% formate for a total of
2.14 mmol of Gly converted (Figure 37).

Finally, the cell containing the Pd-(Ni-Zn-P)/C anode gave 29.17% carbonate, 6.80%
glycolate, 21.79 % glycerate, 23.50 % tartronate, 15.30 % oxalate and 3.45 % formate for

2.67 mmol of substrate converted.
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Figure 37. 3¢ NMR spectra for Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C anodes from galvanostatic exhausts.

The variety of products obtained is a clear indication of the complex oxidation paths of
Gly on Pd-based electrocatalysts. FTIR studies reported in the literature® indicate that
Pd/C and Pt/C electrocatalysts promote C-C bond cleavage in the Gly electrooxidation,
as an appreciable amount of CO adsorbed was detected (bridging mode on Pd/C). On
the basis of our experimental evidence and literature data, a mechanism of Gly
oxidation on Pd/C and Pt/C is proposed in Scheme 6. In the literature the oxidation steps
include: glycerol oxidation to glyceraldehyde (not experimentally detected), glycerate,
tartronate and finally mesoxalate. The latter product has never been detected with our
catalysts, which may be due to the fact that such a compound would rapidly evolve to
formate, glycolate, or to oxalate and carbonate on our Pd-based electrocatalysts (Figure
37).

Polarization and power density curves were registered in active monoplanar fuel cells,
using the apparatus described in sections 2.3.5 or 2.3.8 and identical MEAs to those
employed for DEFCs and DEGFCs. In Figure 38 are shown the polarization and power
densities curves for the three catalysts registered at 25, 40, 60 and 80°C after 1h
conditioning at the OCV. Fluxes of 4 mL/min of a 5 wt% Gly-2M KOH solution and 200

mL/min of oxygen were used at at the anode and cathode side, respectively.
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Figure 38. Polarization and power density curves provided by oxygen-breathing 200 mL/min active DGFCs. 4
mL/min of 5 wt% Gly 2M KOH solutions were pumped up at 25 °C, 40°C, 60°C, 80°C on Pd/C, Pd-(Ni-Zn-P)/C,

Pd-(Ni-Zn)/C anodes.

The cell with the Pd-(Ni-Zn)/C anode was the most efficient at 80°C with 118 mW/cm? at

457 mA/cm’.
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2.3.11 Half cell studies of methanol oxidation on the Pd-based catalysts in

alkaline environment

Methanol is a highly attractive alcohol for fuel cell applications due to the good energy
density of 6094 Wh kg' and the relatively large abundance. The thermodynamic
potential of the methanol-air fuel cell is also close to that of the hydrogen-air fuel cell
(1.23 V). On the other hand, its effective energy density is only 1500-3100 Wh kg™, while
its operating cell voltage is 0.4 V. In a DMFC this is mostly due to slow methanol
oxidation kinetic on the anode surface, also in alkaline media [Eq(10)].

The electrochemical activity of Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C materials towards
methanol oxidation was investigated by CV in 2M KOH + 10 wt% MeOH at room
temperature and at a scan rate of 50 mV/s. The Pd loading varied from 24-28 pg/cm?
(corresponding to 18-20 mg of ink, see 2.6 experimental section). For a reliable
comparison with the other fuels investigated was used a 2M KOH concentration. This

concentration is also suggested by previous studies of alcohol cross-over .
CH30H+60H —CO,+5H,0+6e” (10)
In Figure 39 are shown the CVs obtained, while the relevant electrochemical parameters
are reported in Table 6. The activity towards MeOH oxidation in terms of specific current

density was lower than those registered for the other substrates. Except for the Pd/C

anode (2.3 mA/Jg Pd), current densities of ca. 1.5 mA/Jg Pd were obtained.
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Figure 39. CVs registered on Pd/C, Pd-(Ni-Zn-P)/C, Pd-(Ni-Zn)/C electrodes in 10 wt% MeOH 2M KOH
solution at room temperature and at the scan rate of 50 mV/s under nitrogen.

Catalyst Jo (MmA cm'z) Sap MA(ug Pd)t v onset (V) V, (V)  Tafel slope (mV dec!)

Pd-(Ni-zn)/C 33.49 1.3 0.44 0.83 161 (0 0.37)
Pd-(Ni-ZnP)/C 40.44 1.129 0.43 0.87 173 (0 0.34)
Pd/C 62.7 2.240 0.44 0.87 195 (0 0.30)

Table 6. Selected electrochemical parameters of MeOH oxidation on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C
electrodes in 2M KOH.

All catalysts showed methanol oxidation activity starting from 0.4 V (vs RHE). Like for the

4,33,76,75 -
n

other alcohols, the oxidation begins at the potential value of Pd(OH) formation
alkaline environment (section 2.3.3 Figure 10, 11).

Tafel plots for the methanol oxidation reaction on the Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)
electrodes were obtained at a scan rate of 5 mV/s in the potential range from 0.35 V to
0.6 V (vs RHE) (Table 6). A similar Tafel slope for all the three catalysts suggests the
occurrence of the same reaction mechanism, while the o values are consistent with an
electrochemical rate-limiting step. According to the Tafel slopes reported in Table 6,
Pd/C seems to be slightly less active in terms of surface overvoltage, which contrasts
with the CV study showing the highest density current peak just for Pd/C. This result
might be explained looking at the scan rate of the CV experiments: at 50 mV/s the
reaction is under diffusion control and methanol might approach the Pd sites more
rapidly on Pd/C than on the nickel-zinc supported materials, while at 5 mV/s (Tafel

experiment) a beneficial effect of the larger concentration of the OH,4s groups on the

surface of Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C might prevails over diffusion effects.
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For testing the catalyst stability during the methanol oxidation, chronopotentiometric
measurements were performed at 3 mA/cm? (Figure 40). The Pd/C electrode exhibits
the best stability, lasting for 3h 30’. In agreement with the J, value obtained (Table 6),

the Pd-(Ni-Zn)/C electrode gave the lowest performance.
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—=— PdIC

-
[N

E/V vs RHE

Time/ h

Figure 40. Chronopotentiometric experiments in 10 wt% MeOH 2M KOH with Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-
P)/C electrodes, 3 mA/cmZ.

Plotting the anode peak current density against the square-root of the scan-rate for the
three catalysts investigated (Figure 41) a typical trend of an electrochemical reaction
under diffusion control for Pd/C was shown until the scan rate of 100 mV/s. Above this
value, the reaction is apparently controlled by other factors such as the low density of
catalytic centers. From 20 mV/s to 500 mV/s, the Pd-(Ni-Zn-P)/C and Pd-(Ni-Zn)/C
electrodes do not show the same progress, which suggests a different electrochemical

oxidation mechanism.
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Figure 41. Plots of the anode peak current density against the square-root of the scan rate for the oxidation
of 10 wt% MeOH 2M KOH on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrodes.
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2.3.12 Direct Methanol Fuel Cells (DMFCs) with Pd-based anode

electrocatalysts

The three electrocatalysts investigated in this work have been tested in either passive or
active DMFCs, using the same cell hardware and MEAs of the other DAFCs described so
far. In Figure 42 are reported the polarization and power density curves for passive
DMFCs (10 mL 10 wt% MeOH in 2M KOH, air breathing), while Figure 43 shows the
polarization and power density curves obtained in active cells at different temperatures
using a fuel flux of 4 mL/min and an oxygen flux of 200 mL/min (vide infra).

Interestingly, the Pd/C electrode showed the best performance (power density of 14
mW/cm? at 100 mA/cm?) in the passive cell with methanol than with any other fuel
investigated (ethanol, glycerol and ethylene glycol). A different activity order was found
in active DMFCs: the cell with the Pd-(Ni-Zn-P)/C anode gave 45 mW/cm® at 273
mA/cm?” at 40°C, while the cell with the Pd-(Ni-Zn)/C anode gave 40 mW/cm’ at 276
mA/cm’. At 60 and 80°C, the Pd-(Ni-Zn)/C catalyst improved its power performance. In
contrast to what observed in the passive cells, Pd/C was the least performing anode
catalyst in terms of power density.

Galvanostatic experiments at 102 mA were carried out for each catalyst in passive fuel
cell under an oxygen atmosphere at the cathode side. The anode compartment was
filled with 31.25 mmol of methanol in 2M KOH and the cell was conditioned for 1h at

the OCV. The galvanostatic traces are shown in Figure 43.
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Figure 42. Polarization and power density curves provided by air-breathing DMFCs fllled with 2M KOH
solutions of 10 wt% MeOH at 20-22 °C on Pd/C, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C anodes.
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Figure 43. Polarization and power density curves provided by oxygen-breathing active DMFCs filled with 2M
KOH solutions of 10 wt% MeOH at 25 °C, 40°C, 60°C, 80°C on Pd/C, Pd-(Ni-Zn-P)/C, Pd-(Ni-Zn)/C anodes.
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Figure 44. Galvanostatic experiments at 102 mA until OV under nitrogen atmosphere, at 20-22°C with
oxygen cathodic flux (10 mL/min) in passive DMFCs with methanol 31.25 mmol (2M KOH) on Pd/C, Pd-(Ni-
Zn)/C, Pd-(Ni-Zn-P)/C anodes.

The cell with the Pd/C anode kept working for 9h, while those with the Pd-(Ni-Zn-P)/C
and Pd-(Ni-Zn)/C electrodes continued to work for 8.5 and 7.5 h, respectively. >C NMR
spectra of the galvanostatic exhausts showed the conversion of methanol into formate
and carbonate (Figure 45). A reliable quantitative determination of the methanol
convertion was precluded by the methanol cross-over and its evaporation from both the
cathode and anode sides (boiling point of methanol 64.7 °C). The NMR spectra showed a
1:1 molecular ratio between carbonate (168 ppm) and formate (171 ppm) for the cell
with the Pd/C anode, while carbonate was prevailed over formate ( 2:1 molecular ratio)

for the Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C anodes.
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Figure 45. 3¢ NMR spectra of DMFCs exhausts after galvanostatic experiment (OV 102 mA) for Pd/C, Pd-(Ni-
Zn-P)/C, Pd-(Ni-Zn)/C anodes, starting from 31.25 mmol of methanol (2M KOH).

Most of the known DMFCs make use of Pt and Pt-Ru catalysts in acidic media where CO,
is the largely prevailing product. On the other hand, any Pt-based catalyst suffers

irreversible poisoning by CO with time®"®

. The Pd catalyst are less sensitive to CO
poisoning, yet the power densities are significantly lower than those obtainable by Pt-

based electrocatalysts.

2.4 Conclusions

In this PhD thesis work, we have described and discussed the synthesis and
characterization of some nanosized Pd-based materials that exhibit excellent activity as
anode electrocatalysts in direct alcohol fuel cells. In particular, we have known that Ni-
Zn and Ni-Zn-P alloys supported on a conductive carbon black (Vulcan XC-72) are
appropriate materials for the spontaneous deposition of palladium through redox
transmetalation reaction. The materials obtained, Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C, have
been characterized by a variety of techniques, including HRTEM, EXAFS, EDX, ICP-AES,
XANES, and XRPD. The analytical and spectroscopic data allowed us to conclude that the
surface of Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C contain very small (0.5-1 nm), highly
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dispersed, and crystalline palladium clusters as well as single palladium(ll) sites, likely
stabilized by interaction with oxygen atoms from the surrounding Ni-O phase. The
oxidation of ethanol in alkaline media on electrodes coated with the Pd-(Ni-Zn)/C and
Pd-(Ni-Zn-P)/C materials, containing very low Pd loadings (22-25 ug cm’), have been
studied by cyclic voltammetry. Analogous studies have been carried out with a Pd/C
catalyst prepared by a standard electroless procedure. The results obtained place Pd-
(Ni-Zn)/C and Pd-(Ni-Zn-P)/C in the top band of the electrocatalysts for ethanol
oxidation. Indeed, specific currents as high as 3600 A g(Pd)™ at room temperature can be
obtained with onset potentials as low as 0.6 V (vs RHE). The present Pd-based
electrocatalysts have been used to fabricate anodes for DAFCs upon deposition on Ni
foam plates. These electrodes have been employed to realize membrane-electrode
assemblies (MEAs) in conjunction with an anion-exchange membrane from Tokuyama
(Japan) and home-made Fe-Co cathodes. Both passive and active monoplanar DEFCs
have been constructed and studied using either a potentiostat-galvanostat or a Scribner
Associates fuel cell station. The polarization and power density curves have shown the
Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C anodes to be much more stable and active than the
Pd/C anode, especially at temperatures below 50°C. Most importantly, ethanol is
selectively converted to acetate, provided when the pH is kept above 13. The chemical-
physical features of the Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C materials may account for their
excellent electrochemical performance, which, as a whole, is better than that of the
Pd/C catalyst where the Pd particles are larger, less dispersed, and amorphous. In view
of the CV experiments in KOH solution with electrodes coated with the Ni-Zn/C and Ni-
Zn-P/C supports, prior to and after addition of ethanol, any direct role of the Ni support
on the ethanol oxidation reaction at the potentials achievable in a fuel cell can be ruled
out. One cannot exclude, however, the existence of a co-catalytic effect of the Ni
support on the Pd-catalyzed oxidation reaction of ethanol. Indeed, it is generally agreed
that the presence of Ni may have a beneficial effect on the electrooxidation of alcohols
on late transition metals especially in alkaline media®. In particular, Shen et al. have
demonstrated that the presence of NiO increases remarkably the activity and stability of
carbon-supported Pd nanoparticles for the electrooxidation of ethanol in alkaline
media®. Although no clear-cut explanation has been offered so far, it is generally
believed that Ni and NiO can generate surface Ni-OH at low potentials. Increasing the

amount of OH,4s on the catalyst surface would actually favour the formation of acetate
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by coupling with adsorbed acyl groups (CO(CHs).), in turn generated by
dehydrogenation of aldehyde intermediates. One may also hypothesize that the greater
oxophilicity of Ni as compared to Pd and the higher binding affinity of Ni towards the
acetate ion may facilitate the desorption of the acetate from the active Pd sites, thus
accounting for the stability of the Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C catalysts even at high
ethanol conversion *.

To elucidate mechanistic aspects involved in the oxidation of ethanol to acetate by the
present catalysts, we have investigated the effect of adding small amounts of NaBH, into
the anode compartment of DEFCs equipped with Pd/C electrocatalyst with and without
10 wt% of ethanol (2M KOH). It is apparent that NaBH, promotes the ethanol oxidation
on palladium-based electrocatalysts. At 0.2 V 0.2 wt% NaBHa gives a current density of
180 mAcm™ higher than the sum of the current densities (117 mAcm ™) supplied by
similar DEFCs fuelled with 0.2 wt% NaBHs+ 2M KOH and with 10 wt% ethanol + 2M KOH.
In the absence of NaBH4, 50% of ethanol is converted to acetate (17 h at 0.2 V), the fuel
cell stops working. The addition of NaBH,, even in a low amount (0.1-0.2 wt%), increases
the ethanol conversion to more than 80%. A detailed CV study of a Pd/C electrode in
different solutions (NaBH, alone, ethanol alone, NaBH, ethanol mixtures) led us to
conclude that NaBH, is able to reduce the inactive PdO phase to active Pd, thus
increasing the catalyst activity at high potential as well as its lifetime.

The Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C materials have been tested as anode catalysts
for the oxidation of a variety of renewable alcohols, including ethylene glycol, glycerol
and methanol, in alkaline media (generally 2M KOH). Again, Pd-(Ni-Zn)/C and Pd-(Ni-Zn-
P)/C showed a better performance for the EG oxidation than Pd/C, yielding specific
currents as high as 3200 A g(Pd)™ at room temperature with onset potentials as low as
0.6 V (vs RHE). Tests in both passive and active DEGFCs with the same cathodes and
anion-exchange membrane as those decribed above confirmed that the Pd-(Ni-Zn)/C
and Pd-(Ni-Zn-P)/C anodes are much more stable and active than the simple Pd/C
anode. Analysis of the cell exhausts by NMR and IC showed a different product
distribution for the three catalysts. Glycolate was the prevailing oxidation product on
the Pd/C anode, while mixtures of glycolate (>60 %), oxalate and carbonate were
obtained with the Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C anodes. In situ FTIR and CVs
measurements were carried out on a smooth Pd electrode and on a Pd/C catalyst,

respectively. Like for ethanol, CO, formation is observed for pH values lower than 12,
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while at higher pH values glycolate, carbonate and oxalate are formed almost
simultaneously at a potential of ca. 0.4 V vs RHE. Carbonate is produced by oxidation of
both glycolate (major contribution) and oxalate, while the major part of oxalate seems
to be produced by the direct oxidation of EG. It has been proposed that the nickel
phases that support the Pd clusters and atoms favour the chelating adsorption of EG,
leading to its direct oxidation to oxalate, by virtue of the oxophylic nature of Ni**.
Analogous CV studies as well as evaluation of monoplanar cell performance in either
passive or active systems were carried out for glycerol and methanol as fuels. Both
alcohols gave worse results in terms of catalytic activities and overall alcohol conversion.
In the half cell, the Pd-(Ni-Zn-P)/C gives specific current density of 2500 and 2200 A
g(Pd)™ with glycerol and methanol, respectively. A maximum power density of 20
mW/cm” was obtained with glycerol at room temperature with little chemoselectivity.
The Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C catalysts gave prevalently glycerate, together with
appreciable amounts of tartronate, formiate, glycolate, oxalate and carbonate. In
contrast, the Pd/C catalyst is more selective for tartronate.

Methanol was converted into 1:1 or 2:1 mixtures of carbonate and formate on Pd/C and
Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C, respectively. Overall, methanol is the worst fuel on Pd-
based electrocatalysts in alkaline media. The formation of carbonate upon oxidation of
methanol, which may lead to membrane carbonation, does not seem to account for the
lower performances of the DMFCs as compared to the DEFCs, DEGFCs and DGFCs.
Finally, it is worth commenting that the partial oxidation of renewable alcohols to
oxidation products might represent an obstacle to the use of the present Pd catalysts to
fabricate stacks of DAFCs capable of delivering kilowatts of energy. However, especially
the good response observed at room temperature, up to 60 mWcm? at 0.3 V %,
presages an effective application of the present monoplanar DAFCs to produce small
generators for portable electronics and first aid devices. Likewise, an appropriate scale
up of the MEAs may be exploited for the contemporaneous production of energy and

selective chemicals, mainly alkali metal carboxylates from alkaline solutions of alcohols.
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2.5 Experimental section

2.5.1 Catalyst Synthesis

All the synthesis were carried out in nitrogen atmosphere, except were specified. Water
solution were freshly prepared with double distilled water. Vulcan XC-72 were supplied
by Cabot Corp.(USA), precious metal salts were purchased by Aldrich and used without
any further purification. Ultrasound treatments were performed by SBL ultrasound bath

or Bandelin Sonoplus sonde.

Pd-(Ni-Zn-P)/C: NiSO,-6H,0 (3.51 g, 13.35 mmol), ZnS0O,-7H,0 (2.03 g, 7.05 mmol),
NaH,PO, (3.3 g, 37.5 mmol), Na;CsHg0,:2H,0 (8.56 g, 97.3 mmol), and NH,CI (5.2 g, 97.3
mmol) were introduced into a 250 mL three-necked round bottomed flask, containing
distilled water (90 mL). The pH of this solution was adjusted to 11 with an aqueous
solution of KOH (1M), and then Vulcan XC-72 (6.2 g) was added with stirring to the
resulting green-blue solution. After 20 min of ultrasound treatment, this slurry was
heated to reflux temperature for 2 h and then cooled to room temperature. KOH flakes
(10 g) were added, and the mixture was refluxed for 1h, then cooled to room
temperature for product filtration. The collected product was washed with distilled
water to neutral pH. A small portion of this product was dried by means of a stream of
nitrogen and analyzed by ICP-AES (wt %) analysis: Ni 10.90, Zn 0.61.

The product was suspended in water (150 mL), and the resulting mixture was sonicated
for 30 min. A solution of K,PdCl,; (1.0 g, 3.06 mmol) in water (250 mL) was slowly added
to this suspension, and the resulting suspension was stirred for the night at room
temperature. The solid product was filtered off, washed several times with distilled
water, and finally dried under vacuum at 40°C until constant weight.

Yield: 6.2 g. ICP-AES (wt%):Pd 4.73, Ni 7.45, Zn 0.43. EDX analysis (wt%): Pd 4.9, Ni 7.0,
Zn 0.5,

Pd-(Ni-Zn)/C: A slurry of Zn powder (2.8 g, 43 mmol) and Vulcan XC-72 (6.0 g) in H,0 (40
mL) in a 100 mL three-necked round-bottomed flask was treated by ultrasounds for 20

min. The mixture was heated to 90°C, and then a boiling 10 mL solution of NiCl,-6H,0
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(5.06 g, 21.28 mmol) was added quickly in 1-2 min under vigorous stirring. Foaming was
observed owing to gas evolution that gradually disappeared in 3—4 min. The resulting
reaction mixture was stirred at room temperature for 30 min, then the solid product
was filtered off and washed portionwise with hot water (50°C; 200 mL). The solid was
suspended in an aqueous solution of NaOH (13 wt%; 300 mL), and the suspension was
stirred for 40 min until no H, gas evolution was evident. The final product was separated
from the reaction mixture by filtration and washed with distilled H,O to neutral pH. A
small portion of this product was dried under nitrogen atmosphere and analyzed by ICP-
AES (wt%): Ni 14.4, Zn 3.4.

The Ni-Zn/C obtained was suspended in water (400 mL), and sonicated for 30 min. 250
mL of K,PdCl, (1 g, 3.01 mmol) solution was added drop to drop (ca. 3 h) to this
suspension under vigorous stirring, and the reaction mixture was gently stirred
overnight at room temperature. The final product was filtered off, washed with water (4
X 100 mL), and dried at 40°C under vacuum to constant weight.

Yield: 6.0 g. ICP-AES (wt%): Pd 6.4, Ni 9.7, Zn 2.6.

Pd/C: Vulcan XC-72 (5.94 g) was sonicated for 20 min in a 500 mL three-necked round-
bottomed flask containing ethylene glycol (250 mL). An aqueous solution (50 mL)
obtained by treatment of PdCl, (0.6 g, 3.38 mmol) with 6 mL of HCl (37% w/w) was
added dropwise to the resulting dispersion with stirring. After addition of the Pd salt was
complete, a solution of NaOH (5.1 g) in water (10 mL) was introduced into the reactor,
which was then heated to 140°C. After 3 h, the reaction mixture was allowed to cool to
room temperature and the solid product was filtered off and washed with distilled water
to neutral pH. The final product was dried at 40°C under vacuum and nitrogen

atmosphere to constant weight. Yield: 5.8 g. ICP-AES (w %): Pd 5.2.

2.5.2 Physical material characterization

EXAFS and XANES measurements were carried out at the XAFS beamline of the Elettra

synchrotron facility in Basovizza (Trieste), by means of a double-crystal Si (111)

monochromator at the Ni Kedge and of Si (311) at the Pd K-edge (synchrotron ring
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operating at 2.4 GeV). All samples were measured in transmission mode at room

temperature at both metal edges. Data were analyzed with the FEFF8 software package.

HRTEM images were recorded with a JEOL Jem-2010 EX microscope. The instrument was
equipped with an in-column EDX Spectrometer (probe spot 5 nm, sensitivity 0.5 %).
Pictures were taken at 250000-1200000X magnifications, spanning wide regions of
several support grains in order to provide a representative map of the catalyst system.
The samples were ground, and the powders were dispersed in isopropyl alcohol. A drop
of each suspension was deposited on the carbon grid, which, after solvent evaporation

under vacuum, was inserted in the column of the microscope.

The metal content in all catalysts was determined by inductively coupled plasma atomic
emission spectroscopy (/CP-AES) with an Intrepid Iris instrument (Thermo Elemental).
Each sample (20-50 mg) was treated in a microwave-heated digestion bomb (Milestone,
MLS-200) with concentrated HNO; (1.5 mL), 98% H,SO, (2 mL), and a pellet (0.4 g) of a
digestion aid reagent (0.1% Se in K,S0,). The solutions were analyzed after the carbon

residue was filtered off.

EDX was employed to analyze Pd-(Ni-Zn-P)/C. The measurements were performed on
untreated powder samples directly deposited on specimen stubs covered with a
conductive carbon adhesive, using a FEI Quanta200 microscope operating at 20 KeV

accelerating voltage in the low-vacuum mode (0.8 torr).

X-ray powder diffraction spectra (XRPD) were acquired at room temperature with a

Bruker D8-Advance diffractometer, employing CuKa radiation (A=1.5418 A) in the range

between 2.5 and 80° and using an acquisition step of 0.030°/s.

2.5.3 Electrochemical studies

The cell used for the cyclic voltammetry and chronopotenziometric experiments was a

Kelef cylinder with an inner diameter of 7.2 mm and an outer diameter of 50 mm (Figure
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46). The inner volume of the cell was about 1 mL. The working electrode, Glassy Carbon
(Sigradur G; 0.867 cm2), covered by the catalyst, was put in a special cavity at the top
end of the cylinder, and the counter electrode was a gold disc placed at the bottom end.
The solution contained in a Pyrex flask was previously deareated by bubbling N, and
then flushed into the cell at a pressure as low as 0.3 bar N,. This pressure was applied
until the cell was completely filled and then stopped. The inlet and the outlet for the
solutions were placed on the side walls of the cell. The inlet was inclined towards the
counter electrode so as to allow the solution to gradually fill in slowly getting wet the
working electrode without disturbing the catalyst layer. The electrical contact with the
working electrode was secured with two stainless steel screw terminals. Leakage was
avoided by pressing both the working and the counter electrode against a suitable
silicone O ring. The reference electrode, a miniaturized Ag/AgCl/KCl,; electrode, was
placed on the outlet tubing. This location allows contamination to be avoided and at the
same time is sufficiently close to the working electrode to reduce the uncompensated
resistance. All CV studies were carried out using a Parstat 2277 potentiostat-galvanostat

(Princeton Applied Research).

Figure 46. Electrochemical cell for CV experiments: a) working electrode, b) counter electrode, c) reference
electrode, d) inlet, and e) outlet 3,

Ink preparation. A portion of 45 mg of each electrocatalyst was introduced inside a 5 mL
high-density polyethylene container together with water (1.01 g), KOH (99.99%, Sigma—
Aldrich, 65 mg), absolute ethanol (99.8 %, Fluka; 0.50 g), and 5% Nafion ion-exchange
resin (Sigma—Aldrich; 0.37 g) in ethanol solution. The resulting suspension was sonicated

for 30 min with a Branson 3200 bath. Each suspension was freshly prepared just before
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carrying out the experiment scheduled. The metal loading on each electrode was
determined by weighting the amount of ink (17-20 mg) deposited on the glassy carbon
disk. All the solution analyzed were previously desareated for ten minutes and

manteined under inert atmosphere during the measurements.

Tafel plots for all the catalysts studied were registered at 5 mV/s in the potential range
from 0.3-0.35 V to 0.5-0.55 V (vs RHE). Plotting potential vs current or current density
logharitm, a relationship linear curve was determined. The line slope opposite
represents the anode overvoltage to oxidize the fuel (mV/dec), while a value means the
electron transfer coefficient. The a value was deduced from Butler-Volmer simplifying

equation, effective for kinetic control processes.

In situ FTIR spectroelectrochemical study was made inside a cell equipped with a CaF,
window . The working electrode was a palladium electrode with a 6 mm diameter. A
platinum foil and an Hg/HgO electrode were used as the counter and reference
electrode, respectively. The electrochemical measurements were performed on a 263A
potentialstat/galvanostat (EG&G-PARC, USA), connected to the FTIR spectrometer
(Nicolet 5700 with DTGS detector, Thermo Electron Corporation, USA). The
measurements were carried out at 25°C. When necessary, NaClO, was added to the
NaOH solutions to ensure a constant ionic strength. The EG concentration was fixed at
1M and NaOH was changed to indagate the pH effect on EG electrooxidation. All
solutions were purged with nitrogen prior to use. Prior to each experiment, the
palladium electrode was polished with alumina powder, followed by a supersonic rinsing
in pure water and a potential cycling in 0.1M HCIO, at 0.1 V s between 0.242 and 1.2 V
versus SCE with a reductive final potential. During the in situ FTIR
spectroelectrochemical experiments, the electrode was pressed against the CaF,
window to form a thin layer solution. Each infrared spectrum was recorded from 128
interferograms at the resolution of 4 cm™. The reference spectrum (R.f) was collected at
0 V versus reversible hydrogen electrode (RHE). The electrode potentials were increased
by 0.1 V intervals from the reference potential up to 1.2 V. The equilibrium at each
potential was achieved in 5 s before the collection of the sample spectra (Rs). Each final

spectrum was reported using Eq.(12). Accordingly, the negative bands represent the
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species produced and the positive bands the species consumed. All the potentials in the

figures were quoted with respect to the RHE.

AR/R:(RS‘Rref)/Rref (12)

2.5.4 Fuel cell assembly

The home-made, air/oxygen-breathing DAFC used to evaluate the electrochemical
performance of the Pd-(Ni-Zn-P)/C, Pd-(Ni-Zn)/C and Pd/C anodes, in conjunction with
the Tokuyama A-006 anion exchange membrane Tokuyama Corporation and Fe-Co/C KJ
cathodes, was shown in Figure 47. The device was realized with plexiglas and the
electricity collectors were plated with gold. The volume of the anode compartment was
ca. 20-25mL for an actual fuel solution of 10-13 mL. The anode was realized with a 5.13
cm” nickel foam plate onto which was deposited the appropriate amount of a dense
catalytic ink (generally in order to obtain 1 mg cm™ of palladium loading). This was
prepared by dispersing the solid catalyst in the minimum amount of water with no need
of a binder. The cathode was prepared using a suspension of ketjen black (C) with iron
and cobalt phthalocyanines (MPc) 1:1 stoichiometric mixture, followed by heat
treatment at 800 °C under inert atmosphere, brushed on carbon cloth, prepared in our
lab. The AOO6 membrane used was purchased from Tokuyama Corporation and used
after brief basic treatment (1M KOH solution) and gently drying. The membrane-
electrode assembly (MEA) was obtained by mechanically pressing anode, cathode and
membrane, while silicone—rubber gaskets were employed to seal the system. For
galvanostatic experiments, in order to avoid any possible contamination of the alkaline
anode solution by carbonate ions formed upon reaction with atmospheric CO,, the
DAFCs were positioned inside a home-made plexiglass dry-box. Here the anode
compartment was maintained all the way under a static nitrogen atmosphere, while the
cathode was exposed to an oxygen costant flow of 10 mL/min. For polarization and
power density experiments after assembling the MEAs, the DAFCs were tested air-
oxygen breathing mode. All the cell performances were evaluated with an ARBIN BT-

2000 5A-4 channels instrument.
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Polarization curves were registered at 5 mV/s, after 1h conditioning time. Galvanostatic

experiments were registered after 1h conditioning time at 102 mA until OV.

Collg cturs\(\
—

Cathode' \\ Anode

\
Membrane

Figure 47. Lateral view of opened passive home-made direct alcohol fuel cell. In the inset the MEA was
detailed.

The active DAFCs were purchased from Scribner-Associates (USA) (25 cm? fuel cell
fixture). They were modified in our laboratory with gold-plated current collectors and
titanium end plates to tolerate the alkaline conditions used in this work to evaluate the
performance of Pd-(Ni-Zn-P)/C, Pd-(Ni-Zn)/C, and Pd/C anode. The MEA was fabricated
by mechanically pressing each anode with Fe-Co/C KJ cathode (prepared in our lab) and
Tokuyama A006 membrane (Figure 48). A dense anode ink was prepared by mixing the
powdered catalyst with a 5-10 wt% aqueous dispersion of PTFE. As a general procedure,
an identical amount of the resulting paste was spread onto two identical Ni-foam plates.
One of these was used almost immediately to fabricate the MEA, the other was dried
until constant weight for the quantitative determination of the Pd loading that was, in
all cases, ca. 1 mg cm™. The effective electrode area was 5 cm”. The cathode and the

membrane were prepared as the same manner shown for the passive fuel cell.
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The fuel (water solution containing 10 wt% methanol, 5 wt% ethylene glycol, 10 wt%
ethanol or 5 wt% glycerol in 2M KOH) was delivered to the anode at 4 mL min™ by a
micropump, while the oxygen flow was regulated at 200 mL min™. The entry
temperatures of the fuel and of the oxygen gas were regulated at the desired
temperature. Under working conditions the effective cell temperature was determined
by an appropriate sensor positioned inside the end plate at the cathode side. All
electrochemical measurements were carried out using an 850e Integrated PEM Fuel Cell
Station by Scribner-Associates (USA). The polarization tests were completed with the

same conditions used for passive fuel cells.

Figure 48. Lateral view of active fuel cell provided by Scribner-Associates. In the inset the MEA was opened
and the same components shown for passive fuel cell were shown.
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2.5.5 IC and NMR analysis

The analysis of the galvanostatic exhausts for passive fuel cells was performed by ionic
chromatography and “C{'"H} NMR spectroscopy. For IC analysis was used a Metrohm
761 Compact instrument equipped with a Metrosep Organic Acids column 250
(6.1005.200) and a conductivity detector. The quantitative analysis of acetate ions were
effectuated by an internal standard as sodium propionate. The chromatograms were
registered after sample dilution of 0,1 factor with ultra-pure H,0 in CF3COOH 0.1mmol/L
eluent, 0.5 ml/min eluent flux, LiCl 51.5 mmol/L regenerating solution and for fixed 20
pL volume of the sample solution (loop length).

NMR analysis were effectuated by Brucker Avance DRX-400 MHz instrument. 45 puL of 1-
4-dioxane internal reference was added to each galvanostatic exhaust as well as to

ethanol or potassium acetate standard solutions at different concentration.
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Chapter 3. Modified palladium electrocatalysts

3.1 Overview

This chapter reports the synthesis and performance of three new electrocatalysts based
on palladium. The aim of this study was to prepare, if possible, Pd-based catalysts with
improved performance with respect to the excellent materials Pd-(Ni-Zn)/C and Pd-(Ni-
Zn-P)/C described in Chapter 2. In an attempt of achieving this goal, we have considered
alternative supporting metal oxides for Pd, other metals to combine with Pd as well as a
different morphology of the Pd particles.

All new catalysts have been characterized by TEM, XRPD, ICP-AES techniques and their
electrochemical performance has been investigated both in half and monoplanar cells

using ethanol as fuel.
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3.2 Introduction

Several reports in the literature prove that metal oxides may have a promoting effect on
palladium electrocatalysts in alkaline media, especially as regards the oxidation of
alcohols'’. Among the metal oxides, rare earth materials such as ceria have been
successfully tested by some authors *. CeO, is actually one of the most interesting
oxides, as its oxygen vacancy defects can be rapidly formed and eliminated, resulting in

a high “Oxygen Storage Capacity” (0SC) >***’[Eq(1)].

CCOz'—_»CCOZ_x"'(X/Z)Oz (1)

Generally, the oxidation of CeO,x occurs at room temperature, while the reduction of
CeO, starts at 200°C. The OSC property declines for particles sintered at 850°C *’. For
these reasons, ceria is used in the catalysts for the treatment of automotive exhausts. It
is also employed for enhancing the performance of transition metal catalysts in a variety
of other reaction including water gas-shift, steam reforming of oxygenates and PROX
(PReferential OXydation of CO) >*”*°. Ceria is also a component of electrodes for solid

10,57

oxide fuel cells . In addition, the reactive catalytic sites or vacancies in ceria can

interact simultaneously with substrates and adsorbates, assisting their dissociation *"*?,

and preventing metal nanoparticles sintering *****>.

As for low temperature fuel cells, CeO, is used, in conjunction with carbon blacks, to
support platinum in anode electrodes of DMFCs as well as to reduce the Ru content in
Pt-based electrocatalysts *°. Mixing Pt/C with CeO,/C in anode electrocatalysts has led to
the realization of DAFCs (methanol, ethanol, ethylene glycol and glycerol) with improved
electrochemical performances in alkaline media "%

Ceria can be prepared by solid to solid reactions (ceramic method and mechanical
milling *°), liquid to solid reactions and gas to solid reactions *°. Liquid to solid reactions
are commonly used to prepare ceria-based electrocatalysts. The method consists in
decomposing a cerium salt at high temperature for some hours *! or in irradiating a

18,22

cerium salt with microwaves . Hydrotermal methods are also used to obtain

dispersed suspensions of cerium oxide nanoparticles 2. The co-precipitation with
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24,25 26,27
d

ammonium carbonate and the co—precipitation-gelation metho with urea,

which slowly decomposes to yield ammonia by heating at 343-353 K, or sol gel

29,30,31
. In

techniques *® are often applicated as well as surfactant—assisted methods
emulsion and micro-emulsion methods, a surfactant ** as EHPNA (2-ethyl-
hexylphospholic acid mono-2-ethylhexyl ester) is used as an extractant *>.

CeO, synthesis can also be performed by electrochemical methods >’

. In redox change
methods (anode side), a cerium salt is oxidized at the electrode surface and its electro-
generated species is hydrolyzed to oxide. At the cathode side, a base is generated at the
electrode surface *°.

For the preparation of our Pd-based electrocatalysts, ceria has been obtained by an
hydrotermal method, after precipitation of a cerium (lll) precursor in alkaline condition

on Vulcan XC-72 and a calcination at high temperature

. Then, a Pd precursor salt
solution was reduced on the CeO,/C material suspended in water.

As a second approach to design more efficient Pd-based catalysts, we have considered
to combine Ni with chromium.

The use of Cr in APEFC (Alkaline Polymer Electrolyte Fuel Cells) has been reported in the
literature *: Lu et al. have realized anode electrocatalysts based on nickel and chromium
(or chromium oxide) for hydrogen oxidation reaction. DFT calculations have shown that
doping with a transition metal oxide such as chromium oxide a nickel surface, the Ni-O
band structure might be energetically modulated. In particular, the presence of Cr
seems to favour a weakening of the Ni-O bond and to promote Ni-H interactions ¢. Cr

oxide catalyzes a lot of oxidative dehydrogenation reactions >’

, Which is an interesting
feature for alcohol electrooxidation in DAFCs.

Chromium has a potential standard reduction of -0.76V (Cr(Ill)/Cr(0)) and is therefore
able to reduce Ni(ll) to Ni(0) (-0.23V) on carbon and can be oxidized in alkaline media,
creating defects for the spontaneous deposition of palladium (vide infra).

Finally, we have considered to change the morphology of the Pd nanoparticles through
the realization of hollow nanospheres. In the literature there are many examples of
metals prepared as hollow nanospheres for different applications (sensors,
electrocatalysis ..). Pt hollow nanospheres have been synthesized on cobalt
nanoparticles as template to give materials with improved activity towards methanol

oxidation in DMFC *°. Traditional ways to synthesize hollow nanospheres involve the use

of different sacrificial templates, including polystyrene spheres *°, silica spheres **, resin
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spheres *?, vesicles *, liquid droplets **, and microemulsion droplets *. Also galvanic
replacements can be used for getting hollow metal particles in water phase *.

Our Pd hollow nanospheres (Scheme 1) *"*8

supported on Vulcan XC-72 have been
prepared through a redox reaction [Eq(2)] between Co(0) nanoparticles and Pd(ll) ions in

water solution (Co**/Co(0) -0.277 V, Pd**/Pd(0) 0.915 V vs SHE).

Co+PdCl,* SPd+Co* +4CI (2)
After the
H.PdCl4 reaction finishe
o > ‘ﬁ)
(pH 9, 10) ‘%
Co nanoparticle The Pd hollow
NaBH4+ CoCl, nanosphere
(pH11) 4 After the
% O H,PdCl, reaction finished 0%o
o)
4 O — ———> 309393
Q
4 0 0
Co nanoparticles Seperated Pd

nanoparticles

Scheme 1. Formation mechanisms of Pd hollow nanospheres and nanoparticles: a) Pd hollow nanospheres;
b) separated Pd nanoparticles in adjusted conditions 4,
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3.3 Results and discussion

3.3.1 Catalysts synthesis

As described in section 3.2 , the palladium ceria-carbon catalyst Pd-(CeO,/C) was
synthesized through the precipitation of cerium (lll) hydroxide on a slurry of Vulcan XC-
72 in water, followed by separation and drying overnight and then by calcination at
250°C for 2h. The Ce0,/C material obtained was suspended in water under a nitrogen
atmosphere. Into this suspension was added dropwise a solution of PdCl,. To this
mixture was added ethanol, at a suitable temperature and pH, and then the resulting
mixture was refluxed for 30°. The product obtained, after separation, is described here
as Pd-(Ce0,/C).

For the preparation of the Pd-(Ni-Cr/C) electrocatalyst the following procedure was
used: nickel(ll) and chromium(lll) salts were dispersed with Vulcan XC-72 in water under
nitrogen: the resulting mixture was cooled down to 0°C and then reduced at 10°C with
sodium borohydride in excess. The Ni-Cr/C material obtained was washed to remove the
impurities (chloride and boron) . Next, the spontaneous deposition of palladium was
obtained by stirring an aqueous solution of K,PdCl, in the presence of Ni-Cr/C under
nitrogen atmosphere for several hours *°. The Pd-(Ni-Cr/C) product was finally separated
by filtration and dried.

Finally, the palladium hollow nanospheres, together with Pd nanoparticles, were

prepared following the sacrificial cobalt(0) procedure **

. A colloidal suspension of
cobalt metal nanoparticles, obtained at suitable pH value, was mixed with Vulcan XC-72.
The redox replacement of the cobalt metal nanoparticles by Pd was achieved by
addition of a Pd(IV) salt. The final catalyst is denoted here as Pd/C hn, (hollow

nanospheres).
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Figure 1. TEM images of Pd-(CeO,/C) material (100 nm scale).

3.3.2 Catalysts Characterization

TEM images of the Pd-(CeO,/C) catalyst are reported in Figure 1 (100 nm scale). Moving
to different areas of the sample, one may notice different features. Indeed, in the upper
inset the material shows spherical agglomerates, probably due to carbon, with little
darker spots signaling the presence of heavy elements, as ceria, palladium or both of
them. In the lower inset, the foamy background is likely due to carbon, while the darker
spots are due to CeO,, Pd or Pd-CeO.,. In an attempt to estimate the dimensions and
composition of the darker spots, HRTEM study are in progress. In Figure 2 is shown the
TEM image (100 nm scale) of Pd-(Ni-Cr/C) catalyst. A series of sample zones presents
similar homogeneity. Looking at the image is quite easy to distinguish between the
Vulcan and the heavy particles. On the other hand, in these experimental conditions and
for the instrumental sensitivity limit it is not possible to distinguish between palladium

and nickel-chromium support.
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Figure 3. TEM images of Pd/C hn, material (200 and 100 nm scale).

In Figure 3 are shown Pd/C hn, images (200 nm scale). Green arrows indicate the hollow
nanospheres smaller than 100 nm and close to each other. Violet arrows indicate the Pd
nanoparticle regions.

The XRPD spectra of Pd-(CeO,/C) and (CeO,/C) are shown in Figure 4. All spectra reveal
the presence of the typical diffraction peak of the carbon support at 25°, while the other
one at 44° is masked by the CeO, (220) peak. Diffraction peaks at the Bragg angles of
40.10°, 46.40°, and 68.08° are typical of the (111), (200), (220) facets of fcc Pd*® (—). The
peaks at 27°, 33°, 47°, 56°, 76°, typical of the (111), (200), (220), (311), (331) facets of
cubic fluorite type of CeO, * are present in both spectra (—)(—). According to the
material stoichiometry, the palladium diffraction peaks are lower in intensity than the

ceria peaks.
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Figure 4. XRPD spectra of CeO,/C support (—) and of Pd-(Ce0,/C) catalyst (-).

The XRPD spectra of Pd-(Ni-Cr/C) and (Ni-Cr/C) are illustrated in Figure 5. In the Ni-Cr/C
spectrum (—) are clearly present the diffraction peaks at the Bragg angles of 25° for
carbon and 44° for the Ni (111) facet. The diffraction peaks at 40.10°, 46.40°, and 68.08°
are assigned to the (111), (200), (220) facets of fcc Pd crystals® in Pd-(Ni-Cr/C). Some
diffraction peaks have not been clearly identified in the spectrum of Pd-(Ni-Cr)/C
spectra. Tentatively, one may consider some crystal facets of chromium or nickel-
chromium phases.

Figure 6 compares the XRPD spectrum of Pd/C hn, to that of the Pd/C catalyst (see
chapter 2, 2.3.1 section). The diffraction peaks assigned to the carbon back and the
palladium (111), (200), (220) facets are the same reported above for Pd-(Ni-Cr)/C or Pd-
(Ce0,/C). The spectrum (—) of Pd/C hn, contains a peak at the Bragg angle of 20° and
broad palladium peaks, which is consistent with the presence of two different kind of
palladium materials (hollow nanospheres and nanoparticles) (see the TEM analysis,

Figure 3).
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Figure 5. XRPD spectra of Ni-Cr/C support (—) and of Pd-( Ni-Cr/C) catalyst (—).
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Figure 6. XRPD spectra of Pd/C (-) and of Pd/C hn; catalysts (-).
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3.3.3 Electrochemical characterization of the Pd-based catalysts in alkaline

environment

The Pd-(Ce0,/C), Pd/C hn, and Pd-(Ni-Cr/C) materials were electrochemically
characterized in the same experimental conditions of the previously described Pd-based
electrocatalysts (vide infra). The new catalysts were tested with ethanol as fuel.

A preliminary CV study of the CeO,/C and Ni-Cr/C materials was carried out in 2M KOH
and illustrated in Figure 7. In the upper inset of Figure 7, one may notice at 0.3 V (vs
RHE) in the forward sweep a broad oxidation peak probably due to complex oxidation
mechanisms of ceria, which contains Ce(lll)/Ce(lV) ions in accordance with a fluorite
type crystal structure. The corresponding reduction peak is at around 0.2 V. In the lower
inset of Figure 7 is reported the CV of a Ni-Cr/C electrode in 2M KOH. In the forward
potential scan Ni(OH), is oxidized to NiO(OH) at 0.44 V (vs Ag/AgCl/KCl,) and in the
backward scan the NiO(OH) species is reduced at 0.29 V ******* The reduction peak at -
0.30 V is not straightforwardly assigned. The reduction of Ni(OH), to Ni(0) usually occurs
at -1V in alkaline environment ****, but the catalyst nanostructure might contribute to a

positive shift. As suggested by Henn and co-workers >

, @ metal species of the type
NiO,H,, with 0<x<0.3 can be reduced to an effective Ni(OH), state at -0.30 V. The CV
shows also other two oxidation peaks at -0.05 V and 0.25 V (vs Ag/AgCl/KCl,) and
another reduction peak at around -0.9V (vs Ag/AgCl/KCl,). All of them are not clearly
assigned, but one may suppose that the latter peaks are due to the presence of reduced

or oxidized chromium species.
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Figure 7. CVs of CeO,/C (@) and Ni-Cr/C (o) materials in 2M KOH at 50 mV/s scan rate under nitrogen.

The CV on Ni-Cr/C electrode in 10 wt% EtOH 2M KOH solution at scan rate of 50 mV/s
was reported in Figure 8. Ethanol is actually oxidized by NiO(OH) species, but the relative
overpotential is not available in any DAFC. CeO,/C material was also studied with a 10
wt% EtOH 2M KOH solution, giving the same CV reported in Figure 7 as it does not

oxidize EtOH at any potential here investigated.
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Figure 8. CV on Ni-Cr/C electrode in 10 wt% EtOH 2M KOH solution at scan rate of 50 mV/s under nitrogen.

Next, the Pd-(Ni-Cr/C) and Pd-(CeO,/C) catalysts were characterized by cyclic
voltammetry in 2M KOH (Figure 9). The only difference respect to the Ni-Cr/C CV in 2M
KOH is the presence of the reduction peak of Pd(ll) species, either PdO or Pd(OH),, with
an onset at -0.20 V and a peak at -0.47 V vs Ag/AgCl/KCl,,; (the potential values are
consistent with the nanostructured nature of the material). The CV of Pd-(Ni-Cr/C)
confirms that Pd and Ni or are not alloyed. On the other hand, in Figure 9 for Pd-
(Ce0,/C) the reduction peak of Pd(Il) species appears at around -0.25 V (vs
Ag/AgCl/KCls,), while in the forward potential scan the adsorbed/absorded hydrogen
oxidation peak on palladium appears at around -0.85 V (vs Ag/AgCl/ KClgy).

In the range of the investigated potentials, the formation of Pd(IV) species can be ruled

out safely >>°°,
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Figure 9. CVs on Pd-(CeO,/C) (®) and Pd-(Ni-Cr/C) (o) electrodes in 10 wt% EtOH 2M KOH solution at scan

rate of 50 mV/s under nitrogen.
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3.3.4 Half cell studies of ethanol oxidation on the Pd-based catalysts in alkaline

environment

The electrochemical activity of Pd-(Ni-Cr/C), Pd-(Ce0O,/C) and Pd/C hn, towards ethanol
oxidation was investigated by CV in 2M KOH + 10 wt% ethanol at room temperature. For
all catalysts, the Pd loading varied from 23 to 28 ug/cm?. The scan rate was kept to 50
mV/s. The KOH concentration was purposefully kept to 2M value as well as the ethanol
concentration was kept to 10 wt% value for comparative purposes with the
electrochemical experiments done for Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C in Chapter 2. The
CVs of the three catalysts investigated in the presence of 2M KOH solution containing 10
wt% ethanol are illustrated in Figure 10.

The Pd-(Ce0,/C) electrode oxidizes ethanol providing a current density of 85.50 mA/cm?
at 0.81V (vs RHE, or at around -0.2 V vs Ag/AgCl/KCl,,;) with an onset potential of 0.25 V
(vs RHE, or -0.75 V vs Ag/AgCl/KCl.). Interestingly, the current density of ethanol
oxidation on Pd-(CeO,/C) electrode does not go to zero at 1.2 V (vs RHE), but it remains
constantly at around 17 mA/cm?. Apparently, some palladium sites are still active at 1.2
V (vs RHE). On the other hand, the oxidation peak of freshly chemisorbed ethanol gives
in the backward potential scan the same current density as that obtained for the
forward potential scan. Shen et al. ' have studied a Pd-(Ce0,/C) catalyst, which it is
different from our material for the oxide preparation procedure (microwave irradiation)
and for loading of palladium (ten times higher). Furthermore it was studied in different
half-cell experimental conditions (1M EtOH, 1M KOH). Consequently, in Table 1
electrochemical data of the CV activity of own Pd-(Ce0O,/C) with Shen’s Pd-(Ce0O,/C) are
reported working in the same experimental conditions, for comparative purposes.
Looking at the Table 1, one may notice that our catalyst shows a higher specific current

density.
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Figure 10. CVs of Pd-(CeO,/C), Pd-(Ni-Cr/C), Pd/C hn, electrodes in 10 wt % EtOH 2M KOH at scan rate of 50
mV/s under nitrogen, respectively.

In an attempt to explain the high Pd-(Ce0O,/C) activity towards ethanol electrooxidation
in CV study, Trovarelli has suggested that oxygen vacancies at the catalyst surface could
allow superoxide and peroxide species acting as electron donors or acceptors at the
metal-ceria interface *’. This phenomenon might explain the CV results obtained for our
Pd-(Ce0,/C) catalyst in the presence of ethanol in terms of a high anode current density.

Like for the Ni-Zn and Ni-Zn-P phases (Chapter 2), CeO,/C phase may also play a sort of
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co-catalytic effect. In particular, a bifunctional mechanism %, where the ceria-carbon
phase would increase the concentration of OH,4 species on the catalysts surface,

promoting the acyl-.qs -OH,q4, coupling *° cannot be excluded.

Catalyst I [mA/cmz] Sap[mAug(Pd)'l] Vonset|V] vs RHE Vp[V] vs RHE
Shen'’s Pd-(Ce0,/C) 40.00 0.13 0.42 0.80
Pd-(Ce0,/C) 32.50 1.51 0.38 0.81

Experimental conditions:
50mV/s; 303K; 1M EtOH + 1M KOH; Pd-(CeO,/C): Pd loading of 23 ug/cmz;
Shen’s Pd-(Ce0,/C): Pd loading of 300 ug/cm?.

Table 1. Electrochemical data from CV experiments on Pd-(CeO,/C) and Shen’s Pd-(CeO,/C) ! electrodes in
1M EtOH +1M KOH.

In Figure 10 the Pd-(Ni-Cr/C) CV shows a specific current density of 1.27 mA/pg(Pd)™ at -
0.23 V (vs Ag/AgCI/KCl,,;) with an oxidation potential onset around -0.78V (vs
Ag/AgCl/KCl,:). As shown for nickel phase materials (Chapter 2), the ethanol oxidation is
surely due to the palladium active sites, while the nickel phase might have a co-catalytic
effect on the alcohol oxidation. The potential onset anticipation presented here is a
direct consequence of a co-catalytic effect of nickel-chromium phase on the ethanol
oxidation.

Finally, the CV of the Pd/C hn, electrode in ethanol gives a specific current density of 5.2
mA/ug(Pd)* at around -0.1 V (vs Ag/AgCl/KCl.;) with an onset potential of -0.6 V (vs
Ag/AgCl/KCl,). Apparently, this catalyst gives an excellent activity towards the ethanol
oxidation, but the oxidation peak is shifted to anode potential and is also very broad.
This might be due to the two different kinds of palladium species that characterize the
material (see the TEM images in Figure 3). Indeed, it is not ruled out that Pd
nanoparticles and Pd hollow nanospheres oxidize ethanol at hardly different potentials,

giving a very broad oxidation peak.
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Figure 11. Chrono-curves at 3 mA/cm? for Pd-(Ce0,/C) (o), Pd-(Ni-Cr/C) (e) and Pd/C hn, (o) electrodes in 10

wt% EtOH 2M KOH under nitrogen.

Concluding the Pd-(CeO,/C) catalyst shows the best overall performance in CV

measurement with 10 wt% EtOH 2M KOH solution.

The Pd-(Ni-Cr/C), Pd-(CeO,/C) and Pd/C hny catalysts were also tested in terms of

stability by means of chronopotentiometric measurements. The potential (V) vs time (h)

curves were registered at 3 mA/cm? (Figure 11). In nice accord with the CV results, the
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Pd-(Ce0,/C) electrode remains stable up to 10 hours. On the contrary, the Pd/C hn

catalyst was stable for 5,5 h, while the Pd-(Ni-Cr/C) electrode loses activity just after 30".

3.3.5 Direct Ethanol Fuel Cells (DEFCs) with Pd-based anode electrocatalysts

The anode electrocatalysts were tested in passive monoplanar fuel cell (air/oxygen
breathing) (see cell hardware in Figure 47 of 2.5 experimental section of Chapter 2). To
this purpose, membrane-electrode assemblies (MEAs) were realized in conjuction with
proprietary Fe-Co/C cathodes ® and an anion-exchange membrane from Tokuyama (A-
006). The MEA was fabricated by mechanically pressing anode, membrane and cathode.
The anode electrocatalysts were dispersed in distilled water and then spread onto a 5
cm’ Ni-foam plate (Pd loading of 1 mg/cm?). The cathode ink was sprayed or spread
onto carbon cloth (Fe:Co (1:1) loading 2-2.5 mg/cm?). The membrane was rinsed in a 1M
KOH solution for a few minutes and gently dryied before assembling the MEA. After
filling the anode compartment with 10 mL of 10 wt% EtOH 2M KOH, the DEFC was
conditioned for 1h at room temperature at the open circuit voltage (OCV) air breathing.
After this time, the cell polarization and power density curves were registered at room
temperature (Figure 12).

Accordingly to the CV results, the DEFC containing Pd-(Ce0,/C) as anode exhibits the
best power performance for ethanol oxidation with a power density of 64 mW/cm? at
225 mA/cm? as well as an exceptionally high OCV voltage value (0.90 V). In the presence
of Pd-(Ni-Cr/C) anode, the DEFC gives 33 mW/cm” at 160 mA/cm’, while with Pd/C hn,

as anode 15 mW/cm? at 62 mA/cm?.
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Figure 12. Polarization and power density curves for air breathing DEFCs at room temperature, registered
after 1h of conditioning time at the OCV with 10 mL of a 10 wt% EtOH 2M KOH solution. The MEAs: Pd-
(Ce0,/C), Pd-(Ni-Cr/C), Pd/C hn, anodes (Pd loading 1 mg/cmz), Tokuyama A006 membrane, cathode FeCo/C
(1:1) (Fe, Co loading 2-2.5 mg/cmz).

A series of galvanostatic experiments were carried out at room temperature in the same
passive DEFCs used for the previous experiments, but flowing oxygen at the cathode
side just to avoid any CO, interference on the oxidation products (vide infra). After filling
the anode compartment with 21.70 mmol of EtOH 2M KOH solution and conditioning
the cell for 1h, a current of 102 mA was allowed to pass in the cell until OV potential.

The DEFC assembled with the Pd-(CeO,/C) anode lasts for 8.5 h (Figure 13) converting 8
mmol of acetate (isolable as potassium acetate), which correspond to 37% ethanol
conversion with no trace of carbonate (168 ppm) or acetaldehyde (206 ppm) detected at
any stage of the galvanostatic experiment, as determined by NMR “*C{*H} and IC
analysis. On the other hand, fuel loss by cross-over or direct evaporation is estimated
around 18-20% of starting ethanol by NMR technique. Looking at the Figure 13, the
DEFCs containing Pd-(Ni-Cr/C) and Pd/C hn, anodes last for about 9.5 h and 10 h,
converting 41% and 43% of ethanol in acetate, respectively. Both of these DEFCs lose
around 10-12% of starting ethanol as shown in NMR analysis. In Figure 13, one may
notice that the Pd-(CeO,/C) DEFC gives the higher energetic efficency all over the time.
Accordingly to exhaust NMR and IC analysis, the anode reaction can be summarized as in
[Eq (3)] and it establishes that in the present experimental conditions our Pd-based
catalysts are selective for the conversion of ethanol into acetate with no appreciable

formation of C-C bond cleavage products such as carbonate.
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C:HsOH + 50H = CH3COO"™ + 4H,0 + 4e” 3)

Finally, the anode compartment of the Pd-(CeO,/C) DEFC was freshly recharged with
further 10 mL of fuel solution. The cell is fully regenerated with the same OCV voltage
(about 0.90 V) and gives similar galvanostatic duration and conversion performance. The
voltage decay shown in Figure 13 has been attribuited to other factors than catalyst
poisoning or membrane carbonation, i.e. the increasing viscosity of the solution, the pH
decrease due to OH consumption, and, most importantly, the competitive substrate
adsorption /product desorption and the formation of PdO layer.

Comparing with Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C galvanostatic curves (2.3.5 section of
Chapter 2), the present anode materials do not improve the DEFC performance in terms

of voltage decay and ethanol conversion.
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Figure 13. Galvanostatic curves for passive DEFCs oxygen breathing at room temperature, registered after
1h of conditioning time with 21.70 mmol of EtOH 2M KOH solution at OV 102 mA. The MEAs: Pd-(CeO,/C),
Pd-(Ni-Cr/C), Pd/C hn, anodes (Pd loading 1 mg/cmz), Tokuyama A006 membrane, cathode FeCo/C (1:1) (Fe,
Co loading 2-2.5 mg/cmz).
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3.4 Conclusions

In this Chapter we have presented three different Pd-based electrocatalysts using CeO,
as promoting metal oxide for Pd, chromium as promoting metal and a different
morphology of the Pd particles: the resulting catalyst are denoted as Pd-(CeO,/C), Pd-
(Ni-Cr)/C and Pd/C hn,.

All new materials have been satisfactorily characterized and their electrochemical
activity have been studied for ethanol oxidation in half-cells by CV and monoplanar
passive DEFCs.

The Pd-(Ce0,/C), Pd-(Ni-Cr)/C and Pd/C hn, anode materials exhibit a lower oxidation
ability to oxidize ethanol in half cells than Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C (2.3.4 section
of Chapter 2). In contrast, the Pd-(CeO,/C) electrode has been found to maintain an
elevated current even at potentials as high as 1.2 V (vs RHE) and also exhibits a
negatively shifted onset potential for ethanol oxidation (-0.75 V vs Ag/AgCl/KCl.,) as
compared to Pd-(Ni-Cr)/C, Pd/C hn,, Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C and Pd/C (2.3.4 section
of Chapter 2). Moreover, the Pd-(CeO,/C) anode releases an excellent power density (64
mW/cm?) in a passive monoplanar DEFC (10 wt% EtOH 2M KOH), higher than those
provided by the Pd-(Ni-Zn)/C, Pd-(Ni-Zn-P)/C electrocatalysts in the same experimental

conditions.
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3.5 Experimental section

3.5.1 Catalysts Synthesis

All the synthesis were carried out in nitrogen atmosphere, except were specified. Water
solution were freshly prepared with double distilled water. Vulcan XC-72 were supplied
by Cabot Corp.(USA), precious metal salts were purchased by Aldrich and used without
any further purification. Ultrasound treatments were performed by SBL ultrasound bath

or Bandelin Sonoplus sonde. Every transfer was done in bry-box.

Pd-(CeO,/C): After adding Ce(NOs);-6H,0 (9.94g, 22.75 mmol) at a Vulcan XC-72 (4 g)
suspension in H,0 (250 mL), the suspension was maintained ten minutes in ultrasound
bath and other 2h 15’ under mechanical stirring in not controlled atmosphere. 100 mL of
1.5 M KOH solution were put into the reaction until pH 12 and the reaction was stirred
for one hour. The solid was washed several times with water until pH 7 and filtered. The
product was then dryied over night at 60°C until constant weight.

After physical milling the powder was calcinated at 250°C for 2h. 4.85 g obtained were
suspended in H,0 (500 mL) and ultrasound treated for ten minutes. Under mechanical
stirring and nitrogen atmosphere 100 mL of K,PdCl, solution (0.7g, 2.93 mmol) were
added slowly, then 14.5 mL of KOH 1M solution and finally 100 mL of EtOH. The
suspension was heated until 90°C to reflux for 30’.

The suspension was let cooling down and then washed several times with water until pH

7, filtered and dryied at 40°C until constant weight under vacuum. (ICP-AES Pd 6 wt%).

Pd-(Ni-Cr/C): Vulcan XC-72 (3.11 g) in 100 mL of ethanol was ultrasound treated for 20’
and then it was mechanically stirred (250 rpm). Drop to drop (in 10’) 200 mL of NiCl,
(2.82 g, 21.76 mmol) and CrCl;-6H,0 (156 mg, 0.59 mmol) solution was added to Vulcan
slurry. The resulting suspension was ultrasound treated for 30’ and then cooled down
between 0-3°C. When the temperature grew up to 10°C, 40 mL of 2.5 g NaBH, water
solution was carefully added at the suspension in 30’. The product was washed several
times (3x1L H,0) until CI" elimination and dryied at 100°C for 4h. The material was

heated in a quartz oven at 120°C for 30’ and then at 350°C for 30’under nitrogen flux to
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fully drive out boron from the catalyst. After cooling to room temperature, the support
was dispersed in 200 mL of water and ultrasound treated for 15’. Then 250 mL of water
solution of K,PdCl, was added drop to drop and let deposited spontaneously all over the
night under mechanical stirring (200 rpm). The finished material was washed several
times with water until pH 7, filtered and dryied at 40°C until constant weight under

vacuum. (ICP-AES Pd 5.5 wt%).

Pd/C hn,: Vulcan XC-72 (1.09 g) was mixed in water (100 mL) and treated in ultrasound
bath for 10’. 50 mL of water solution of citric acid (337.80 mg, 1.76 mmol) was first
added to Vulcan suspension and then 50 mL 5 wt% NaOH solution, 50 mL of CoCl,
(228.80 mg, 1.76 mmol) water solution and 50 ml of NaBH, (102.2 mg, 2.70 mmol) water
solution previously degassed for 30’. The reaction was stirred for 1h at 40°C, bubbling
nitrogen inside the solution. After cooling, 100 mL of PdCl,/37 wt% HCI (115.6 mg, 0.65
mmol/ 1.5 mL) solution was added drop to drop and the reaction got along for 24 h. The
product was washed several times with water until pH 7, filtered and dryied at 40°C until

constant weight under vacuum. (ICP-AES Pd 5.3 wt%).

3.5.2 Physical material characterization

TEM (Transmission Electron Microscopy) images were registered by a JEOL JEM 1011
microscope at 100 KV. 40 mg of a powder sample was suspended in 1 mL of water in a

vial and ultrasound treated for 10’. A drop of the latter suspension was deposited onto a

copper grid with a FORMVAR (polyvinyl formal) supported film.

The metal content in all catalysts was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) with an Intrepid Iris instrument (Thermo Elemental).
Each sample (20-50 mg) was treated in a microwave-heated digestion bomb (Milestone,
MLS-200) with concentrated HNO; (1.5 mL), 98% H,SO, (2 mL), and a pellet (0.4 g) of a
digestion aid reagent (0.1% Se in K,S0,). The solutions were analyzed after the carbon

residue was filtered off.
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X-ray powder diffraction spectra (XRPD) were acquired at room temperature with a

Bruker D8-Advance diffractometer, employing CuKa radiation (A=1.5418 A) in the range

between 2.5 and 80° and using an acquisition step of 0.030°/s.

3.5.3 Electrochemical studies

The cell used for the cyclic voltammetry and chronopotenziometric experiments was a

Kelef cylinder with an inner diameter of 7.2 mm and an outer diameter of 50 mm (see
Figure 46 in 2.5.3 section of Chapter 2). The inner volume of the cell was about 1 mL.
The working electrode, Glassy Carbon (Sigradur G; 0.867 cm?), covered by the catalyst,
was put in a special cavity at the top end of the cylinder, and the counter electrode was
a gold disc placed at the bottom end. The solution contained in a Pyrex flask was
previously bubbled by N, and then flushed into the cell at a pressure as low as 0.3 bar
N,. This pressure was applied until the cell was completely filled and then stopped. The
inlet and the outlet for the solutions were placed on the side walls of the cell. The inlet
was inclined towards the counter electrode so as to allow the solution to gradually fill in
slowly getting wet the working electrode without disturbing the catalyst layer. The
electrical contact with the working electrode was secured with two stainless steel screw
terminals. Leakage was avoided by pressing both the working and the counter electrode
against a suitable silicone O ring. The reference electrode, a miniaturized Ag/AgCl/KClg,;
electrode, was placed on the outlet tubing. This location allows contamination to be
avoided and at the same time is sufficiently close to the working electrode to reduce the
uncompensated resistance. All CV studies were carried out using a Parstat 2277

potentiostat-galvanostat (Princeton Applied Research).

Ink _preparation. A portion of 45 mg of Pd-(Ni-Cr/C) and Pd/C hn, catalysts was
introduced inside a 5 mL high-density polyethylene container together with water (1.01
g), KOH (99.99%, Sigma—Aldrich, 65 mg), absolute ethanol (99.8 %, Fluka; 0.50 g), and 5%
Nafion ion-exchange resin (Sigma—Aldrich; 0.37 g) in ethanol solution. The resulting
suspension was sonicated for 30 min with a Branson 3200 bath. Each suspension was

freshly prepared just before carrying out the experiment scheduled. The metal loading
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on each electrode was determined by weighting the amount of ink (17-20 mg) deposited
on the glassy carbon disk. All the solution analyzed were previously purged from air for

ten minutes and kept under inert atmosphere during the measurements.

Ink preparation of Pd-(CeO,/C) and CeO,/C materials. A portion of 45 mg of each

material was introduced inside a 5 mL high-density polyethylene container together with
water (1.2 g) and 2-propanol alcohol (0.70 mg). The resulting suspension was sonicated
for 30 min with a Branson 3200 bath. After the deposition and drying of about 20 mg of
ink on the working electrode surface, 2.5 pL of 2 wt% Tokuyama ionomer solution in
alcohols was put on and dryied. Each suspension was freshly prepared just before
carrying out the experiment scheduled. The metal loading on each electrode was
determined by weighting the amount of ink deposited on the glassy carbon disk. All the
solution analyzed were previously purged from air for ten minutes and kept under inert

atmosphere during the measurements.

3.5.4 Fuel cell assembly

The home-made, air/oxygen-breathing DAFC used to evaluate the electrochemical
performance of the Pd-(Ce0O,/C), Pd-(Ni-Cr/C) and Pd/C hn, anodes, in conjunction with
the Tokuyama A-006 anion exchange membrane (Tokuyama Corporation) and Fe-Co/C
cathodes®®, was shown in Figure 47 of the 2.5.4 section of the Chapter 2. The device was
realized with plexiglas and the electricity collectors were plated with gold. The volume
of the anode compartment was ca. 2025 mL for an actual fuel solution of 10-13 mL.
The anode was realized with a 5.13 cm? nickel foam plate onto which was deposited the
appropriate amount of a dense catalytic ink (generally in order to obtain 1 mg cm? of
palladium loading). This was prepared by dispersing the solid catalyst in the minimum
amount of water with no need of a binder. The cathode was prepared using a
suspension of ketjen black (C) with iron and cobalt phthalocyanines (MPc) 1:1
stoichiometric mixture, followed by heat treatment at 800 °C under inert atmosphere,
brushed on carbon cloth, prepared in our lab®. The A006 membrane used was

purchased from Tokuyama Corporation and used after brief basic treatment (1M KOH
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solution) and gently drying. The membrane-electrode assembly (MEA) was obtained by
mechanically pressing anode, cathode and membrane, while silicone—rubber gaskets
were employed to seal the system. For galvanostatic experiments, in order to avoid any
possible contamination of the alkaline anode solution by carbonate ions formed upon
reaction with atmospheric CO,, the DAFCs were positioned inside a home-made
plexiglass dry-box. Here the anode compartment was maintained all the way under a
static nitrogen atmosphere, while the cathode was exposed to an oxygen constant flow
of 10 mL/min. For polarization and power density experiments after assembling the
MEAs, the DAFCs were tested in air-breathing mode. All the cell performances were
evaluated with an ARBIN BT-2000 5A-4 channels instrument.

Polarization curves were registered at 5 mV/s, after 1h of conditioning time.
Galvanostatic experiments were registered after 1h of conditioning time at 102 mA until

ov.

3.5.5 IC and NMR analysis

The analysis of the galvanostatic exhausts for passive fuel cells was performed by ionic
chromatography and “C{'"H} NMR spectroscopy. For IC analysis was used a Metrohm
761 Compact instrument equipped with a Metrosep Organic Acids column 250
(6.1005.200) and a conductivity detector. The quantitative analysis of acetate ions were
effectuated by an internal standard as sodium propionate. The chromatograms were
registered after sample dilution of 0,1 factor with ultra-pure H,0 in CF3COOH 0.1mmol/L
eluent, 0.5 ml/min eluent flux, LiCl 51.5 mmol/L regenerating solution and for fixed 20
uL volume of the sample solution (loop length).

NMR analysis were effectuated by Brucker Avance DRX-400 MHz instrument. 45 uL of 1-
4-dioxane internal reference was added to each galvanostatic exhaust as well as to

ethanol or potassium acetate standard solutions at different concentration.
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4.1 Overview

This short and leaflet chapter shows some power generators for portable electronics

developed using the monoplanar DAFCs decribed in this PhD thesis work.
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4.2 Technological applications of a DAFC

The aim of this PhD thesis was the design and development of Pd-based anode
electrocatalysts and their use to manufacture MEAs for Direct Alcohol Fuel Cells (DAFCs)
in alkaline environment.

The good response observed at room temperature in passive monoplanar cells with
ethanol, up to 60 mWecm™2at 0.3 V' (vs Ag/AgCl/KCl.,), makes the present monoplanar
cells suitable to fabricate small power generators for portable electronics and first-aid
devices (Figure 1). In Figure 1 are shown two technological applications. On the left hand
side is shown a device to charge the battery of portable phones constituted by six
monoplanar cells each of which releases 0.4 W (0.3 V) for an overall power density of 2.4
W. A single monoplanar cell is sufficient to power three LEDs (left hand side).

Promising results are being obtained by using CeO, as promoting metal oxide for Pd,
especially in terms of catalyst stability at low current density by virtue of the CeO, ability
to favour the formation of Pd-OH species at low overpotential. DEFC containing Pd-
(Ce0,/C) anodes can reach power densities as high as 64 mWcm? at 0.2 V (vs
Ag/AgCl/KClgy) 2.

As for the use of DAFCs as chemical reactors for the conversion of renewable alcohols
into carboxylates, it is worth highlighting the excellent selectivity achieved with ethylene

glycol, converted to glycolate * in DEGFCs with Pd-Ni anodes.
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Figure 1. Stack of six DEFCs for recharging a mobile with Pd-(Ni-Zn)/C anode and portable torch DEFC with
Pd-(Ce0,/C) anode assembled in our labs (ICCOM-CNR, Florence).
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Computer skills and competences: Office, ChemOffice, Coreldraw, Origin, Kaleidagraph:

Driving licence: B driving licence

Additional informations

22-09-2008: Practical lesson “Tutorial on DAFC assembly”. Brixen XIV Scuola Nazionale

Scienza dei Materiali.
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“6-11”-07-2008: Organizing committee member of the “16™ International Symposium

on Homogeneous Catalysis ISHC - XVI” congress, Florence.

08-07-2008: ECDL (European Computer Driving Licence) from AICA ( Associazione

Italiana per I'Informatica ed il Calcolo Automatico).

30-09-2008: THRESHOLD-B1 CERTIFICATE (BRITISH SCHOOL FLORENCE S.r.l.).

2008: Prin project of Prof. Maria Luisa Foresti University of Florence.

25-06-2009: Training course about TEM use CeME-CNR, Florence.

17-02-2010: “Selective processes by homogeneous supported catalysts”. Nano-host

ICCOM-CNR, Sesto Fiorentino.

12 e 13-04- 2010: Training course about "Safety in the workplace of the Research" (art.

36 e 37 del Dlgs. 81/08). Sesto Fiorentino.

“20-24-07-2010” : Organizing committee member of the “ISCC-IX” congress, Florence.

December 2010 Training course about SEM use CeME-CNR, Florence.

Annex-Articles
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153



CV Valentina Bambagioni

Spontaneous Deposition of Palladium onto Nickel-Zinc Materialls”.ChemSusChem 2009,
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Polycarboxylate Metal Complexes with Different Biological Effectiveness as Nitric Oxide
Scavengers. Clues for Drug Design”.

J.Med.Chem. 2008, 51, 3250-3260.

L. Wang, V. Bambagioni, M. Bevilacqua, C. Bianchini, J. Filippi, A. Lavacchi, A.
Marchionni, F. Vizza, X. Fang, P.K. Shen. “Sodium borohydride as an additive to enhance
the performance of direct ethanol fuel cells”. Journal of Power Sources 2010, 195, 8036—

8043.

Congresses

Vizza F., Bambagioni V., Bianchini C., Marchionni A., Filippi J “Celle a combustibile stato
dell’arte e prospettive” Convegno: Idrogeno quale futuro?” Energetica 2008, Genova 6

March 2008.

Vizza F., Bianchini C., Marchionni A., Bambagioni V., Moneti S. Giambastiani G., Filippi J.,
A., Psaro R., Dal Santo V., Sordelli L., “Celle a combustile PEMFCs alimentate con
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2008.

Vizza F., Bambagioni V., Bianchini C., Marchionni A., Filippi J “Prototipo di celle

elettrolitiche e celle a combustibile” Festival della Creativita 23-26 October Florence.
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