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Abstract

Direct ethanol fuel cells (DEFCs) are a promising system and a potential sustainable
power source for portable, mobile, and stationary applications. The successful application of the
direct ethanol fuel cells depends on the availability of a catalyst capable of breaking the carbon-
carbon (C-C) bond leading to the complete oxidation of this fuel to carbon dioxide and water,
releasing 12 electrons through an external circuit. Pure Pt is the state of the art electrocatalyst for
the oxidation of ethanol but it suffers from some limitations such as poisoning by CO-
intermediates, resulting in a slow ethanol oxidation reaction kinetics and incomplete oxidation
with the formation of by-products such as acetaldehyde (two-electron oxidation) or acetic acid
(four-electron oxidation).

In this work we aim at increasing the activity of Pt for ethanol oxidation, but using an
approach that differs from the traditional which consists of carbon-supported platinum catalysts.
Instead, we show that the electrocatalytic activity of unsupported Pt nanoparticles (NPs) for the
ethanol oxidation in acid medium can be significantly enhanced by the addition of very small
amounts of CeO, nanoparticles (< 5 wt%).

In order to understand and to compare the effect of ceria on Pt nanoparticles with
different particle sizes, catalysts with the same composition were synthesized by two different
methods, the Pechini (sol-gel) and reduction (solution-based) methods. Variations explored in
this work to control and compare the size of the Pt particles include: a 1, 5 and 10 times dilution
of the polymeric matrix for the Pechini method, and the addition of a citrate stabilizer for the
reduction method. In the first method, Pt NPs with sizes ranging from 4 to 40 nm were obtained,

whereas in the reduction method much smaller nanoparticles, with sizes varying between 2 and 6



nm, were synthesized. Comparative studies on the Pt, Pt-CeO,-1wt% and Pt-CeO,-5wt%
catalysts synthesized by both methods revealed the existence of two different effects.

In the Pechini method (larger particles), a strong electronic interaction between the Pt and
CeO;, nanoparticles was demonstrated by a systematic shift of the Pt 4f;,, peak to lower binding
energies (BE) with the addition of CeO,. As a result, the current density normalized to Pt’s
electrochemical surface area for ethanol oxidation increased up to 10 x by adding 1 wt% CeO..
This positive effect is however hindered by a high coverage of the Pt nanoparticles surface by
CeO;, which results in the decrease of active sites. In this sense the addition of more CeO, (Pt-
CeO,-5wt%) was detrimental for the catalytic activity. Because there is no sharp distinction
between the nanoparticle size and ceria effects, there is no evidence of a size effect on the
catalysts produced by the Pechini method.

In the reduction method, we observed sharp shifts of the binding energy to higher values
of Pt 4f;, with a decreased of the size of Pt nanoparticles. Assuming the Wertheim’s equation
that establishes an inverse proportionality between the binding energy and the particle size of
spherical-like clusters, there is evidence for the existence of size effect (final state effect). As
expected, this relation is even more pronounced on the citrate-stabilized nanoparticles that
correspond to the smallest catalysts produced in this work. In this sense we can remark a
progressive BE increase from 71.4 eV (Pt-cit) to 71.9 eV (PtCeO,-1wt%-cit) which is inversely
related by a decrease in the Pt-cit particle size from 4 (Pt-cit) to 2 nm (PtCeO,-1wt%-cit). The
addition of 5wt% CeO, to Pt-cit corroborates the same trend but its BE varies less than the 1wt%
Ce0; since the last two composites show almost the same particle size. Thus, this enhancement is
more meaningful on samples containing Pt-CeO, 1 wt%-cit and in Pt-CeO,-5wt% with current

densities for ethanol oxidation of 2.7 Am? and 4 Am™ respectively. Moreover, PtCeO,-5wt%,



presents the ideal size for ethanol oxidation (3 nm) to which is ascribed the best compromise
between structural and electronic effects and/or oxophilicity effects of the Pt surface in order to
favor the formation of CO,.

The "NMR analysis of the liquid products obtained from a 5h ethanol oxidation reaction
showed different selectivity: PtCeO,-1wt%-cit produced slightly more acetaldehyde than acetic
acid, whereas PtCeO,-5wt% produced only a small amount of acetic acid. As PtCeO,-1wt%-cit
revealed a higher amount of Ce (I111) and liquid products, it is possible that the ethanol oxidation
to acetaldehyde and acetic acid, that requires the presence of oxygen-containing species, occurs

via CEQOg/CGOQ.

Maria Jodo Paulo Ana Tavares

Student Director of Research
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1. Introduction

1.1. CO, cycle

Carbon dioxide from human and animal respiration is sent into the atmosphere, and then
recycled into oxygen by plants in the process of photosynthesis. This cycle that operates on a
daily basis, is changing over decades and centuries. Before the widespread use of fossil fuels, the
composition of the atmosphere was balanced between CO,-absorbing, oxygen-producing plants,
and CO,-producing, oxygen-absorbing animals. But exploiting and burning of fossil fuels in
large quantities is effectively creating a huge input of carbon dioxide. Before the 18" century,
our atmosphere typically contained about 280 parts per million of carbon dioxide. With the
spread use of the fossil fuels since industrial era, the amount of CO; rised, reaching the value of

400 parts per million. In 2014, the CO, concentrations crossed 400 ppm in the atmosphere for the

first time (410ppm) in at least 2.5 million years, Figure 1. 1

I I WE NEED TO

GET BELOW:
PRE 111 ppm
INDUSTRIAL: CO; in the atmosphere
PPM (Annual Average)

Figure 1. 1 — CO, limit levels and safety boundaries®.

Recent studies state that, CO, levels increased 100 ppm over the last century with
consequent temperature increase of about 0.8 °C over this period. Thus, if we eliminate further

emissions of CO, we would obtain near constant temperatures for many centuries®. The rapid

1



growth in demand for animal-based agriculture has put other greenhouse gases like methane and
nitrous oxide into the atmosphere. The contribution of agriculture causes about 15% of global
emissions*2. Burning fossil fuels remains by far the biggest single contributor to the problem,
causing 57% of global emissions®. In fact, carbon dioxide stays active in the atmosphere much
longer than methane and other greenhouse gases. The consequences of this negative effect are
visible as in the greenhouse effect, which causes the temperature of the atmosphere to rise as the
levels of CO; rise.

Alternative organic liquid fuels, resulting from vegetable and animal wastes, represent
energy incomes that are continuously replenished and renewed®. Biomass wastes derived from
domestic, commercial and industrial activities can be converted to ethanol. These include
municipal solid wastes (paper, cloth, garden debris) and commercial and industrial wastes
(paper, packing materials, textiles, demolition wood). Ethanol is a liquid hydrocarbon, and just
like gasoline, it can be distributed via the existing infrastructure and does not require advanced
mobile storage containers as it is the case with compressed H,. Different from methanol whose
low boiling point, inflammability, toxicity are harmful to the user if leakage occurs during fuel
cell use, ethanol it is non-toxic. Moreover, it is reported that excessive inhalation of methanol

can lead to permanent blindness or have an adverse effect on the optical nerve®*.



Table 1 — The several sources of ethanol, the energy ratio output/input and their

commercialization status®.

Energy Commercialization
Source type Sources A
(output/input) stage
Corn
Wheat
Barleeay 14 < corn < 2.8 Commercial plants of
' ' thanol mainly fr
Food crops Sugarcane 8 cHhatiol mainty from
Sugar beet 2 com (US) and
Cassava sugarcane (Brazil).
Sorghum
Inedible parts of Corn stover 59554
plant - cellulosic Wheat straw ' 5 2' Pre-commercial stage
ethanol Rice straw 3'2 or pilot scale.
(non-food crops) Sugarcane bagasse
Switch
Cellulosic ethanol + Fov:els: regsri?iise
waste 2-36 Pilot scale.

(non-food crops)

Agricultural waste
Municipality waste

The energy output/input ratio, Table 1, is the ratio of the energy content in ethanol to the

energy content in fossil fuels used to produce ethanol from the respective biomass. As an

example, ethanol produced from corn using fossil fuels as source of electricity, can achieve an

energy output/input ratio of 2. However, this energy balance calculated from the output/input

ratio is much better if ethanol is produced from cellulosic feedstock such as corn stover, wheat

straw or sugarcane bagasse. If process residues and co-products are taken into account for

generating electricity (or process heat), the energy output/input ratios obtained can increase from

5.2 to 32 as shown in Table 1. Even more interestingly, ethanol can be produced from non-edible

parts of the plans such as switch grass, forest residues and municipality waste. The energy




output/input ratio for these sources may vary from 2 to 36 depending on the effectiveness of the
pre-treatment to breakdown the cellulosic structure, and also on the utilization of the residual
matter for electricity/heat generation. However this last process is still at its pilot scale or
demonstration level.

By the other way, using ethanol with gasoline as a vehicle fuel has greenhouse gas
(GHG) emissions benefits, considering the life cycle steps required for gasoline production. Even
for the common case of corn-ethanol, the carbon dioxide (CO,) released when ethanol is used in
vehicles, is re-cycled to grow crops that capture that same amount of CO,°. As a result, ethanol
tolerant vehicles that can run on high-level blends of ethanol produce less net CO, than
conventional vehicles. A 2012 study by Argonne National Laboratory, found that when these
entire fuel life cycles are considered, using corn-based ethanol in place of gasoline reduces life
cycle GHG emissions on average by 34%. The future use of cellulosic ethanol may potentially
reduce the GHG emissions by up to 108%, since ethanol produced from cellulosic material
reduce petroleum inputs substantially® but it is not as far technologically advanced as corn from
agriculture’.

The complete combustion (production of CO;) of both fuels, gasoline and ethanol, is
shown by the following equations® 1.1 and 1.2:

CgHas (1) + 12.50,(g) = 8CO4(g) + 9H,O(l) + heat (AH=3500kJ/mol) (Equation 1.1)

C,HsO (1) + 305 (g) = 2C0; (g) + 3 Ho0 (1) + heat (AH=1300 ki/mol) (Equation 1.2)
In general most countries try to move away from the dependence on traditional petroleum based
fossil fuels in favor of more sustainable options. For instance, in Brazil, since 1976 there are no
light vehicles running on pure gasoline. Since 1993, this blend was fixed by law at 22%

anhydrous ethanol for the entire country®. Other countries such as the USA and more recently in



France (with the E85 fuel containing 85% of ethanol), ethanol is already distributed through the
fuel station network for use in conventional automobiles with internal combustion engines (flex-
fuel vehicles)'®. Canada is also requiring renewable content in fuels and it is committed to
reducing its total greenhouse gases emissions by 17% from 2005 to 2020 which is estimated to
result in a cumulative reduction of 47.4 million tons of CO,". In long term, the combination of
ethanol (a renewable resource) and fuel cell (a promising and attractive technology) can bring
benefits, not only lowering GHG emissions but also increasing the air quality and energy

security while creating economic opportunities from the social point of view'!.

1.2. Direct Ethanol Fuel Cells

Fuel cells are electrochemical devices designed to convert the chemical energy of a fuel
into electricity. One of the main reasons for studying direct energy conversion is to seek out new
and better ways to convert our present forms of primary energy (thermal, radiant, mechanical and
chemical) into electricity, while improving conversion efficiency.

Fuel cells can help to reduce our dependence on fossil fuels and diminish poisonous emissions
into the atmosphere, since they have higher electrical efficiency compared to heat engines*?. The
efficiency of any energy conversion device is defined as the ratio between useful energy output
and energy input. In practice a fuel cell has an efficiency of 50-60% whereas an internal
combustion engine is less than 35% efficient'®. An internal combustion engine (ICE) that drives
cars is limited by the Carnot cycle which means that the engine’s conversion of heat into work,
should depend on the temperatures T, and T. (hot and cold respectively). Most efforts to improve

the efficiency of the ICE’s go into increasing the temperature of the heat source, but at very high



temperatures, the metal of the engine begins to soften**. However not all the supplied heat can be
converted to mechanical energy™® due to heat and friction losses*®. In addition the CO, emissions
of a car are proportional to its fuel consumption. However the devices that convert a fuel's
chemical energy directly into electrical energy, such as fuel cells, are not limited by the Carnot

efficiency and can exceed it. A scheme of a Direct Ethanol Fuel Cell is shown in

Figure 1. 2.

CH3CH,0H + - € 30, + 12H*

3H,0 + 12e”
S, P R—
2CO, + 12H* + 12e" | 6H,0

Proton-Exchange Membrane
[PEM]

Figure 1. 2 — Direct ethanol fuel cell (acid) from Zakaria et al. *’

The two half and overall reactions occurring in a direct ethanol fuel cell (DEFC) in acid
medium at 25 °C are®® written in equations 1.3 and 1.4. The overall reaction is summed up in
equation 1.5.

Anode  C,HsOH + 3H,0 > 2CO, +12H" + 12¢° E°=0.084V (Equation 1.3)

Cathode 20, + 12H" + 12¢e = 6H,0 E°=1.23V (Equation 1.4)

Overall C,HsOH + 30, - 2CO, + 3H,0 E%=1.146 (Equation 1.5)



The fuel (ethanol) is oxidized at the anode producing 12 H* (Equationl.3) that are
conducted through an electrolyte to the cathode. At the cathode, the protons will react with
oxygen and, thus, water is produced (Equation 1.4). The 12 electrons that are released upon the
oxidation of ethanol travel through an external circuit to the cathode, closing the electrical
circuit. Inside the fuel cell, the ionic current is transported by migration and diffusion of the 12
H* cations in the electrolyte. The overall reaction to produce electricity is shown in Equation 1.5
and the cell voltage in theory is 1.145 V (at 25 °C) i.e. if all the ethanol is fully oxidized to CO
and water'®. The Faradic or current efficiency of a fuel cell reaction can be defined as the ratio of
the actual number of electrons involved in the oxidation reaction (Nacwa) to the theoretical
number of electrons involved in the complete fuel oxidation reaction (numeo) as given below?,
equation 1.6.

Ef (%)=( Nactual/Niheo) X 100 (Equation 1.6)

As it will be detailed in section 1.3 the ethanol oxidation at platinum electrodes leads to
the formation of other reaction products than CO,, like acetic acid, acetaldehyde. These reaction
products, that involve the transfer of 4 and 2 electrons, respectively, leads to decrease the total
efficiency of a DEFC. The theoretical Faradic efficiency of ethanol oxidation can vary from 33%
(i.e. 4/12 x 100 = 33%) to 100% (i.e. 12/12 x 100 = 100%) respectively for a 4 electrons (partial
oxidation to acetic acid, i.e., C;HsOH + H,O = CH3COOH + 4H" + 4e¢") and 12 electrons
(complete oxidation to CO; i.e. C;HsOH + 3H,0O & 2CO; + 12H" + 12¢"). Therefore, it is very
important to identify the reaction intermediates and products in order to formulate the best
catalyst. In practice, most of the DEFC at lab scale produce power densities of around 10% of
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that obtainable from the corresponding H, fuel cell”™ with 100% complete oxidation reaction.

Even if considering complete oxidation of ethanol to CO, and working at a cell voltage of 0.5 V



and with a current density of 100 mA/cm?, a DEFC would result in an efficiency of 40%, which
is in the same range of efficiency of a diesel internal combustion engine?®?. In a DEFC,
however, it is yet not clear if the reduced current density is due to incomplete oxidation or
ethanol crossover, or to both. The concept of ethanol crossover will be further detailed but
briefly it consists on that amount of ethanol that is transported, together with protons, through the
membrane from the anode to the cathode without taking part in the electrochemical reactions.
This creates a mix-potential and reduces the efficiency and the overall cell performance?®?'. The
electrolyte is usually a solid polymer electrolyte membrane (PEM). The oxygen reduction and
the ethanol oxidation occur on the two electrode assembled on both sides of this membrane.
Currently the only commercial available membrane is Nafion® but ethanol and methanol
crossover issues have prompted the development of composite membranes consisting of a
polymer and inorganic components (e.g. nafion-composites or other ionomer membranes)®.
Both proton conductivity and alcohol permeability increase with temperature in a DEFC but the
higher the temperature of the alcohol solution the more severe the membrane swelling which
leads to increased fuel crossover®®#*. In order to increase the performance of direct alcohol fuel
cells (DAFCs) and to reduce the alcohol crossover modified nafion membranes have been
attempted as for example, the incorporation of titanate nanotubes in the nafion matrix*>%* . The

membranes for PEM fuel cells may be suitable for low (~40-60°C) or high (in the 100—-200

°C)'8%2 temperature or even at more intermediate temperatures. Nowadays it is necessary to
look for membranes that are less permeable to alcohols and work at higher temperatures (80-120
C) to increase the rate of the electrochemical reactions involved (oxidation of alcohol and
reduction of oxygen) and to manage better the heat produced™. An example of a polarization

curve for a direct ethanol fuel cell, on the range 80-130 °C (intermediate), is shown in Figure 1.3.
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Figure 1. 3 — Polarization curves of DEFC as a function of temperature for Nafion-titania

composite membranes.?*

As can be observed in Figure 1.3, increasing the temperature, increases the DEFC
performance using Nafion-Titania composite membranes from 80 °C to 120 °C, whereas at
T=130°C the lowest DEFC performance is observed. The authors report that this temperature-
limit the membrane’s thermal stability is compromised resulting in ethanol crossover within the
membrane of the DEFC. As a matter of fact, the fuel crossover in DEFC is responsible for
approximately 50% of the reduction of the DEFC performance®**°. By the other way, both
ethanol oxidation and oxygen reduction reactions are kinetically very slow®’. In the current work,
we synthesize Platinum based nanoparticles to electrocatalyze the ethanol electro-oxidation
reaction, equation (1.5).

Platinum is the state of art catalyst for several electrochemical reactions, not only because
of its stability in both acidic and basic medium, but also because of its reactivity toward most of

the oxidation and reduction reactions of a large number of molecules*®*2.



In order to reduce fuel cell costs, efforts are primarily being made on reducing the Pt
loading in the electrodes®. For the platinum group metals (Pt, Ir, Os, Ru, Rh, and Pd) the content
and loading have to be low to achieve system cost targets. For automotive fuel cells systems the
Pt loading varies from 0.15 to 0.3 mge/cm? . For instance by the year 2020 the target value is
expected to be as low as 0.125 mgp/cm? for a Ho/O, PEM fuel cell operating at 80°C and a Pt

mass activity of 0.44 A/mg>*%.

1.3. Ethanol oxidation mechanism on Platinum

Oxidation of alcohols, aldehydes, ketones and carboxylic acids are among the most
extensively studied reactions on small organic molecules (SOM) on transition metal surfaces
such as Pt. The reaction pathways and product selectivity observed during the decomposition of
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alcohols and aldehydes depend on the transition metal® . Figure 1.5 shows the whole schematic

process of ethanol partial and total oxidation on Pt.
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Figure 1. 4. — Ethanol oxidation reaction and intermediates by-products on Pt, adapted
from ref %,
Ethanol can be first adsorbed on the surface of a Platinum site followed by the o-C-H
dissociation, leading to the formation of adsorbed acetaldehyde (step 1) that can be released in
the solution (step 2)°*%’. These are the simplest and fastest steps, which justify the high amounts
of acetaldehyde usually obtained by electrolysis. Acetaldehyde can be re-adsorbed according to
step 3 and interact with adsorbed OH generating acetic acid in step 4. This product can be also
formed through steps 5 and 6 but it is apparently less probable. On the contrary to acetaldehyde,
acetic acid is not desirable since it is extremely stable (non-reactive specie) in acid solution
impeding the total ethanol oxidation toward CO,*. Acetaldehyde may react with the Pt surface
to be oxidized to CO,. Many catalyst materials have been investigated so that ethanol is
selectively oxidized to CO, instead of partially oxidized to acetic acid and/or acetaldehyde, the

main products in most of the DEFCs. In section 1.6 we will show examples on the ethanol

oxidation reaction products.
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It is also well known that CO irreversibly adsorbs on the Pt surface, blocking the active
sites in the final step. CO strongly binds to platinum with time until total saturation. This
phenomenon is known as platinum poisoning. Consequently, the attachment of a CO molecule
onto the catalyst reduces the surface available for ethanol oxidation. The presence of adsorbed
CO can be explained by two distinct sequences: steps 7 and 8 or steps 9 and 10. In the first case,
one molecule of ethanol must adsorb on Pt by the two C-H groups leading to the rupture of the
bond between two C atoms®. The second one implies the rupture of the C-H bond of the
intermediate form after the acetaldehyde adsorption. Finally, the CO,qs Species can react with
adsorbed OH to form CO, completing the total ethanol oxidation.

It is obvious that an ideal catalyst for ethanol oxidation would be one that results in the
selective formation of CH,CH(OH),4s Species by the cleavage of C-H bonds (step 7) followed by
C-C bond cleavage (step 8) and subsequent oxidation of intermediates to CO;, in the presence of
adsorbed OH*. To overcome this problem, a second metal which helps Pt to become CO-
tolerant, is added to platinum. The second metal should either be able to form oxygenated
species (metal-OH) at potentials lower than that for pure Pt or electronically weaken the
platinum to CO bond. This would lead to a more complete ethanol oxidation than on a pure
platinum catalyst*®*,

Among the metals that can be used, Ru** has been extensively used due to the easy
formation of Ru-OH species at low potentials. For example, Iwasita studied the activity of PtRu

electrodeposits with different compositions toward the electrochemical oxidation of ethanol. As

shown in Figure 1.6, the catalysts with low Ru content exhibit a very low activity.
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Figure 1. 5 — Catalysis of EtOH electro-oxidation by PtRu: the influence of catalyst
composition. **

At low Ru concentration, there are not enough Ru sites to effectively assist the oxidation
of adsorbed residues and the oxidation current remains almost at the levels obtained for pure Pt.
For a Ru content higher than 20 at%, the current densities increase steeply. A Pt:Ru ratio of
60:40 seems to be close to the optimum composition for the ethanol oxidation. Ru
concentrations higher than ca. 40 at% cause the current to fall. This effect can be rationalized in
terms of an inhibition of ethanol adsorption, which is probably due to the diminution of Pt sites.
Therefore, the presence of small amounts of Ru has no effect on the ethanol oxidation current.
The promoting current density of Ru starts at a minimum concentration of 20%.

A series of PtM alloys were tested by Beden* to study the oxidation of small organic
molecules in acid and basic media. The authors conclude that from all metals (Ru, Sn, Re, Pb)
alloyed with Pt, Ru provided a higher catalytic activity in all the tested experimental conditions.
However, the limited availability of Ru may become a significant problem before PEMFC
systems can be placed on the market. Due to the limited availability of Ru, it is necessary to find

alternative metals at a lowest potential possible. Many other Pt-based catalysts, with a good CO
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tolerance and that can provide OH, have thus been proposed as alternatives to PtRu* which are
Pt-SnO*, Pt-WO5*®, Pt-Zr0,", Pt-TiO,*® . Indeed the addition of other oxophilic elements to Pt,
in the form of an alloy or a co-deposit also yields to a significant improvement in the CO-
tolerance relative to pure Pt*. Consequently, it is generally accepted that complete ethanol
electro-oxidation, cannot be performed on Pt only and the operating mechanisms behind the role

of the second element are presented in the next paragraph.

1.4. Bifunctional and electronic effects

The “bifunctional effect” was initially proposed in the 70s by Watanabe and Motoo** to
explain the CO oxidation on PtRu catalysts. In this mechanism, platinum is the catalytic material
that breaks the C-C chemical bond in ethanol, while ruthenium provides oxidizing species
releasing the adsorption sites of platinum occupied by CO (Equation 1.6). Specifically,
ruthenium is known to easily bond hydroxyl species (OH,q4s) at a more negative potential than Pt
(Equationl.7). The adsorbed OH reacts with the adsorbed CO on the Pt neighbor oxidizing it
(Equationl.8). In this way the CO is transformed in CO,, and the platinum sites become again
available to adsorb ethanol*:

Adsorption: Pt + CO — Pt-CQOqgs (Equation 1.6)
Water activation: Ru + H,O — Ru-OHggs + H + € (Equation 1.7)
CO to CO, conversion: Pt-COugs + RU-OHags — Pt + Ru+ CO, + H* +¢  (Equation 1.8)

The “electronic effect” can also be used to explain the mechanism on bimetallic catalysts.

This theory is related with the modification of the Pt electronic properties by its co-catalyst.

Some authors also call it « ligand effect » since it resembles what occurs when a ligand is bound

to an inorganic complex®. It has been proposed that in the electronic effect, the CO tolerance is
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associated with an energy shift of the Pt 5d electronic states caused by the second element. As
explained in Figure 1. 6 a) and b), a linear or bridge-bonded CO species are formed on the Pt
catalyst surface®™*. Such strong binding between the metal and CO, has been explained by the
electron donation of two electrons from the 5c carbon monoxide orbital, Figure 1. 6 a) to the
metal, and subsequent transfer of the same two electrons from the d metal atomic orbital to the

antibonding 2n* CO orbital*®, Figure 1. 6 b). This electron transfer is known as back-donation.

Energy ﬂ) ]
[— 65*
2p #:':\ 2n
4(7"4—‘,—"
3644»'4‘ JJ_ .
—2c
J'_"-irr 1s
¢ co o
Metal

Figure 1. 6 — a) The energy level of carbon monoxide molecules, and b) the

formation of the strong metal-carbon monoxide bonding (back-donation) *°.

The proximity of the second metal (the co-catalyst) modifies the electronic structure of
Pt. For example, in a presence of less electronegative metals, the electronic density around Pt
will increase, increasing the back donation effect. In this way, the strength of the C-O bond will
decrease, and the CO will be activated for further oxidation to CO, so that it desorbs from Pt
surface. As a result the Pt—CO interactions will become weakened and the poisoning effect on Pt

is diminished.
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1.5. The Pt particle size effect

The first direct evidence reported for the effect of the Pt particle size on the binding
energy studied by X-Ray photoelectron Spectroscopy (XPS) was done by Mason et al.> in 1977.
The author wrote that “The effects of cluster size on electronic structure are manifested by the
variations in core spectra”. Since then, it has been generally accepted that the electrocatalyst size
effect certainly exists and in this case, for the electro-oxidation of alcohols and their derivatives
on the Pt electrocatalyst surface.

Arenz et al.%

recently showed that the rate of CO, production is strongly dependent on
the size of Pt nanoparticles in the order of 1 <2 < 5 << 30 nm. However, they ascribed their
results to the number of defects, which were abundant on the surface of large particles and
played a beneficial role in CO oxidative removal. In another study®’, the catalytic activity of a
series of Pt/MWCNTSs with average particle size of 1.7, 2.4, and 4.0 nm were tested toward
alcohol electro-oxidation reactions, (methanol, ethanol and ethylene glycol) following similar
conclusions. The authors reported that the catalytic activities had a strong dependence on their Pt
particle size: as the size decreased, the alcohol electro-oxidation increased but this benefit was
limited to a stronger CO adsorption on the smaller Pt nanoparticles. Bergamaski et al.*® found
that the optimum particle size for methanol electro-oxidation to CO, was 3—10 nm, and the loss
in efficiency mostly occurred on either too small or too large particles. The authors point out the
critical desorption of formaldehyde by-product to the solution once out of this range.
Interestingly, in another study®® on ethanol oxidation in platinum nanoparticles in the 2—6 nm

range, showed that the Pt catalytic activity (in both the gas and liquid phases) is highly

dependent on the size, but not the selectivity. Acetaldehyde was then a general major product.

16



The effect of particle size on the current density of the ethanol oxidation reaction (EOR)

has been less studied than in methanol but Perez et al.®°

studied the electroactivity of particles
with diameter inferior to 5 nm. The author that extensively studied the effect of the particle size
on EOR found a maximum current density of 32 mAcm™ when the Pt (carbon supported) particle
size was 2.6 nm for ethanol oxidation. The origin of this particle size effect appears to be due to

the stronger adsorption of oxygenated intermediate species on the smaller particles.

1.6. State of the art catalysts for DEFCs

Studies performed in the last two decades reported a wide spectrum of CO, yields for the
ethanol oxidation reaction. An overview about some publications dealing with ethanol oxidation

reaction in acidic media and their key findings are briefly presented in Table1.1".
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Table 1. 1 — Some of the most representative publications on the ethanol oxidation yields

by means of CO,, acetic acid (AA) and acetaldehyde (AAL) in acidic medium. The results are

shown for the best catalyst of each publication.

Catalyst Method Pt loading Setup T(°C) | Main CO; | Ref.
product | yield
Polyc. Pt smooth - 3-Electrode 10 AAL, |na. o
polycrystalline cell AA
Pt
Pt Ru, Comercial | Anode and DEFC 145 CO;, >95% | ©
(Mateck) Cathode:
Pt40% Pt-20%
Ru/Vulcan XC 2 mg Pt/ cm’
72
PtRUG1), potentiostatic - 3-Electrode 5-40 | CO, n.a. ®3
(1.0<x<0.5) co- deposition cell
Polyc. Pt smooth - 3-Electrode 25 AA, Aprox | *
polycrystalline cell AAL 10%
Pt disk
Pt/C Commercial o8 ﬂgPt/cmz 3-Electrode 23-30- | AA, Aprox. |
cell 60 AAL 7.5%
20 wt % metal,
E-TEK Inc.)
PUC, PtRU/C, | “Bénneman” |4 ¢ mg/cmz 3-Electrode 50-110 | AA, n.a. &
PtSn(9:1)/C method cell, DEFC AAL
Pt/C “Bonneman” | Anode: 3 | DEFC 80 AA 20% %
method mgPt/cmz,
Cathode: 2
mgPt/cm2
Pt/C Commercial | Anode  and | DEFC 90 CO;, 86% o
(Pt 20%, | Cathode: 4 mg
Alpha  Aesar, | py/em’
Pt:Ru, E-TEK)
PtSn/C, PtRu/C | Commercial | Anode :1.33m | DEFC 90 AA n.a. *
2
gPt/cm for
(Johnson PtSn/C and
Matthey PIRU/C
Corp.)
Cathode: 1.0
mg Pt/cmz.
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69

Pt/C NaBH,4 Pt: 40% 3-Electrode Room | n.a n.a.

Pt/CNT reduction cell T

Pt/CNT/PANI method

PtSn(M) M= | “Bénneman” | 2mg/cm? DEFC 80 n.a n.a. 0
Ni, Co method

PtSnCe Polymeric 1mg/cm? DEFC 100 Co, n.a &
(Pt=68wt% precursor Acetic

Sn=22wt% method acid

Ce=10wt% )

The most remarkable characteristic from Table 1.1 is that the highest CO; yields are
reported for DEFCs and not for model electrodes in a three electrodes setup®. Rao et al.®’
proposed that the intrinsic anodic oxidation conditions within a PEMFC anode, mainly residence
time (several weeks of operation) and Pt catalyst loading (4 mg cm™), enhance the C-C cleavage
rate. Behm et al.”’showed that the main parameter to affect C-C bond breaking in ethanol
oxidation is temperature. Higher temperatures lead to an enhanced CO, efficiency (up to 50%)
because the C-C bond dissociation was reported to be as high as 90% at 250 °C*°. In a recent
review paper”*, it is also reported that Pt completely oxidizes ethanol to CO, but rather in small
amount. At higher temperature, Pt alone has a higher conversion to CO, than other catalysts at 80
°C but this value remains below 20%. However,it is important to mention that mechanical and
thermal stability, along with high ionic conductivity, have to be met with the membrane material
in a DEFC. The fraction of ethanol that is converted to CO; is also influenced by other different
parameters such as ethanol concentration. Camara and Iwasita® found that the production of
acetic acid and acetaldehyde depends strongly on the ethanol concentration. Total oxidation to
CO; and high yields of acetic acid was only observed at ethanol concentrations below 0.1 M.
With increasing ethanol concentration, the oxidation to acetaldehyde becomes the main reaction.

This is one of the keys to the complete oxidation to CO, i.e. to find a way to selectively produce
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acetaldehyde (aldehydes) even before undergoing the C-C cleavage of the ethanol structure. If
this cleavage does not occur, then the non-oxidized acetic acid may form in abundance which is
a dead-end procuct’®. The same strategy is followed by Beyhan et al.” that studied several
combinations of trimetallic catalysts from the PtSnM family (M=Ni, Co, Rh, Pd) in order to find
out the best catalyst for acetaldehyde yield. The authors found out that both Ni and Co can
promote the high yields of acetaldehyde that can be further oxidized to CO, Thus, both
PtSnNi/C and PtSnCo/C produced a four times higher catalytic activity than PtSn/C bimetallic

catalyst. Still in the field of rare earths, De Souza et al.™

investigated the ethanol oxidation
reaction using PtSnCeQO,/C electrocatalysts observing a current density 50% higher than that
observed for commercial PtSn/C. Their tests in DEFC also showed a power density 40% higher
than for the same commercial PtSn/C electrodes. The authors found that for PtSn/C
electrocatalysts acetaldehyde and acetic acid were the main products while on PtSn/CeO,/C
electrocatalysts produced CO; and acetic acid. It is very interesting to note that PtSn/C lead to
acetaldehyde, which involves only two electrons per ethanol molecule while the presence of
cerium was necessary to convert ethanol preferably to acetic acid which in the end resulted in the
best performance for PtSnCe/C catalyst. Data from FTIR suggested that the presence of Sn and
Ce either favor CO oxidation, since they produce an oxygen-containing species to oxidize

acetaldehyde to acetic acid but the authors do not exclude the possibility of a change in the

platinum electronic density due to both elements.
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1.7. Platinum and ceria catalysts

Pt is recognized to be the best monometallic catalyst for oxidation of small organic
molecules in acid medium. However, certain metal oxides such as RuO,,™* WOs*, ZrO,*,
TiO,*, and CeO,”™ "', have been found to enhance the catalytic activity of Pt for ethanol or
methanol electro-oxidation through synergetic interactions. Nobel metal-ceria based catalysts are
among the systems known to exhibit strong catalyst and co-catalysts interactions’®. Yao et al”
showed in 1984, that ceria was a chemically active component in such catalysts where it
appeared to play the role of an oxygen storage component, releasing stored oxygen during fuel-
rich cycles, thus facilitating oxidation of hydrocarbons and CO. Therefore, CeO, have been
proposed as Pt co-catalyst for the oxidation of small organic molecules®® and many authors have
already verified that CO oxidation to CO; is strongly promoted on Pt partially covered by
Ce0,"®## |n addition, this rare earth costs 4 times less than ruthenium, 10 times less than
iridium, 15 times less than palladium, and 35 times less than rhodium or Pt3*.

De Souza et al. already reported on a progressive increase in the Platinum’s catalytic
performance toward ethanol oxidation®® from 0 to 25 wt% of Ce and then from 50 to 70 wt%
although there is no specification on the products obtained, Figure 1. 7. The authors also reported

a Pt particle size of 3 nm for all the Pt-CeO, electrocatalysts.
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Figure 1. 7 — Ethanol electrocatalytic activity as a function of % Ce in Pt-CeO,

catalysts®’.

The Pt performance is enhanced even at Ce contents as low as 25 wt%. The dependence
of the current density with %Ce show two maxima, Figure 1. 7. Both enhancements can be
attributed to a higher CO tolerance but it is not clear if it is because of bifunctional or electronic
effects. For a Ce content of 50% the current decreases substantially, and the authors correlated it
to the lower specific surface area of Pt of the catalyst. This behavior is completely different from
that observed for Pt-Ru catalysts, where the current densities on catalysts with a Ru content
higher than 25% increase steeply, and a Pt:Ru ratio of 60:40 seems be the optimum for ethanol
oxidation®, Figure 1.6. The authors conclude that ceria’s behaviour may not be described only
by bifunctional mechanism as in PtRu. In a published study®® on the methanol oxidation on
PtCeO, with only 9 wt% of ceria, the composite catalyst exhibited a better activity (20 mA/cm?
with chronoamperometry at 0.5 V vs SCE) and stability than did the unmodified Pt/C (1 mA/cm?
with chronoamperometry at 0.5 V vs SCE. For a matter of comparison, the authors reported a

commercial PtRu with electrochemical activity of 30 mA/cm? under the same conditions.
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Corradini et al.® synthesized by the Polyol method, Pt with rare earths (Lanthanides, Ln)
catalysts with the same general composition Pt=85 and Ln=15 wt%, including cerium, for
ethanol oxidation reaction. The obtained current density follows the order Pt/C < Pt-Eu < Pt-La
~ Pt—Pr ~ Pt—Ce indicating that cerium is the lanthanide with best current density competing
with praseodymium (Pr) both reaching approximately a current density of 0.01 mAcm™
(chronoamperometry at 0.6 V vs RHE). In another work also dedicated to ethanol oxidation,

Cordeiro et al.®®

compared oven-dried PtCeO, samples at different temperatures, where the
amount of ceria is twice more the amount of Pt. The authors reported that ceria increased two
times more the Pt current (chronoamperometry at 0.5 V vs RHE), which was attributed to the
heat treatment at 400 °C. This temperature allowed a suitable crystallite size (8.1nm) and a

proper bandgap size of 3.43 eV for optimal electron conduction. Wang et al.®

synthesized Pt-
CeO, catalysts by CBPLD under different pressures finding out that at 0.5 Torr the current
density reached its maximum of 15 mA cm™ (chronoamperometry at 0.6 V vs Ag/AgCl) due to a
higher ESA of the Pt, which exposed a larger number of active sites for surface reactions.

In fact, ceria’s enhanced ability to adsorb, dissociate and release oxygen via the Ce**/Ce**
redox cycle®® may justify in many cases its co-catalytic effect. Ceria may adopt several non-
stoichiometric oxides between two limit compositions CeO, (Ce**) and Ce,0; (Ce**) or in
general, Ce,O.. Its defects are oxygen vacancies, acting as an oxygen buffer™®® facilitating the
incorporation of oxygen into the Pt surface. Thus, ceria can be regenerated due to the oxygen
mobility inside its structure®® and this microstructure changes could be behind the enhanced
catalytic effect of ceria®’. The role of low amounts of CeO, in the Pt catalyst with respect to

alcohol’s oxidation is not well established. Many alternatives to PtRu have been published on the

methanol oxidation on a series of Pt-CeO, catalysts. Kakati on its recent review® “Anode
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Catalysts for Direct Methanol Fuel Cells in Acidic Media: Do We Have Any Alternative for Pt
or Pt—Ru?” further explains that CeO, should be « designed » for synergic interactions with Pt
nanoparticles in order to minimize side effects of CeO, low electronic conductivity. In addition,
since ceria is insoluble in dilute acidic solutions, it provides an anticorrosion property to the
carbon material. Apart from this corrosion resistance, CeO, serves as an anchor to prevent
agglomeration of Pt nanoparticles, thereby enhancing methanol and ethanol oxidation
activity®® ",

In this work, several Pt-CeO, catalysts have been prepared and their performance has

been studied toward the electrochemical oxidation of ethanol.

1.8. Objectives

Most of the studies in the literature, report on PtCeO, with CeO, > 10 to 25 wt%. Also,
most of the studies are devoted to the methanol oxidation. To the best of our knowledge there is
a gap of studies on the effect of very small of ceria (CeO, < 5wt%) on the electrocatalytic
activity of Pt toward ethanol oxidation in acid medium. The only approach found on this sense,
dates from 1978, where Georg-M. Schwab® reported on a system consisting of a semiconductor
supported by a metal material termed as an “inverse supported catalyst” (for several catalytic
reactions). The author reports that in this situation, the electronic effects on the catalysts are
larger than in the usual “normal supported catalysts” because the number of free electrons in a
metal is several orders of magnitude higher than in semiconductor. Naturally, this interaction
mainly involves those Pt particles in close contact with ceria®. Furthermore, we aim to clarify
the influence of the particle size and synergic effect of ceria on the particle’s electrocatalytic
reactivity. Since size effects also influence the activity of Pt toward ethanol oxidation, PtCeO,

catalysts covering a large span of particle sizes (from 2 to 40 nm) will be investigated. Detailed
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physicochemical investigation of the catalysts is carried out by X-ray diffraction (XRD), X-Ray
Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM) in order to
understand the effect of the catalyst’s particle size, morphology and binding energy shifts
(electronic effects) and the ethanol oxidation reaction. Since the catalytic activity and selectivity
of metal nanoparticles can be tuned by interactions with other nanoparticles®, the main objective
of this work is to investigate the addition of very small amounts of CeO, (< 5 wt%) on the
electrocatalytic activity of Pt. We will also aim to further understand the discernible changes in
particle electronic and structural properties of these catalysts as function of the particle size and

associated binding energies.

1.9. Structure of the thesis

This thesis is organized in 5 different chapters. In chapter 1, an introduction to the direct
ethanol fuel cells applications and on the state of the art Pt based catalysts is presented. This
description is also extended to the context of the bifunctional, electronic and particle size effects.
In chapter 2, the synthesis of the PtCeO, with CeO, < 5 wt% by the Pechini and Reduction
methods are detailed followed by a description of the experimental conditions and techniques.
The results obtained for the Pechini method are summarized in chapter 3 while those from the
Reduction method are presented in chapter 4. Finally chapter 5 presents the conclusion and a
description of future work that will need to be performed. A summary in French is available in

section Al.
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2. Synthesis and characterization techniques

2.1. Introduction

Pt and PtCeO, nanoparticles with levels of CeO; 1 or 5 wt% (corresponding to 1.1 and
5.6 at%) were synthesized in this work using two different methods, namely the Polymeric
Precursor Method (also known as the Pechini method, which is a sol-gel method) and the
Reduction method. The Pechini and reduction methods are two straightforward ways to produce
nanoparticles. However, both have their own advantages and disadvantages. The advantages for
the first method are: 1) The experimental procedure is a one-step synthesis* — which means that
metallic Pt is easily obtained by direct oxidation of a polymeric matrix; 2) it is possible to control
the particle size and morphology by changing the metal : organic mass ratio in the gel®. The main
disadvantage pointed to this method is associated with the calcination step at high temperature
(typically above 400 °C) which causes coalescence and aggregation of the nanoparticles. For this
reason, the chemical reduction method remains the primary method of producing small
nanoparticles. It consists on reducing chloroplatinic acid in the presence of a reducing agent as
sodium borohydride. Since it is a low temperature technique, it minimizes particle aggregation or
clusters sintering and it allows the production of large amounts of product, with relatively narrow

particle size distribution®.
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2.2. Synthesis of Pt-CeO, nanoparticles by the Pechini method (Polymeric

Precursor Method)

Pechini proposed this method in 1967* which consists on the formation of a polymeric
resin (gel) through polyesterification of metal chelate complexes using citric acid and ethylene
glycol as a bridging agent. The general purpose is to obtain a polyester resin comprising of
randomly carboxylic esters sites (negative charges) to which the metal cations are chelated and
cross-linked with the carboxylate groups inside the gel®, as illustrated in Figure 2. 1. The main
advantage of this method is to uniformly “trap” the cations throughout the carboxylic groups of
the viscous polymer structure allowing some degree of homogeneity and preventing
segregation®’. Paraphrasing P. A. Lessing’: “cations need to be frozen in space to prevent
extreme segregation”. The esterification occurs when the reactants are heated at moderated
temperatures (130 °C). Prolonged heating at high temperatures (>400 °C) causes a breakdown

and oxidation of the polymer to produce the nanoparticles.
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Figure 2. 1 — Scheme of a polyester network with the metallic cations represented as M"™

= Pt, Ce produced by Pechini method®.
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Similar to what was proposed by Pechini, in this work, the catalysts are prepared
according to the following procedure: citric acid (NasCsHsO7, 99%, Fischer) is first dissolved in
ethylene glycol (C,HsO,, 99.8 % Aldrich) at 60°C, followed by the addition of dihydrogen
hexachloroplatinate (IVV) (H2PtCls, 99.9%, Alfa Aesar) and ammonium cerium (IV) nitrate
((NH4)2Ce(NO3)s, 98.5%, Fischer) with a molar ratio 1:12:96 (metal : citric acid : ethylene
glycol) and stirring for 30 minutes. This precursor solution is first jellified at 130 °C for 30
minutes to eliminate water, leading to the formation of a high molecular weight polyester
through successive esterification reactions®. Pechini, in his work, used four times more ethylene
glycol with respect to citric acid; in the present work we used eight times more ethylene glycol to
increase the solubility of the platinum complex. Thus, we diminished the viscosity of the CA-EG
of the Pechini’s mixture’. By increasing the excess of ethylene glycol to citric acid, we also
attempted to uniformly distribute the metallic cations through the polyester network, thus to
increase the number of nuclei centers, and to limit the crystallite growth®. We also vary the Pt to
CAJ/EG polymer network, from 1 to 10 keeping constant the CA/EG in order to dilute the Pt and
Ce in more carboxylic groups. From systems A to C it is expected a decrease of the particle size
by increasing the distance between consecutive metallic ions in the polyester resin as illustrated

in Figure 2.2.
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Figure 2. 2. — Scheme illustrating the effect of Pt (orange circles) dilution on the polymer

network in the system: A) with 1x, B) with 5x and C) with 10x more polymer dilution.

By providing a thicker organic layer, prior to calcination, we avoid the addition of
surfactants thus simplifying the process. However, for the production of crystalline
nanoparticles, it is necessary to burn the organic part (the gel). When the heating temperature
exceeds 400 °C, oxidation and pyrolysis of the polymer matrix begin to form a homogeneous
crystalline material®. Thus, this reactional mixture was first thermally treated at 130°C for 30
minutes to eliminate water and then at 400 °C for 4 hours to burn the organic portion. The
heating rate was set at 5 °C min™. After 4 hours, the powder was brought back to room
temperature.

Calcination of a gel will improve the crystallinity of the sample but normally leads to the
increase of the crystallite sizes. However, ceria an additive in diesel engines, due to its facility to

oxidize carbon!®!

, IS known to have an effect in controlling the Pt particle size during the
calcination process limiting the particles growth'®*?. Thus, as will be shown in Chapters 3 and 4,
the addition of CeO; in wt < 5% is sufficient to cause a significant deagglomeration and decrease

of Pt particle size. Table 2.1 summarizes the synthesis conditions and the nominal composition

of the catalysts.

39



Table 2. 1 — Experimental details on the preparation of Pt and PtCeO, by the Pechini

method.

Pt precursor | CeO; precursor

Pt:CAEG | CeO; H,PtCls.6H,0 | (NH.).Ce(NOs)s

System Catalyst (mol) (Wt%)

(9) (9)
Pt 1:12:96 - 0.25 -
A(1x) | PtCeO2-1% | 1:12:96 1 0.25 0.003
PtCe02-5% | 1:12:96 5 0.25 0.0157

Pt 0.2:12:96 - 0.05 -

B (5x) | PtCeO2-1% | 0.2:12:96 0.05 0.0006

PtCe02-5% | 0.2:12:96 0.05 0.0031
Pt 0.1:12:96 - 0.025 -

C (10x) | PtCeO2-1% | 0.1:12:96 0.025 0.000302

PtCe02-5% | 0.1:12:96 5 0.025 0.00157

a1l

[EEY

2.3. Synthesis by the Reduction Method

The reduction method consists in the production of metallic nanoparticles by direct
reduction of a precursor metal complex. Depending on the reduction potential of the metal, a
number of reducing agents can be proposed for the preparation of metallic nanoparticles, sodium
borohydride (NaBHj4) being the most common. Ingelsten and coworkers™ proposed the next
reaction for the reduction mechanism of H,PtCls carried out in the presence of a an excess of
NaBH,, equation2.1:

PtCls” (aq) + BHa (ag) + 3H200) > Pt + HyBO3 (ag) +4H (ag) + 6Clag) + 2H2(g) (Equation 2.1)

It has been reported that NaBH, can improve the dispersion and reduce the size of Pt,
which in turn will increase the electrochemical active surface area of the Pt catalysts™. It is
suggested in the literature a n(NaBH,)/n(H.PtCls) > 6 ensure a complete reduction reaction®® . In
this work the amount of NaBH;, to the platinum complex was increased 20 times with respect to

H,PtCls. Consequently one can take advantage of the positive effect of borohydride as reducing
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agent on the electrochemical properties of Pt. It is already reported that increased boron
deposition may help in a better dispersion, reduce the size of Pt and raise the electrochemical
surface area although this is a singular study™*.

Citrate anion is often used as stabilizer during the synthesis of Pt nanoparticles (NPs) by
the reduction method. It is a water-soluble surfactant with small molecular weight'*? that
stabilizes the Pt nanoparticles in aqueous solution, contributing to a better control of the Pt
particle size. The stabilizing effect of sodium citrate is due to its three carboxyl anions which
electrostatically interact to the metal ions to accommodate charge without a great increase in its
electrostatic energy. Consequently citrate anions are able to sterically prevent the Pt nuclei from
ageing by growth and agglomeration®®. It is important that the steric stabilization of Pt and ceria
catalyst by the citrate anion have no adverse effects on the electrocatalytic activity of Pt and
PtCeO, nanocomposites. Figure 2.3 shows a scheme of the steric stabilization of citrate with the
conformations of the groups COO that may easily stabilize not only Pt but also the positive ions

Pt**, Ce *" and Ce**.
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Figure 2. 3 — Platinum sterical stabilization by citrate molecules.
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It is not clear however if the citrate modifies the Pt surface and if it affects the ethanol
electro-oxidation. In fact there is no clear insight about which anionic stabilizer is really
preferred by the transition metal and why'.

Experimentally, HoPtClg (5 (2.5 mL; 0.017 M) was added dropwise to a stirred solution
of NaBHy aq) (5 mL; 1.704 M). Deionized water was added to this reactional mixture until a total
volume of 10 mL and stirred for more 2h resulting in a black Pt nanoparticle suspension. For the
catalysts with citrate, the same procedure was applied on which a 0.6 mL of 50 mM aqueous
sodium citrate had previously been added before the NaBHagq) aqueous solution.

For the preparation of PtCeO, nanoparticles with 1 and 5 wt% of ceria the same
procedure was applied as for Pt, but with for 1wt% of ceria, a 1 mL of a 4.74x10™ M solution of
(NH4)2Ce(NO3)s was added dropwise after the solution of H,PtCls. For the 5 wt% of ceria, an
aliquot of 1mL of a 2.535x107 M of (NH4),Ce(NOs)s solution was added. At the end of the
synthesis, each suspension was centrifuged for 30 min. at 13000 rpm and at 10 °C. The process
was repeated 6 times always followed by decanting and washing with deionized water. This

concentrated suspension of catalyst, labeled as a stock solution, was stored in a fridge.

2.4. Characterization techniques

Different techniques were used for the characterization of the prepared powder materials.

A brief description of each technique follows.

2.4.1. X-ray diffraction
X-Ray diffraction (XRD) is a commonly used technique to elucidate the crystallographic

structure of materials. It is based on the fact that the crystals diffract X-rays in a way that is

18
|

dependent on the periodical arrangement of the atoms in a crystal . An X-ray diffractometer is

basically constituted of three main parts: a source of X-ray, a sample holder and an X-ray
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detector. The Bragg’s law, equation 2.2, relates the conditions upon which the diffraction occurs

1819 which are given by the wavelength (1) of the incident radiation and the incidence angle (6)

and the inter-planar spacing (d):

A = 2dsin® (Equation 2.2)
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Figure 2. 4 — Bragg’s law scheme of the diffracted X-ray in a crystal.?

The inter-planar spacing (d) is a function of the Miller indices (hkl) that are used to
indicate directions and planes. The lattice parameters (a,b,c) and the angles (a.,f,y) of the crystal

system as shown in Figure 2.5.

[

Figure 2. 5 — Lattice parameters (axis) and angles of a unit cell?*.
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From the 7 crystal systems, the cubic one (a =b =c;a = =y =90° is the most
relevant for the current work. In this case, the following relation for the inter-planar spacing and
the Miller indices can be written 2:

ey = a (Equation 2.3)
Vh2 + k2412

A combination of equations 2.2 and 2.3 provides the tool for calculating the lattice
parameter of a crystal from the diffraction data, equation 2.4:

MWhi+k2+12 (Equation 2.4)

a =
hkl 2s5inBpy;

The diffractograms also provide us with useful information about the crystallite size,

18-20

which is known to influence peak broadening , apart from instrumental effects. The

crystallite size, this is, the effective thickness of the crystallite in a direction perpendicular to the

reflecting planes® (Dn), can be calculated with the help of the Scherrer equation %2%;
D, =—X* :
hkl = o os6 (Equation 2.5)

Where K is the crystallite shape factor and is equal to 0.9 (for a common spherical shape),
and By is the full width at half maximum (FWHM) in radians. Scherrer’s equation is valid only

for crystallite sizes below 100-200 nm %,

! Crystallite size may also be defined as the cube root of volume of the crystallite (20. Klug
HP, Alexander LE. X-ray Diffraction Procedures for Polycrystalline and Amorphous Materials:
John Wiley & Sons, Inc.; 1954.). In the present work we will use only the definition presented in

the main text.
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2.4.1.1. Experimental details
The structure of all catalysts was analyzed using a Bruker AXDS8 instrument with a Cu
Ko radiation (A\=1.54184 A) operating at 40 mV and 40 mA. The diffractograms were collected
in the 20 range between 30° and 90° with a step of 0.05° and a measuring time of 5 s per step. In
the specific case of the nanoparticles prepared by the reduction method, a 15uL deposition of
stock solution was deposited in a glass foil and allowed to dry overnight. EVA V14 software was

used to determine the full width half maximum (FWHM) and the lattice parameter.

2.4.2. Transmission Electron Microscopy (TEM)

In TEM, an accelerated electron beam is focused on a sample thin enough (<100nm) to
allow the transmission of the incident electrons. This irradiated sample is in a high vacuum
column where the electrons that are transmitted through the sample and are used to produce an
image”. This means that in order to have a 2-D image of the sample or to observe it on a
fluorescent screen, a beam should necessarily be transmitted through the sample without losing
energy (direct beam, Figure 2.6). If, by the other way, the electron beam only interacts with the
sample it will lead to other signals as electron energy loss, scattering, emission of secondary

electrons or characteristic X-rays from the irradiated sample, Figure 2.6.
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Figure 2. 6 — Electron beam interaction for a thin sample®*.

In many regards, the TEM can be seen as an optical microscope with a much higher
imaging resolution, while also providing information about the sample’s morphology, structure,

grain size, chemical composition and composition distribution 2

. The morphology and
microstructure of the Pt and PtCeO, nanocomposites were investigated by transmission electron

microscopy (TEM), Figure 2.6.

2.4.2.1. Experimental Details
Transmission electron micrographs were obtained with a JEOL 2100F equipment
operated at 200 kV (Center for Characterization of Microscopic Materials, at Ecole
Polytechnique de Montreal). The sample preparation and observations were performed by
Mr.Jean-Philippe Masse. The TEM samples were prepared by dipping the copper grids on the
powder samples already dispersed in methanol. The software ImageJ was used for the particle

size statistics.
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2.4.3. X-Ray Photoelectron Spectroscopy (XPS)

2.4.3.1. Background

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA) or photoemission spectroscopy (PES), is a characterization technique
with high surface sensitivity often employed to study solid surfaces. Although the theoretical
background of this technique was described in 1905 by Albert Einstein, it was only in 1954 that
the first high-energy-resolution XPS spectrum was reported?.

In XPS, a beam of X-rays promotes the emission of electrons from the sample, a process
that is known as photoemission or as photoelectric effect. The kinetic energy (KE) of these
electrons is dependent on their initial energy or the binding energy (BE) that the ejected
photoelectron had in the solid relative to the Fermi level of the sample, the energy of the X-ray
source (hv) and the work function (@, minimum energy required to eject an electron from the

surface to the infinity) >>?"2%:

KE = hv — BE — ¢, (Equation 2.6)

In equation 2.6, @, and hv are well known depending on the source (generally aluminum
or magnesium), which means that by measuring the kinetic energy of the ejected electrons, we
can calculate the binding energy and hence identify and quantify the atoms present in the sample.
In practice, KE and s are replaced by the Kinetic energy of the electron as measured by the
spectrometer and the work function of the spectrometer, respectively which justifies the
equation:

BE = hv — KE (Equation 2.7)
It is possible to analyze by XPS all elements except hydrogen and helium. Photoelectron

spectroscopy can equally probe core-level and valence band electrons. However, the valence
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band spectra are typically quite complex because of the large number of valence levels
overlapping in a small energy region. On the other hand, in the core-level spectra, the position of
atoms from different chemical elements is distinct and usually easy to distinguish. At the same
time, differences up to several eV in an element’s BE, allow the identification its local chemical
environment and the electronic structure. Therefore, in most cases core-level photoelectrons are
used for elemental analysis, while small shifts in their BE (known as chemical shifts) can be used
to determine the oxidation state. In the former case survey spectra are required, while in the latter
case high resolution spectra are needed. The number of ejected photoelectrons reflects itself in a
photoelectron peak intensity and therefore the core-level spectra can be used for quantitative
analysis. The possibility for each element to produce photoelectrons is taken into account using
atomic sensitivity factors (ASF). The ASF strongly depend on the element, the specific core-
level shell, and the excitation photon energy.

For electrical insulating samples, the above description is complicated, since the
reference Fermi level is neither well defined nor in electrical contact with the spectrometer (this
problem is usually referred to as electrostatic charging)®®. The Fermi level is defined as the
highest energy level occupied by an electron in an atom (at absolute zero kelvin). Figure 2.7
illustrates the core level binding energy, the incident X-ray with a certain hv energy, the ejected
1s electron and a core hole that was left behind. On the upper levels we can see valence and

conduction bands, and the Fermi level between them, Figure 2.7.
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Figure 2. 7 — a) Illustration of the core-level photoelectron emission by the photoelectric effect

in a metal; b) Scheme of a core level energy diagram for a sample?.

The detection limit of this technique is ~0.01-0.1 at% 2. XPS provides us with
information of the first 10 nm depth of the sample even if the X-rays are able to penetrate the
sample several micrometers %. This is so because the electrons generated deeper than ~ 10 nm do
not have enough energy to escape the sample and reach the detector, as they are subjected to
multiple inelastic collisions. In fact, even within the 10 first nanometers only the electrons that
go through little inelastic collisions will give rise to peaks in the spectra, while the remaining
electrons will contribute to the spectral background.

The binding energy of core-level electrons is strongly related to the electron distribution
around the core of the atom. The problem is that after photoemission all the remaining electrons
are not “frozen” but are influenced by the removal of the photoelectron. Bearing this picture in
mind, the BE calculated in a photoemission experiment does not directly reflect the state of the

atom before photoemission because it is affected by the redistribution of all the surrounding
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electrons. This leads us to the study of the so-called initial and final state effects in following

2.5.2 section.

2.4.3.2. The core level binding energy shifts

The core levels in XPS are the local probes of changes in the electronic structure of an
atom in different environments®. A core level binding energy shift, takes place due to a
modification in an atom’s chemical or physical environment™®.

The core level binding energy shifts are intrinsically explained by means of initial-state-
final-state approach in the field of photoelectron spectroscopy. Basically, initial-state effects are
due to the charge density or other intrinsic properties of the atom prior to photoemission i.e. that
was already present on the atom in the ground state. For instance, changes in the electronic
structure (due to the chemical or the geometric environment). In resume, initial state effects are
generally defined by an electronic type of interaction like a charge transfer between the atom and
its environment®®>*,

Final-state effects occur during and following the photoelectron emission and can be
caused by core hole screening (or relaxation) after photoemission® due to differences in the
screening of the core hole created after photoemission. As will be discussed below, the removal
of an electron from a particular shell of the atom may induce several types of final states. The
effectiveness of the core hole screening depends not only on the particular element (intra-atomic
screening) but also on the surrounding environment, i.e., atom coordination number and
interaction with the support (extra-atomic screening)®. In fact photoelectron spectroscopy is
sometimes referred to as a final-state spectroscopy since this technique probe, in addition to the

ground state of the atom, the numerous final or ionized-states of the sample®*. Generally, the
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binding energy varies roughly proportionally to the inverse of the cluster or particle size.
Wertheim proposed a e?/2r relationship between the binding energy and particle radius (e is the
electron charge)®* considering that the particle is an isolated sphere. In this sense, the final state
effect is analyzed simply by assuming that a single charge is left on the particle which results in a
Coulomb energy relation. This justifies the 1/r dependence of the core level shift which is often
observed. It is well known that, the smaller the particles, the more significant the influence of the
relaxation process will be®. It reported that this relaxation is more pronounced on nanoparticles
with diameters below 5 nm®. However there is no clear consensus about how small the particle
should be but it is more likely to exist in the case of the small nanoparticles grown at low
temperatures as in reduction method®*®. Thus, in this work we compare the small size
nanoparticles obtained by reduction method with those of larger size grown at high temperatures
as for Pechini method®".

The knowledge of the electronic properties of the model catalysts is important to
understand their chemical reactivity. In this work, since we aim to produce different
nanoparticles sizes, core level shifts due to the variations of particle size are considered in the
interpretation of XPS spectra. Thus we attempt to understand the chemical (electronic) and the

physical effect of the particle size on the observed binding energy shifts.

2.4.3.3. Experimental details
The surface composition of the samples was measured using a VG Escalab 220i-XL
instrument equipped with Al Ka (1486.6 eV) polychromatic source operating at 15kV and 26.6
mA. A hemispherical analyzer and a six-channel detector were both used. The pressure inside the

analysis chamber was below 1x10° mbar. A survey from 0 to 1300 eV (100 eV pass energy) was
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first acquired and high resolution core level spectra (20 eV pass energy) were then recorded (Pt
4f 68-82 eV; Ce 3d 875-930 eV and C 1s 275-295 eV). In all cases, the energy scale was
calibrated for C 1s at 284.5 eV *. Each sample was introduced in the chamber just before the
analysis and the Ce 3d spectrum was recorded just after the survey spectrum in order to minimize
the extent of Ce(IV) to Ce(l11) reduction.

For the powder samples (Pechini method) a relatively thick layer of powder was
deposited directly on to a carbon cupper conductive double tape which was pilled to a glass and
afterwards to the metallic holder. For the reduction method, a 15 pL drop of catalyst was allowed
to dry overnight directly in a glass support which was stacked to the metallic holder. In both
cases the glass isolates the sample removing a possible differential charge effect between Pt, a
conductor and Cerium, a semi-conductor. Thus we avoid a possible difference in the
conductivity when both elements are in contact. A high resolution spectrum Ce 3d was also
recorded at the end of the analysis to monitor the reduction of Ce (1V) to Ce (111) but no major
differences were observed in the spectra. Element quantification was achieved by fitting the core
level spectra with mixed Gaussian-Lorentzian functions while considering a Shirley type
baseline. The fitting was performed with the help of CasaXPS software. Peak areas were

normalized by appropriate atomic sensitivity factors.
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2.5. Electrochemical techniques

2.5.1. Cyclic Voltammetry (CV)

Cyclic voltammetry is one of the techniques that is first used when exploring the
electrochemical properties of a given system **“°. In this technique, the electrochemical potential
is continuously varied in the working electrode up to a certain limit, and then it is reversed at the
same scan rate to the initial value, while monitoring the changes in current. The potential (E) is
usually selected so that the potential interval contains an oxidation and/or reduction process of

interest**. This is better illustrated in Figure 2.8.

Vi Itage current
A a) 4 b)
Vs

e

Va voltage

Vi
Figure 2. 8 — Variation of the potential with time a) and variation of the current with the

potential b)*2.

In the example shown in Figure 2.8 a), the potential increases from the initial value
(Einitiar) Up to @ maximum (Emax) at time t;. At this point the potential switches back and it
decreases till reaching the minimum value (Emin) at to. The potential now increases again till it
reaches the final value (Esina). The scan rate is given by the variation of the potential with time.
The graphical representation of the changes in current, as a result of the changing potential, is

typically called a cyclic voltammogram, Figure 2.8 b). In the cyclic voltammograms, the peaks
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represent an increase in current toward more positive or negative values, as a result of oxidation
[O] or reduction [R] reactions taking place, respectively.

A polycrystalline electrode presents many different exposed crystal faces to a solution,
this means that, different sites on the same surface can carry a different charge®®. The shape of
the oxidation current peak in the hydrogen desorption (I > 0) region gives information on the
catalyst surface. As can be seen in Figure 2.9, two oxidation peaks are clearly visible, the first
one centered at ca. -0.13 V and the second one at ca. -0.01 V which are assigned to surface
defects and to short range order (110) and (100) surface domains, respectively***>. On the other
hand, a third peak on the hydrogen adsorption region (I < 0) at ca. -0.02 V arises assigned to

defective (110) planes following the same trend on the intensity shape as for peaks *°, Figure 2.9.
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Figure 2. 9 — Characteristics of a double layer charging area in a Pt cyclic voltammetry.

In this sense, a mathematical description of peak current and potential by means of
surface area will be presented. Polycrystalline platinum surface have a charge exchanged of 1 H
atom per platinum atom, which corresponds to 210 pC/cm® (mean value of the charge
contribution for the three single crystal surfaces). Thus, cyclic voltammetry can be used to
determine the electrochemical surface area of the Pt electrodes through the amount of charge
needed to remove a full hydrogen monolayer adsorbed on a Pt surface. The integration of current
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in the anodic scan (i < 0) gives the amount of hydrogen desorbed according to the following
reaction:
Hags H' + 1€ (Equation 2.8)

This charge also contains a contribution due to the double layer charging, which can
easily be subtracted as the double layer charging is the same as in the double layer region as
illustrated in Figure 2.9. Experimentally the charge involved for the hydrogen desorption
reaction is calculated using the following equation 2.9:

QHdes :j i(t)dt: %j I(E)dE (Equation 29)

where, Quges IS the charge corresponding to the integrated current i(t) for a duration t, which
corresponds to the integrated current in the potential range considered, i(E), divided by the

potential scan rate, v***°.

2.5.2. Chronoamperometry
This technique consists in applying a step potential to the working electrode and record

changes in current as a function of time, Figure 2.10.
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Figure 2. 10 — a) Potential vs time waveform and b) resulting current vs time response.

V1 is sufficiently negative with respect to V, so that the concentration of ethanol on the
electrode surface is null and the ionic transport in solution is ruled only by diffusion.

In chronoamperometry, the curves are distorted only at the beginning of the process
(t<1ms) corresponding to the charge of the double layer at the time of the imposition of the
potential. Afterwards, there is no more capacitive current and one can measure the Faradaic
current. Generally, chronoamperometry is very used to test the durability and stability of

electrocatalysts in Fuel Cells®.

2.5.2.1. Experimental details
Electrochemical measurements were carried out in a three-electrode cell by using an
Autolab potentiostat/galvanostat PGSTAT 302N equipped with the SCANGEN module. A
platinum wire and a Saturated Calomel Electrode (SCE) were used as counter and reference

electrodes, respectively. The working electrode is a glassy carbon disk electrode (Metrohm,
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Diameter=0.5cm; 0.196 cm® geometric area=r*(0.5cm/2)?=0.196 cm?) previously polished with
Al,Oj3 paste and washed in distilled water.

For the preparation of the catalyst ink using the nanoparticles obtained by Pechini
method, 0.0025g of catalyst was weighted and dispersed in an Eppendorf with 125uL of ethanol
and 25 uL of Nafion® solution. This ink was sonicated for around 30 minutes. An aliquot of 5 puL
was deposited on the surface of the glassy carbon electrode surface, and was allowed to dry in air
(room temperature) for 20 minutes. The mass of catalyst deposited on the Pt or PtCeO;
electrodes is 0.083 mg. The catalyst loading is then 0.4 mg/cm?.

For the preparation of the catalyst ink by Reduction method, an aliquot of 15 uL of
catalyst was taken from the stock solution and diluted with 125 uL of ethanol and 25 uL of 5
wt% Nafion® solution. This ink was sonicated for around 30 minutes, was and allowed to dry in
air (room temperature) for 20 minutes. The mass of catalyst deposited on the Pt or PtCeO,
electrodes is 0.0266 mg. The catalyst loading is then 0.1mg/cm?. For both methods the catalyst
loading is not the same and it is lower comparing with the literature (Table 1.1). However, this
difference allows a comparison between the results firstly obtained in powder technique (Pechini
method) with the ones secondly obtained in liquid solution (Reduction method) where the
nanoparticle size is very small. However as will be seen in the following chapters the results will
be normalized so that they can become comparable.

Finally, the cyclic voltammograms tests were recorded in a 0.5 moldm™ H,SO,
electrolyte solution previously purged with nitrogen for 20 minutes at two different scan rates:
first at 100 mVs™ and after at 50 mVs™. The potential range was between -0.2 to 1.2 \V and for
20 cycles. Subsequently, the ethanol oxidation was performed under the same conditions but in a

1.0 mol dm fuel with 0.5 mol dm™ H,SO, solution; the data from the 10th cycle is reported.
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For each catalyst, the electroactive surface area (ESA) was experimentally determined by
recording the CV in a No-saturated electrolyte at a scan rate of 50 mV s after 10 voltammetric
cycles performed between -0.2 VV and 1.2 V vs. SCE in order to clean the platinum surface from
remaining organic molecules coming from the synthesis and to obtain quasi-constant
voltammograms*’.

The chronoamperometry (current-time curves) tests were performed at a constant
potential of 0.6V, right after the cyclic voltammetric test and in the same 1.0 mol dm™ ethanol
solution / 0.5 mol dm™ H,SO, electrolyte. The chronoamperometric test time was 900 seconds

with a previous stabilization time of 30 seconds at a potential of -0.2V.

2.6. Proton Nuclear Magnetic Ressonance Spectroscopy ( "NMR)

The composition of the solutions from the chronoamperometric experiments carried out
with the catalysts prepared by the reduction method, were analyzed by "NMR. In nuclear
magnetic resonance (NMR) spectroscopy we measure the energy absorption by molecules that
have been placed in a strong magnetic field. Instruments known as nuclear magnetic resonance
spectrometers allow chemists to measure the absorption of energy by hydrogen-1 nuclei*®. This
technique provides a way to determine structural information with respect to *H- nuclei within a
molecule. Proton NMR spectra of most organic compounds are characterized by chemical shifts
in the range +14 to -4 ppm and by spin-spin coupling between protons. As can be seen there are
three different types of H atoms. The hydrogen (H) on the (OH) group is not coupling with any
other H atoms appearing as a singlet, but the CH3- and the -CH,- hydrogens are coupling with

each other, resulting in a triplet and quartet respectively (Figure 2.11). The integration curve for
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each proton reflects the abundance of the individual protons. Figure 2.11 shows an example of H

NMR spectrum for ethanol, CH;CH,OH.

1H NMR Spectrum of ethanol

CH3

CHz
e

] B T & . 4 3 2 1 a

Figure 2. 11 — Example of *H NMR spectrum of ethanol plotted as signal intensity vs.

chemical shift (&) in ppm®.

In a given molecule some hydrogen nuclei are in regions of greater electron density than
others, and as a result, the nuclei (protons) absorb energy at slightly different magnetic field
strengths. The signals for these protons consequently occur at different positions in the NMR
spectrum; they are said to have different chemical shifts. In our study of nuclear magnetic
resonance (NMR) spectroscopy, we focus our attention on the quantification since the relative
magnitudes of the signals (area of the signal) are proportional to the number of hydrogen atoms
causing the signal. Thus we compared the proportion of liquid products (acetaldehyde and acetic
acid) with respect to the reactant, ethanol. The ration of the integration areas was performed with
respect to the ethanol main peak corresponding to CH3 at 0.89 ppm. For this we previously know

that acetic acid acid appears at 1.78 ppm and acetaldehyde at 1.94 ppm, Figure 2.12.
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Figure 2. 12 — Example of the chemical shifts observed in this work for Pt (sample #1).

2.6.1. Experimental Details

An aliquot of the solution (500 uL) was taken every hour for a period of 5 hours, this
throughout all duration of the chronoamperometry. The overall volume of EtOH/H,SO, solution
was 55 mL. Each sample was prepared filling a 5 mm NMR tube with 500 pL of the aliquot and
50 uL of deuterated water as solvent (D,O, Fisher Scientific, Acros Organics, 99.8 atom%)
which was used to align the magnetic field of the spectrometer. The NMR experiments were
carried out in a 600 MHz - NMR- varian Inova (performed at UQAM). The integration areas and
product ration was performed by Dr. Arnold Alexander. In appendix A2 the 40 H-NMR spectra

for the collected samples are shown.
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3. Pt and PtCeO, nanoparticles (CeO, < 5 wt%) synthesized

by the Pechini method

3.1. Summary

Pt and PtCeO, nanoparticles (CeO; < 5 wt%) were synthesized by Pechini (sol-gel)
method. This approach is based on the in-situ polymerization (esterification) between a glycol
and a carboxylic acid. The Pechini method has a low environmental impact by minimizing the
use of volatile substances and through its polymeric gel network we can obtain a more
homogeneous composite system®™. Other advantage of the Pechini method comprises the degree
of flexibility on the preparation of the polymer network ratio. In this process, we increased the
distance between the Pt nuclei by dilution of the polymer network, avoiding the use of surfactant
agents. We diluted five and ten times more than in the original polymer network matrix*? in
order to understand how it impacts the Pt particle size and electrochemical activity.
Consequently, three series of Pt-CeO, catalysts with 0, 1 and 5 wt% CeO, were prepared and
tested for the ethanol electro-oxidation in acidic media. No carbon, or any other substrate, was
used to support the nanoparticles (NPs), in order to rule out any effect coming from the carbon
substrate. It was found that a 10 times diluted pure Pt has a positive impact on its electrochemical
activity although for the bimetallic catalysts the ceria effect overcame the dilution effect
according with the combined factors. In fact, the combination of the polyester dilution and the
presence of ceria may also converge to a reduction of the catalysts particle size under specific
conditions by preventing its agglomeration. The TEM images suggest that the dilution seemed to
strongly participate at reducing the aggregation, the particle size with consequently “mirroring-

type” morphology. By the other way, the ceria addition succeeded at producing smaller
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nanocomposites caused by a protective shell. Details on the enhanced catalysts activity are

justified by means of TEM, XRD, and XPS data. The electrochemical characterization of ethanol

oxidation includes cyclic voltammetry and chronoamperometry techniques.

3.2. Results and discussion

3.2.1. Physicochemical characterization

Figure 3.1 and 3.2 show the diffractograms of all samples prepared using the Pechini

method.
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Figure 3. 1 — X-Ray diffraction of pure Pt and nanocomposites samples synthesised by

the Pechini method for: a)-c) Platinum d)-f) PtCeO,-1wt% g)-i) PtCeO2-5wt% with zero, five

and ten times dilution.
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The characteristic peaks of platinum face centered cubic (fcc) phase (26=39.7° (111),
20=46.2° (200), 20=67.4° (220), 20=81.2° (311) and 20=85.7° (222); JCPDS#04-0802) are
present in all diffractograms of Figure 3.1. The characteristic peaks of CeO; structure (206= 33°
(200), 26= 47.5° (220), 26=56.3° (311), 26= 60° (222) and 26= 69.4° (400); JCPDS#034-0394)

are present in all diffractograms of Figure 3.2.
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Figure 3. 2 — (a) to (c) X-ray diffraction patterns of CeO, nanoparticles synthesised by
the polymeric precursor method with 1 x, 5 x and 10 x dilution of the cerium precursors in the

polyesther gel.

The corresponding lattice parameter values, calculated for each 26 value, are practically
constant and equal to 3.91 A, for all samples, which is typical of the fcc Pt structure. For the 1
and 5 wt% ceria catalysts it was not possible to observe any of the diffraction peaks related to
CeO; (JCPDS 34-0394), most probably due to the very low ceria concentration. As for pure
platinum, all catalysts show relatively high peak intensity, independent on the dilution factor.
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The transmission electron microscopy (TEM) was carried out on the prepared samples
and selected images are reported in Figure 3.3. The images used for the measured of the particle

size shown in the appendix A3.

CeOAWt% 10

1 ) 30
Diameter (nm)

g) PtCeO,-5wt%-1x

1200

Figure 3. 3—a) - i) TEM images of Pt (a) to (c), Pt-CeO2 1wt% (d) to (f) and Pt-Ce025
wt% (g) to (i) nanoparticles. The statistics for the particle size distribution was done counting

100 particles on images with a 20 nm scale.
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As shown in Figure 3.3, Pt 1 x sample is formed by nanoparticles with sizes > 40 nm
agglomerated in large clusters. As expected, the samples obtained from the diluted Pt precursor
in the polyester polymeric network (Pt 5 x and 10 x) are formed by smaller (sizes < 40 nm) and
less agglomerated nanoparticles. In these cases, the presence of partially burned carbon residues
could also inhibit the grain growth. The mean particle size decreases from approximately 42 nm
for the sample 1 x, to 23.1+7.9 and 18.2+4.1 nm for 5 x and 10 x samples, respectively. It is
interesting to note that Pt 10 x shows a “mirroring-type” of growth where the planes are seeded
together out of the plane (see inset in Figure 3.3.c). The presence of CeO,, even in very small
amounts, also promotes the decrease of the size and the deaglomeration of the Pt nanoparticles as
evidenced in Figures 3.3.d and 3.3.g. Individual Pt NPs with ca. 20 nm and 12 nm sizes can now
be easily identified in samples Pt-CeO, 1 x with 1 and 5 wt% CeO, respectively. These Pt NPs
are dispersed in a CeO; “matrix”. However, the dilution of the Pt and Ce precursors in polyester
polymer matrix revealed to be the most effective way to obtain samples mostly composed of well
dispersed and small Pt NP. A strong particle size decrease is indeed observed from 19.6+4.7 nm
for Pt-CeO,-1wt% to 4.3+0.7 nm and 6.5+1.9 nm for the 5 x and 10 x dilutions, respectively
(Figures 3.3.d and Figure 3.3.e). Samples PtCeO,-5 wt%-5 x and 10 x are composed by Pt NPs
with sizes slightly higher and with a broader size distribution than in Pt-CeO, -1 wt% - 5 x and
10 x (Figures 3.3.g). Because the PtCeO,-1wt%-10x also shows some particles with the
“mirroring-type” of growth, this phenomenon seems to be caused by a dilution effect on Pt
nanoparticles and not due to ceria since the mirroring is no longer visible in Pt-CeO,-5 wt% -
10x.

Synthesis of CeO, powders from gels with 1 x, 5 x and 10 x dilutions, revealed the
formation of NPs with average particle sizes between 6 and 8 nm, Figure 3.4. Ceria is an
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oxidizing agent known to aid the combustion process lowering the temperature of oxidation of

carbon®. Thus, the in-situ grown CeO, may accelerate locally the calcination process and

facilitate the formation of smaller Pt nuclei®.
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Figure 3. 4 —j) - I) TEM characterization for CeO, produced by Pechini method with and

without polymeric dilution. The average particle size of CeO, is between 6 and 8 nm.

X-ray photoelectron spectroscopy (XPS) is a technique that probes the surface
composition and changes in an atom’s core level structure, and was used to investigate catalysts.
Figure 3.5 a)-i) show the Pt 4f high resolution spectra for all Pt and Pt-CeO, catalysts under
investigation. The two doublets of Pt 4f, namely Pt4f;, and Pt4fs, (Figure 3.5), represent the two

degenerated states of Pt separated by 3.33 eV and with an intensity ratio Pt4f;,:Pt4fs;,=4/3
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(Table A2.1). The Pt 4f;, peak around 71 eV corresponds to zero-valent Pt°, while the very low
intensity peak at higher binding energy i.e. 72.4 eV is assigned to Pt** ionized state for the same

degeneracy®.

82 80 78 76 74 72 70 68 82 80 78 76 74 72 70 68 82 80 78 76 74 72 70 68
T T TR 4f;/2 T T T T 4f7/2 T

4f5/2i j 4f7/i ~ L s/zi i i
c) PtTIOX ‘ ‘ ‘ ‘ ‘ [f) Pt(‘:eoz-‘lwt‘%‘:—le‘ ‘ 1 i) PtCeO,-5wt%-10x & -
[b)Pt5x L le) PtCeO,-1wt%-5x ‘ l - h) PtCeO,-5wt%-5x A ,

A

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

R [ PCeOIw ] (9 PtCeO 5w ]
82 80 78 76 74 72 70 68 82 8 78 76 74 72 70 68 82 80 78 76 74 72 70 68
B.E. Pt 4f (eV) B.E. Pt4f (eV) B.E. Pt4f (eV)

Figure 3. 5 — High resolution ceria spectra for Pt 4f with applied dilutions a)-c) and for Pt

4f in PtCeO,-1wt% electrocatalysts d)-f) and for CeO; in PtCeO,-5wt% g)-i).

It is long known that a transition metal nanoparticle as Pt, exhibit binding energy
variations not only with its particle size but also with the chemical composition’. As observed in
Figure 3.6 all three series show a negative shift of Pt4f;, binding energy with the addition of
ceria. Initial state effects caused a strong interaction between Pt and Ce is the most probable

explanation.
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Figure 3. 6 — Binding energy of Pt 4f;;, as function of Pt nanoparticles’ average particle
size. The ceria wt% and of the dilution of the Pt and Ce precursors in the polyester gel are

indicated in the figure.

The effect of dilution seems to produce an opposite trend with respect to that of ceria, and
positive shifts are observed in the values of the binding energy of Pt 4f;,,. This shift is especially
relevant for pure platinum 1x and 5x (0.6 eV positive shift) where the largest variation of
particle size is observed, thus it could be related to a particle size effect by means of relaxation or
core hole screening®°. A e%/2r relationship between the binding energy and particle radius (e is
the electron charge=1.60217662 x 10™° C) has been established™®. However, this effect is more
pronounced on nanoparticles with diameters below 5 nm*. Thus, the positive shift may be
related to a different structural arrangement of the Pt atoms on the particles’ surface®.

The Ce 3d core level spectra recorded for the PtCeO, composites and for pure CeO, (used
as a reference to better understand the interaction between Pt-CeO, interaction) are shown in
(Figure 3.7 a)-i). The spectra include two main cerium-rich bands that correspond to the 3ds/, and
3dss, spin-orbit states. Moreover, the presence of mixed oxidation states results in a complex Ce

3d spectrum although Ce (I1l) can be differentiated from Ce (IV) due to different line shapes
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12,13

. Namely, v,/vy” and ui/u;’ doublets, separated by 18.6 eV, are assigned to primary

photoemission from Ce (1V) and Ce (111), respectively **. The va/v,’ corresponds to 3d°4f°02p°

and uy/u;’ corresponds to the 3d°4f02p° final states of Ce (V) and Ce(lll), respectively. The

Vo/Vo’ and vi/vi® doublets are shake-down features resulting from the transfer of one or two

electrons from a filled O 2p orbital to an empty Ce 4f orbital during the Ce (IV) photoemission.

These processes are referred as vo/vo’ Ce(IV) 3d°4f°02p*and vi/vi’ Ce(IV) 3d°4f'02p 1.
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Figure 3. 7 — High-resolution spectra of Ce 3d with 0x, 5x and 10x dilutions for pure

The several parameters that we can obtain from XPS data analysis are shown in Figure

75



882.5

c)

\ ]

N

882.4

E. (v,)/eV

: 882.2

oM
882.0
15 b)
12 + 8

Ce(lll) / %
(o]

3.6
.30
24
818} , ix

1.2 A --®-5x A

T T A
06f g 1ox

1 wt% 5 wt% CeO2

T
QD
N

1

Figure 3. 8 — Binding energy associated to a) ul Ce (I11) and b) vo (Ce(IV)) main peaks
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The surface Ce/Pt atomic ratio was calculated using the at% obtained from the area under
the peaks indicated in equation 3.1:

Ce  vo+u;+v;+v,+v5+us+vi+1;
Pt (Pt4f)7,

x 100 (Equation 3.1)

As shown in Figure 3.8 a) the surface Ce/Pt atomic ratio is higher than the nominal
values of 0.01 (PtCeO, 1wt%) and 0.06 (PtCeO, 5wt%). This is consistent with the TEM images
presented in Figure 1 that show the Pt NPs covered by CeO, NPs. As expected, the catalysts with
higher amount of ceria, i.e. with 5wt% show the highest Ce/Pt ratio. The composites from series

1 x have the lowest Ce/Pt ratio and, as expected from TEM analysis, this ratio increases with the
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decrease of Pt’s average particle size and better dispersion of the Pt NPs within CeO, matrix.
XPS analysis also revealed that most of the surface cerium species are present as Ce (1V), Figure
3.8 b), which is consistent with the relatively high temperature used in the synthesis (400 °C) and
small particle size of the CeO, nanoparticles™.

The %Ce (111), was determined using the at% obtained from the area under the peaks
indicated in equation 3.2 **:

111 1+u1 :
_Cdh o100 = : ut +u % 100 Equation 3.2)
Ce(IID+Ce(IV) Uy +HUg +Vg V1 H0,+05+V1 U,

%Ce(Ill) =

As shown in Figure 3.8 b), the %Ce (111) is lower in the Pt-CeO2 composites (between 4
and 10%) compared to pure CeO, (between 15 and 21%). Also, peak VO is shifted to higher
binding energy values in the composites with respect to pure CeO2, Figure 3.8 c). As already
mentioned, a strong interaction between Pt and CeO, explains a more positively charged cerium
in the nano-composites than in pure ceria. Interestingly, the effect of the Pt particle size
(expressed in the figure as dilution of the metal precursors in the polymer precursor matrix) is

more marked for the Pt-CeO,-1wt% catalysts.

3.2.2. Electrochemical characterization
The electrochemical characterization of the catalysts was performed by cyclic
voltammetry in 0.5 M H,SO,. The typical cyclic voltammogram of polycrystalline Pt was
recorded for all catalysts, Figure 3.9. The formation of surface platinum oxides is evidenced at
potentials above 0.5 V vs SCE, and their reduction in the 0.3 to 0.7 V vs SCE potential window.
In the hydrogen adsorption / desorption region three peaks centered at ca. -0.13 V, ca. -0.01 V

and at ca. -0.02 V vs SCE assigned to (110), (100) step and (100) terrace-flat planes'’™®, are
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clearly visible. The electrochemical surface area (ESA) values determined from the H-desorption

features of the cyclic voltammograms (CV) are reported in Table 3.1.

Table 3. 1 — Electrochemical surface area (ESA) derived from the H-desorption region of

the cyclic voltammograms presented in Figure 3.9.

Catalyst ESA x 10/ m?
Pt-1x 0.40
Pt-5x 1.46
Pt - 10 x 3.62

Pt-CeO, 1 Wt%- 1 x 1.43
Pt-CeO, 1 Wt% - 5 x 1.17
Pt-CeO, 1 Wt% - 10 x 1.57
Pt-CeO, 5 Wt% - 1 x 0.25
Pt-CeO, 5 Wt% - 5 x 0.42
Pt-CeO, 5 Wt% - 10 x 1.23

The current intensity increased from pure Pt 1 x to Pt 10 x in accordance to the decrease
of the size of the Pt NPs, as observed in Figure 3.3. A similar effect, but in a lower extent is
observed for the Pt-CeO, electrodes. In fact, the addition of ceria decreases the current intensity

as the result of the coverage of the surface of the Pt NPs by the oxide, Figures 3.9 b) and c).
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Figure 3. 9 — Cyclic voltammograms in the 0.5M H,SO, electrolyte at 50mVs™ for a)
pure Pt, b) PtCeO,-1% and c) PtCeO,-5% composites prepared with 1 x (green), 5 x (red) and 10
x (black) dilution in the precursor polyester gel. The current is normalized to Pt’s

electrochemical surface area.

3.2.1. Ethanol oxidation

The anodic scans for the ethanol electro-oxidation reaction in H,SO, electrolyte are

presented in Figure 3.10 and the complete cyclic voltammograms are reported in appendix A5.
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Figure 3. 10 — Cyclic voltammograms recorded in 1 M ethanol in 0.5 M H,SO4
electrolyte at 50 mV.s-1 for (a) Pt, (b) Pt-CeO, 1wt% and (c) Pt-CeO, 5wt% composites
prepared from 1 x (black), 5 x (red) and 10 x (blue) dilution in the precursor polyester gel. The
current is normalized to Pt’s electrochemical surface area.

In Figure 3.10, the current was normalized to Pt’s ESA of the corresponding catalyst. All
the voltammetric features are typical of the ethanol electro-oxidation reaction catalyzed by Pt%.
The adsorption of ethanol on the surface of the catalysts starts at around 0.2V vs SCE, and it is
followed by its oxidation to CO, from CO,qs at ca. 0.65 V vs SCE. Overall, and as expected,
higher ethanol current densities were measured for catalysts with higher electrochemical surface

area. But, interestingly, there are two singular points. First, Pt 10 x shows a remarkably higher
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current with respect to the Pt 1 x and Pt 5 x. Second, Pt-CeO, 1wt% - 1 x shows the highest
current density for the Pt-CeO; series.

The trends observed in the cyclic voltammograms were confirmed by
chronoamperometry, Figure 3.11. The currents at 900 s normalized to Pt’s electrochemical

surface area are shown in Figure 3.12.
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Figure 3. 11 — Chronoamperometric measurements recorded at 0.6 V vs SCE in 1 M
ethanol in 0.5 M H,SO, electrolyte for (a) pure Pt, (b) Pt-CeO, 1 wt% and (c) Pt-CeO, 5 wt%
composites prepared from 1 x, 5 x and 10 x dilution in the precursor polyesther gel. The current

is normalized to Pt’s electrochemical surface area.
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Figure 3. 12 — Current density normalized to the Pt’s electrochemical surface area for the
Pt, Pt-CeO, 1 and 5 wt% composites prepared from 1x, 5 x and 10 x dilution in the precursor
polyesther gel. The current values were taken at the end (t=900 s) of the chronoamperometric

measurements recorded at 0.6 V vs SCE in 1 M ethanol in 0.5 M H,SO.,.

For the 1 x series catalysts, the current density increased substantially with the addition
of ceria to Pt. This increase corresponds to~20 times for Pt-CeO, 1wt% and to~10 times Pt-CeO,
5wt% compared to bare Pt. For the 5 x series a different trend was observed, the current
increased 3 times upon the addition of 1 wt% of ceria to Pt and 2 times with the addition of 5
wt% of ceria to Pt. Finally, for the 10 x dilution a different trend was observed and pure Pt
shows the highest catalytic activity toward the ethanol oxidation; in fact, the addition of ceria
decreases the current density of about 2 times for Pt-CeO, 1 wt% and to 3 times for Pt-CeO, 5

wt%. Still, Pt-CeO, 1wt% always shows a higher current density than that of Pt-CeO, 5wt%.
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Moreover, comparing Pt 10 x and Pt-CeO, 1wt% 1x which are composed of Pt NPs of similar
size, the electrocatalytic activity of the later is 1.3 x higher than that of the former. Differences in
the size and agglomeration of the Pt NPs, and the absence of carbon support can justify the lower
current densities observed in this work compared to those reported in the literature. The size of

21,22

these Pt NIPs is well above 3 nm, the optimal Pt particle size for ethanol oxidation®>“*, and above

the size of the Pt NPs in the Pt/CeO,/C composite catalysts discussed in the Introduction section
(typically 5 nm)*®%2,

According to these results, few wt% of CeO, are sufficient to enhance the electrocatalytic
activity of Pt NPs for ethanol oxidation. However, this enhancement is more meaningful on
samples containing Pt NPs with larger particle sizes (e.g. 20 nm as in Pt-CeO2 1 wt% 1 x). XPS
analysis, Figure 3.6, revealed negative shifts of Pt 4f peaks with the addition of CeO, and thus,
an evidence of an electronic effect between Pt and Ce. A negative shift of the Pt 4f binding
energy usually reflects a downshift shift of the Pt 4f d-band center position with respect to the

Fermi level®®

, Which can explain the higher electrocatalytic activity of the Pt-CeO, 1 wt%
catalysts. According to Norskov et al.”” when the d-band center is shifted upwards in energy
scale, new antibond states above the Fermi level are formed. As consequence, the adsorbate-
metal interaction is stronger and the electrocatalytic activity related to the catalyst is lower. XPS
analysis, Figure 3.8, also revealed that the ceria in these Pt-CeO, composites is more oxidized

than in pure CeO,. As previously reported by Anderson et al.?

the more oxidized is CeO;
(higher Ce(1V)/Ce(l11) ratio), the higher the catalytic activity of Pt for both methanol and ethanol
oxidation in acid medium. These positive effects are however hindered by a high coverage of the

Pt nanoparticles surface by CeO, which results in the decrease of active sites. This is the case of
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the samples with 5 wt% of CeO; or with smaller Pt NPs (higher dilution of the metal precursors

in the polyester matrix).

3.3. Conclusions

Pt NPs without and decorated with CeO, (1 and 5 wt% with respect to Pt) and with
average Pt particle sizes ranging from 40 nm down to 4 nm, were prepared by the Pechini
method and their electrocatlytic activity for ethanol electro-oxidation in acid medium
investigated. It was found that 1 wt% of CeO, can remarkably enhance the activity of 20 nm Pt
NPs. This enhancement is due to a strong electronic interaction between Pt and CeO, as shown
by XPS analysis. Overall, the addition of very small amounts of CeO, to Pt resulted in negative
shift of Pt’s binding energy and a more oxidized CeO,. These imply, respectively, a weaker
interaction between Pt and CO.qs—like species and put in evidence the importance of Ce(1V) ions

in the oxidative removal of these poisoning species.
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4. Electro-oxidation of ethanol with Pt and PtCeO, prepared

by the Reduction Method

4.1. Summary

As seen in the previous chapter, the Pechini method is very versatile offering a
combination of parameters to play with and allowing the preparation of Pt particles of different
sizes. Moreover, it can produce homogeneous composite catalysts with high catalytic activity,
and formed by a very small amount of one phase (CeO,) dispersed on a second one (Pt), such as
Pt-CeO, 1wt%. However, the control over the size of Pt NP is limited by the heating process,
which sinters the nanoparticles leading to their growth. Alternatively, a more straightforward
method such as a reduction method using NaBH, can be used to obtain Pt NPs in the range of 2-
3 nm, which is the optimum Pt particle size for the ethanol oxidation. The chemical reduction
method is a low temperature technique allowing the production of large amounts of
nanoparticles, with relatively narrow size distribution®. Moreover, the synthesis of Pt-CeO, NPs
using a second method allowed us to confirm the positive effect found before in Chapter 3 for
1wt% CeO, on Pt particles of smaller size.

Because in solution techniques, the particles may diffuse, attach to the surface of other
particles and grow, we used a stabilizing agent to try to further limit the growth of the
nanoparticles. In the present case we used sodium citrate, and the physicochemical and
electrotacalytic properties of the Pt and Pt-CeO, particles are compared with those of pristine
citrate-free nanoparticles. For the study of the electrocatalytic properties, the catalysts were

characterized by cyclic voltammetry (with and without ethanol) and by chronoamperometry in
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the presence of ethanol. The main liquid products oxidation, i.e. acetaldehyde and acetic acid,

were subsequently analyzed by "NMR.

4.2. Physicochemical characterization of the PtCeO, nanoparticles

Figure 4.1 shows the diffractograms of Pt and Pt-CeO, samples prepared by the reduction
method in the presence and absence of citrates. All diffraction peaks are indexed to a face
centered cubic (fcc) phase of platinum (JCPDS#04-0802) with the main peaks at 26=39.7 (111),
20=46.2 (200), 20=67.5 (220), 206=81.3 (311) and 20=85.7° (222). The lattice parameter
calculated using each diffraction angle is practically constant and equal to 3.91 A for all samples
and close to lattice parameter as bulk Pt (3.92 A)%. No diffraction peaks related to the CeO,
phase are observed even for the highest concentration of CeO, (5 wt%), meaning that probably
ceria is amorphous as its temperature of crystallization is around 400-460°C*°. For comparison,
the XRD of ceria produced by reduction method (black) at room temperature and crystallized
ceria produced by the Pechini method at 400 °C (blue) are shown in appendix A7. Ceria
produced by reduction method at room temperature is amorphous and the result is an x-ray
scattering curve showing nothing more than one broad maxima (black line) in appendix A7. On
the contrary, an imposed temperature treatment at 400 °C leads to a periodical structure
arrangement, nucleation and grain growth resulting in a yellow crystalline powder with fcc
structure (blue line)®.

The same amount of sample (15 pL) was used in all cases to compare the samples
intensity. Pure platinum synthesized without citrate has the highest peak intensity to hich a more
crystalline structure is associated. The addition of ceria decreases the peaks intensity, thus

following the order : Pt > PtCeO,-1wt% > PtCeO,-5wt%. In the presence of citrate, a similar
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trend was observed: Pt (cit) > PtCeO,-1wt% (cit) > PtCeO,-5wt% (cit). In addition, all the
catalysts with citrate show lower peak intensities than those citrate-free. In this sense other
authors have already suggested a decrease inintensity associated with some residual stabilizer

agent in this case, organic citrate.’.
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Figure 4. 1 — X-Ray diffractograms of the synthesized Pt-CeQ, catalysts and analysis of

the (111) and (220) peaks with no citrate a), ¢) and with citrate b), d).

The particles’ morphology and particle size distribution were assessed by TEM and

representative images of the nanoparticles are shown in Figure 4.2. The statistics for particle size
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distribution was done from 20 nm scale images having approximately a distribution of 100
particles (Appendix A4). Pure platinum shows a mean particle size of 5.9 = 1.3 nm which agrees
well with the literature value of 5.0 + 1.3 nm for Pt/C produced by the reduction method?®,
whereas the nanocomposites show an average particle size of 3.2 £ 0.6 nm for Pt-CeO, 1wt%
and 3.3 £ 0.7 nm for Pt-CeO, 5wt%, Figure 4.2 (a), (c) and (e). The nanoparticles prepared in the
presence of citrate also showed a decrease in the particle size from 3.7 = 0.9 nm for pure Pt to
2.3 £ 0.5 nm for PtCeO, 1wt% and 2.2 = 0.5 nm for PtCeO, 5wt%, Figure 4.2 (b), (d) and (f).

As for the Pechini method, these results show that very small amounts of ceria are
effective in decreasing the particle size of Pt nanoparticles. Some authors have shown that ceria
could also stabilize ionic species of platinum. This has been attributed to the interaction between
these two species such as 0% -Ce**-0? -Pt™ -O% with n=2 or 4, which explains the strong ceria
and platinum interactions®.

Overall, the nanoparticles synthesized with citrate are slightly more homogeneous in
terms of size distribution (relatively narrower histograms) than those prepared in the absence of
citrate. Due to the amorphous character of ceria, one cannot distinguish it from Pt, so we
performed EDX analysis on both PtCeO, (with 1 and 5 wt% of CeO,) to confirm the
composition, Figure 4.2 ¢) and e). Later on, we will show how such changes with respect to the

size morphology and structure will influence the catalytic activity.
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h) Ceria-cit

Figure 4. 2 — TEM micrographs of Pt (a, b), Pt-CeO, 1 wt% (c, d) EDX analysis in inset,
Pt-CeO, 5wt% with EDX analysis in inset (e, f) and (g, h) pure ceria prepared in the absence (left

column) and presence (right column) of citrate.

[e0)

o
[0}
o

a) Pt b) Pt cit

o

Q
o
Q

)
Q

Distribution (%)
IS
o

N)
Q

Distribution (%)
N
o

0.
0 012345678910
012345678 910 ]

Diameter (nm) Diameter (nm)

[ee]

o
(e
o

c) PtCeO, - 1wt% d) PtCeO, 1wt% - cit

o

o
o
Q

N
Q@

Distribution (%)
N
o
Distribution (%)
5

N
o

O_ 0- ——— — —
012345678910 012345678910
Diameter (nm) Diameter (nm)

93



o

o
o
o

e) PtCeO, - 5wt% f) PtCeO, - 5wt% - cit

Distribution (%)
S (@]

‘ .2
Distribution (%)
RN
o

N
o

(o2}
o

N
o

OA ’ . T . - T
0‘ |

012345678910 012D3}ar?1et5er%nrz1)8910
Diameter (nm)

Figure 4. 3 — Statistics for particle size distribution from 20 nm scale images having
approximately a distribution of 100 particles for Pt (a, b), Pt-CeO, 1 wt% (c, d), Pt-CeO, 5wt%

(e, T) prepared in the presence (left column) and absence (right column) of citrates.

Similarly to the previous chapter, all catalysts were analysed by XPS, and Figure 4.4,
shows the Pt 4f high resolution spectra. The spectra contain two distinct peaks assigned to Pt
417, and Pt4s),, separated by 3.33 eV, (Table A 2.2). Each peak was deconvoluted considering
two different oxidation states: Pt (0) and Pt (I1). The Pt 4f;, peak around 71 eV corresponds to
zero-valent Pt, while the peaks around 72-73 eV could be assigned to Pt (1) ionized state®. The
Pt (I1) peak areas are slightly higher on catalysts prepared without citrate, but the difference is
not significant.

The Pt 4f peaks of the catalysts produced by the reduction method appear at binding
energy values 1 eV higher than those observed for Pt 4f peaks of all samples prepared with the
Pechini method (see figure 3.5). This could be related with the sample preparation which was
different in the two cases. The powders obtained by the Pechini method were put in direct
contact with the Cu tape (section 2.5.3). In the present case, a small volume of the suspension
containing the NPs was drop casted on a glass surace (section 2.5.3). Some residual differential
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charge across the glass surface which is an isolating material might have not been compensated

in spite of use of a ground connection to conduct the excess of charge.

82 80 78 76 74 72 70 68 82 80 78 76 74 72 70 68
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Figure 4. 4 — Core level spectra of Pt 4f for PtCeO, 1 and 5 wt% in the absence (a, b, c),

and in presence of citrate (e, f, g).

It is well known that transition metal nanoparticles exhibit binding energy variations by
means of core level shifts because of two main contributions: initial state effect and final state
effects'® as was explained in more detail in section 2.5.2. Briefly, the former contribution is
related to the evolution of the chemical and electronic structure of the metal. The latter is related
to the screening of the photoemission core hole which depends strongly on the size and shape,
and on the nature of the substrate’. Thus, to better understand the effect of ceria and of the
particle size on the Platinum binding energy core level shifts, these were correlated and the

results presented in Figure 4. 5 a)-b).
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Figure 4. 5 — a) Binding energy (B.E.) of the component (Pt 4f;;;) of all catalysts as a
function of (a) ceria’s amount; (b) Pt’s average particle size for the samples with citrate and

citrate-free.

The addition of 1 wt% of CeO; to Pt shifts the Pt4f;, B.E. to higher values: from 71.6 eV
to 71.8 eV for samples prepared with no citrate, and from 71.4 eV to 71.9 eV for the series
prepared in the presence of citrate Further addition of 5 wt% CeO, contributes to the B.E.
decrease to 71.7 and 71.8 eV for the samples prepared without and with citrates respectively. It is
interesting to note that Pt-CeO,-1wt% presents a maximal value of B.E.. Figure 4.5 a). This was
also observed previously with the nanocomposites prepared by the Pechini method (Figure 3.6).

As shown in figure 4.5 b), the B.E. values decrease as the average size of the Pt NPs
increases. This inverse relationship between the particle size and the B.E. is even more
pronounced when considering the catalysts prepared in the presence of citrates, since these
nanoparticles are the smallest of all: from Pt-cit to PtCeO,-1wt%-cit and PtCeO,-5wt%-cit the
particle size decreased from 3.6 £0.9t0 2.3 £ 0.4 nm and 2.2 = 0.4 nm, but the B.E. increased 0.5

eV and 0.4 eV respectively. It can be concluded that in the case of the catalysts prepared by the
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reductor method, the effect of the particle size on the values of the B.E. prevails over a possible
electronic effect due to a strong interaction between ceria and Pt as observed for samples
prepared by the Pechini method (Figure 3.6: a clear negative B.E. shift with the amount of ceria
and decrease of particle size was verified for all catalysts). It is reported that the size effect more
notorious for Reduction method, is more pronounced on nanoparticles with diameters below 5
nm which is the case™®. A detailed comparison of the shifts in the binding energy values and
electrocatalytic activity of all catalysts investigated in this thesis is presented at the end of
Chapter 5.

The high resolution Ce 3d spectra are shown in Figure 4.6. The spectra of pure CeO,
prepared under similar conditions are also shown as reference. In spite of the very small amount
of ceria in the composites, Figure 4.6 shows well-defined peaks that can be attributed to both Ce

(1V) and Ce (I11) species.
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Figure 4. 6 — Ce 3d core level spectra of Pt and PtCeO; 1 and 5wt% in the absence (a, b,

c), and in presence of citrate (e, f, 9).

As explained in the previous chapter, the peaks labeled Vo and Vy’ represent the 3ds/, and
3d3, ionizations of cerium in the oxidation state (I\V). This assignment implies a 3d multiplet
splitting (Vo, Vo’) of 18.7 eV. The contribution of Ce (III) is represented by u; and u;’. The Ce
3d spectrum also shows two additional sets of weaker peaks (V1, V1’ and V;, V,’). Comparison
between Figure 4.6 a) - ¢) and d) - f) reveals that the relative intensity of peak u; with respect to
Vo is higher for the series prepared with citrate. This is especially pronounced in the case of
CeO,-cit and PtCeO,-1wt%-cit, meaning that these samples have a higher % Ce (lll) with
respect to CeO, and Pr-CeO,-1wt%.

Figure 4.8 shows the different information that can be extracted from the Ce 3d XPS data

analysis. Firstly, we analyze a) Ce/Pt ratio, b) secondly, the relative peak areas of Ce(l11)/Ce(IV),
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and finally c) the shift in binding energies of the Vo main peak of Ce(IV) respectively, Figure 4.7
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Figure 4. 7 — a) (Ce/Pt) at% ratio b) Ce (1) at % surface ratio c) B.E. of component (Vo)

from Ce (1V) 3ds;, for the citrate and citrate-free samples.

The Ce/Pt atomic ratio was calculated from the area under the peaks using equation 3.1
presented in Chapter 3. As shown in Figure 4.7 a), the Ce/Pt ratios are larger than the
corresponding nominal atomic ratios, that is, above 0.01 and 0.06 for both 1 and 5 wt% CeO,,
respectively. The catalysts with 5 wt % of ceria have a slightly higher Ce/Pt surface ratio than the
ones with 1 wt% of ceria although the difference is not very significant. Comparatively the Ce/Pt

ratio obtained in Figure 4.7 a) is lower than the obtained for the Pechini method, Figure3.8 a).
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The percentage of Ce (I11), Figure 4.8 b) can be estimated by XPS data using equation 3.2
from Chapter 3. As shown in Figure 4.8 b), ca. 17% of cerium is present with oxidation state
(1), for Pt with 1 and 5 wt% of CeO,, whereas the % Ce (I11) on pure ceria is 24%. For the
samples prepared in the presence of citrate, the % Ce (l11) decreases from 28 to 19% in the
nanocomposites with 1 an 5wt% of ceria and increasing to 38% for pure ceria. In fact, the
nanocomposite’s % Ce (III) is higher for the reduction method than for Pechini method.

The analysis of the B.E. values of the Ce (IV) 3ds, well-defined peak V, centered at
around 882.6 eV is shown respectively in Figure 4.8 c). The position of this peak is shifted to
higher binding energy values in the composites with respect to pure CeO,. It is important to
remember at this point that an opposite shift is observed for Pechini method, Figure 3.8 ¢) where
a negative shift toward pure ceria was observed and it suggested a strong interaction between Pt
and ceria by means of initial state effects. For the reduction method other factors like the smaller
size of the nanoparticles, may promote final state effects to those related with initial state effects

already observed for Pechini method.

4.3. Electrochemical characterization

Figure 4.9 displays the cyclic voltammograms recorded in 0.5 M H,SO, electrolyte for all
prepared catalysts, (a) citrate-free and (b) with citrate. The peaks centered between — 0.1 and —
0.05 V in the forward scan are assigned to hydrogen desorption and they are followed by Pt
oxidation between 0.6 and 0.9 V. In the reverse scan, the reduction of PtOy to Pt occurs between
0.7 and 0.5 V, followed by hydrogen adsorption peaks at around 0.05 and -0.1V from which the
catalyst electrochemical surface area can be estimated™*°. The Pt-CeO, catalysts show lower

current than pure Pt, and the current decreases with increasing CeO, content; this occurs

100



regardless of the presence of citrate during the synthesis, and is explained by the increase in the
coverage of the surface of Pt NPs as ceria is added. Similar trend was found for the catalysts

prepared by the Pechini method.
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Figure 4. 8 — Cyclic Voltammetry curves for Pt, PtCeO,-1%, PtCe0,-5% prepared (a)

without and (b) with citrate.

Thus, pure platinum shows an ESA of 32.9 m?%g and when ceria is added this value
decreases to 17.5 for 1 wt% CeO, and to 9.1 m?/g for 5 wt% CeO,. In the presence of citrate,
similar trend is observed for which pure Pt shows an ESA of 29.2 m?/g that decreases to 20.2 and
10.5 m%/g for the nanocomposites with 1 and 5wt% of ceria, respectively. Thus, no meaningful

difference in terms of ESA is observed between the series prepared with and without citrate.
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The forward scan for the ethanol oxidation reaction in H,SO;, is illustrated in Figure 4.9
(a) without citrate and (b) with citrates. Ethanol starts to adsorb on the surface of the catalysts at
around 0.4-0.6 V vs. SCE, and its oxidation to products such as acetaldehyde occurs at around
0.65-0.67 V vs SCE *°. Acetaldeyhde is an interesting by-product since it can be further oxidized

to produce CO; or acetic acid.
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Figure 4. 9 — Forward scans of the currents for all catalysts (a) as prepared without
citrate and (b) with citrate in EtOH/H,SO, Full scans are shown in appendix A6.
As can be seen in Figure 4.9 a) the Pt nanocomposites with 1 and 5 wt% of ceria have

their peaks for ethanol oxidation shifted from 0.9V (for pure Pt) to 0.76 and to 0.72 V,
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respectively. Similar shifts are observed for the catalysts prepared in the presence of citrate: from
0.93V for Pt-cit to 0.75 and 0.73V for PtCeO2 1 wt% cit and 5 wt% cit, respectively.
Independently of the presence of citrate, the nanocomposites with 5 wt% of ceria show
remarkably lower peak potential for the ethanol oxidation than platinum. This contrasts with the
previous chapter (Pechini method) where no major shifts in the peak potential were observed in
the nanocomposites.

The positive effect of the addition of CeO, to Pt on the ethanol oxidation was confirmed
by chronoamperometry at 0.6 V as illustrated in Figures 4.10 a) and b). The current values at the
end of 900 s normalized to the electrochemical surface area for the batch synthesized without

and with citrate are reported in Figures 4.10 c) and d) respectively.
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Figure 4. 10 — Chronoamperometric measurements at 0.6 V vs SCE for the catalysts
prepared (a) without and (b) with citrates. Current density at 900 s normalized to the ESA for c)

citrate-free and d) with citrate batch.

Figure 4.10 a)-b) shows the current vs. time response generated in a chronoamperometric
experiment. As 1 wt% of ceria is added to Pt, the current density at 900s increases from 1 to 2.8
Am? (about 280%), and when 5 wt% of ceria is added it increases from 1 to 4 Am? (about
400%), Figure 4.10 a) and c). In addition, the current value after 350 s is fairly constant in the
case of PtCeO,-1wt% (less for PtCeO,-5wt%) when compared with pure Pt which shows a
strong current decay. It can be concluded that the catalysts with ceria have a higher resistance to
poisoning than Pt. As 1 wt% of ceria is added to Pt synthesized in the presence of citrate, the
current density at 900s increases from 1.4 to 2.7 mAcm™ (about 192 %) and when 5 wt% of ceria
is added to Pt, it increases from 1.4 to 1.7 mAcm (about 121%), with respect to Pt. In addition,
the current value after 230 s starts to slowly decay in the case of PtCeO,-5wt%. Remarkably pure
Pt-cit shows a stable current. According to this results few wt% of CeO, are sufficient to enhance
the electrocatalytic activity of Pt NPs for ethanol oxidation. However, this enhancement is more
meaningful on samples containing Pt NPs with a particle size close to 3 nm, i.e. the Pt-CeO; 1
wt% and 5 wt% prepared in the absence of citrates. Overall the data presented in Figure 4.10 c)
and d) may suggest that increasing the amount of CeO, from 1 to 5wt% promotes the activity of
the Pt NPs, whereas the presence of citrate reduces and stabilizes the Pt particle size specially
when considering 1 wt% of ceria. In fact, these NPs exhibit a particle size close to the optimum

one for ethanol oxidation® (3 nm).
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XPS analysis of Pt 4f 7/2, Figure 4.5 a), revealed a positive shift of Pt 4f with increased
addition of 1 of ceria and decreasing for further addition of 5wt%. Instead the position of the
peak V, of the Ce3d spectra shifts to higher BE with the addition of ceria, Figure 4.7 c). The
opposite trend was observed for Pechini method showing evidence for initial state effects. Thus
it is possible that the Pt to Ceria interaction for the reduction method is not as strong as verified
for Pechini method. As discussed above, a particle size effect by means of final state effects may
predominate in reduction method. Although it is not clear how small should the particles be in
order to produce a particle size effect, it is generally accepted that the physical and electronic
properties of transition metal nanoparticles as Pt exhibit strong variations with their size™*"™*°
and here, Pt is almost totalitarian in the catalyst’s composition. Thus, as we will see in Chapter 5,
the current enhancement verified for the best catalyst, PtCeO,-5wt%, may be related to the
modification of the electronic properties in addition to its optimal size.

Similarly to this work, Yang et al.?° prepared Pt/C catalysts with 10, 20, 30, 35 and
40wt% of CeO; by reduction method. The author found out that when the mass ratio of CeO; to
Pt/C catalysts was 35%, the catalysts showed the highest catalytic activity for methanol
oxidation. The author explains that the positive effect of CeO, on platinum activity is in that case
assigned to bifunctional mechanism, meaning that ceria works as Ru does in Pt-Ru/C catalysts.
Thus the author proposes the following mechanism:

CeOz + HyO — CeOr—(OH)ags + H' +€7,

Pt-COggs + CeOs—(OH),¢s — Pt+CeOy + CO, + HY + e—

The formation of OHgags Species at lower potentials can transform CO-like poisoning
(COags) On Pt to CO;, that evolves away from the solution. Thus, Pt active sites will be available

for further electrochemical ethanol oxidation reaction.
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It is important to bear in mind that one of the catalysts with highest activity i.e. PtCeO,-
1wt%-cit (2.8 A/m?, Figure4.10 c)) coincide with the catalyst with highest %Ce(ll1) (25%,
Figure4.7b). In this sense, Kopelent reported that the rate of Ce (Ill) formation during the
Ce(111)/Ce(IV) redox cycle is enhanced when Pt—CeO; is in the vicinity of Pt-CO with oxygen
transference from Pt-CeO, to Pt-CO similar to what is proposed in the bifunctional effect®%. In

this sense because the % of Ce (I11) is superior for Reduction than for the Pechini method it may

suggest that bifunctional method predominates for the first method than for the second one.

4.4. Ethanol oxidation — "NMR products characterization

The selectivity of each catalyst toward ethanol oxidation to liquid products was evaluated
through extended electrolysis for 5h at 0.67 VV vs SCE and analysis of the electrolyte by "NMR.
It is well-known that incomplete ethanol oxidation yields to acetaldehyde and acetic acid®*. The
concentration of each of these reaction products is shown in Figure 4.12 together with the current
recorded over time. An optimization study was first performed by carrying out electrolysis at
several potentials (from 0.6 V to 0.7V) and the optimal potential was established to be 0.67 V

(appendix A2).
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Figure 4. 11 — Ethanol oxidation liquid products by Pt and PtCeO,-1 and 5 wt% prepared

in the (a,b,c) absence of citrates and (d,e,f) in the presence of citrates at 0.67V vs SCE.

As can be seen in Figure 4.11 a), pure Pt clearly favors the acetaldehyde production to
acetic acid. This could suggest the further oxidation of acetaldeyde to CO; since no other
products are detected. In fact, the excess of acetaldehyde compared to acetic acid, which is a
dead-end product, may probe the presence of a more selective surface catalyst toward oxidation
to CO, *°. It has been reported that pure Pt is more selective to CO, production than when alloyed
to Ru, Sn, Os and Mo with exception of Rh?**. However, the lack of liquid products after 3h of
electrolysis is probably due to the catalyst deactivation as seen in Figure 4.11 a). For PtCeO,-
1wt% an increased electrocatalytic activity and a more stable current allowed the detection of
acetaldehyde and acetic acid continuously through the electrolysis. The trend is less clear for
PtCeO,-5wWt% that showed an inferior activity and stability compared to PtCeO,-1wt%. The
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catalysts, Pt-cit, PtCeO,-1wt%-cit and PtCeO,-5wt%-cit show an increased amount of liquid
products with time. This culminated with a maximum of acetaldehyde and acetic acid at the end
of 5h electrolysis for PtCeO,-1wt%-cit.

In general terms, comparing Figure 4.11 (a-c) with 4.11 (d-f), it is clear that the particles
prepared with citrate result in reaction mixtures with more liquid products. This clearly results
from the more stable currents recorded with these catalysts compared to those obtained with the
catalysts prepared in the absence of citrate. A relevant difference between Pt and Pt-cit particle
sizes, (61 nm) and (41 nm) respectively, seems to explain these results. Because smaller NPs
are known for their increased reactivity, more products are expected for Pt-cit than for Pt. De
souza et al. synthesized by Pechini method PtSnCe/C catalysts for ethanol oxidation in acid
medium. For the catalyst with the best catalytic activity (current density= 17 mAmg™) which had
a 68:22:10 ratio composition (10wt% of Ce) and a particle size of 3.7 nm, the only detected
products were acid acetic and CO,%. Interestingly the author also compared this catalyst with the
parent PtSn concluding that the presence of cerium was necessary to activate the catalyst and to
convert ethanol preferably to acetic acid in the fuel cell. The author concludes that 10 wt.% Ce
caused a significant increase in the amount of CO, that is produced and whose signals coincide
with a high level of acetaldehyde production. This result again suggests that acetaldehyde can be
converted into CO,. However, these results were attained at potentials (0.8 V RHE) higher than
the ones corresponding to the range of maximum power density for a fuel cell (0.5 V vs RHE).
Table 1 from Chapter 1, shows some of the most representative publications on the ethanol
oxidation yields by means of CO,, acetic acid (AA) and acetaldehyde (AAL) in acidic medium.
It is clear that there is no consensus on the reported product analysis and some are even

conflicting. While Arico et al.?® have reported a 96% conversion of ethanol to CO, for a DEFC
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(145 °C) for a Pt anode, Rousseau et al.”’ reported 20%, 7.7% and 9.8% yields of CO,, for Pt/C,
PtSn/C and PtSnRu/C respectively on DEFC at 80 °C. Thus acetic acid and acetaldehyde are the
two major reaction products for most of the Pt based catalysts (Table 1 from Chapter 1).
Interestingly in a fuel cell study in alkaline medium, at 60 °C, 0.1 M ethanol and with a Pt anode,
the CO, production was estimated to be around 55%; in acid medium, under similar conditions
and using the same anode catalyst, it is only 2%%%°. This indicate that the C-C bond scission
rates are much higher in alkaline than in acid medium and with a different mechanism of ethanol
oxidation.

From both batches produced by Reduction method, PtCeO,-1wt%-cit and PtCeO,-5wt%
showed the highest currents, Figure 4.10 c)-d). This means that the ethanol oxidation reaction
was more efficient for these catalysts. Most of the literature reviews agree that liquid products as
acetaldehyde and acetic acid are the major products of ethanol oxidation compared to CO,.
However it is well-known that acetaldehyde is able to be further oxidized to CO; but acetic acid
is not. It is interesting that the best catalyst i.e. PtCeO,-5wt% produced only a small amount of
acetic acid followed by PtCeO,-1wt%-cit that showed the highest amounts acetaldehyde and
acetic acid. This suggests that two different mechanisms were involved on the ethanol oxidation
for both series. Hence, for the series without citrate, PtCeO,-5wt% which possess the best
current density (Figure 4.10), seems to participate in the ethanol oxidation reaction via-
acetaldehyde that was consumed in the process. It is remarkable the particle size of this catalyst
(3 nm) is reported as the ideal size for ethanol oxidation (section 1.5).

We have correlated the amount of Ce (I11) on the surface of the catalysts obtained by XPS
(Figure 4.7 b), with the amount of liquid products (after 5h electrolysis, Figure 4.12) and we

obtain the results presented in Figure 4.12. Before discussing the figure, it should be reminded
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that the ESA of Pt in the catalysts decreases with increasing CeO, content, and that for each

composition the citrate did not have an impact the ESA values (Figure 4.8).
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Figure 4. 12 — Selectivity of each nanocomposite catalyst toward ethanol oxidation to
liquid products at the end of 5h electrolysis, according to the corresponding Ce(lll) %. The

corresponding current densities are indicated in green.

The lower current density, the higher values of Ce (I11), and the higher amount of liquid
products for the citrate stabilized series suggest that Ce (I11) favors the acetic acid/acetaldehyde
pathways. On the one hand, it is possible that the oxidation of ethanol to acetaldehyde and
especially to acetic acid is favored by the presence of oxygen-containing species as ceria. On the
other hand, it is well-established that CeO, participates in the CO oxidation to CO,, thus the

21,22

importance of a higher fraction of Ce (1) species on the surface of the catalyst™““, equation 4.1:
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Pt-COus + 2 CeO, + 2H" + 2" — Ce,03 + Pt + CO, + H,O  (Equation 4.1)
It should be emphasized that in this correlation the amount of Ce (I11) estimated by XPS
may not correspond to the real surface Ce (Il1) the electrolysis tests. Distinctly for the catalyst
series with no citrate, the lower Ce (111) content may suggest detrimental effect between Pt and

Ce (111) and stronger particle size effect.

4.5. Conclusions

Two series of catalysts of PtCeO, catalysts were prepared by the reduction method, one
using citrate as stabilizer and a second one without. A variation of the particle size with the
addition of CeO; is found for the stabilized series which corresponds to the smallest
nanoparticles sizes (2nm). However 3 nm is reported in literature as the ideal particle size for
ethanol oxidation which corresponds to PtCeO,-5wt%. In addition, from both series, PtCeO,-
5wt% presents the highest current for ethanol oxidation (4 A/m? at E= 0.6 V vs SCE) followed
by PtCeO,-1wt%-cit with 2.7 A/m® The "NMR analysis of the liquid products obtained from a
5h ethanol oxidation reaction showed different product selectivity for the series with and without
citrate. This fact may evidence different mechanisms for ethanol oxidation to CO, The series
with citrate is associated with a higher amount of Ce (I11) and of liquid products than the other
one prepared in the absence of citrate. The "NMR analysis of the liquid products obtained from a
5h ethanol oxidation reaction showed different selectivity: PtCeO,-1wt%-cit produced slightly
more acetaldehyde than acetic acid, whereas PtCeO,-5wt% produced only a small amount of
acetic acid. As PtCeO,-1wt%-cit revealed a higher amount of Ce (111) and liquid products, it is

possible that Ce (111) favors the ethanol oxidation to acetaldehyde and acetic acid.
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5. Comparison of the Pt and Pt-CeO, catalysts prepared by

the reduction and Pechini methods

5.1. Comparison of the two preparation methods

The main objective of this thesis was to verify the effect of the addition of very small
amounts of ceria on the electrocatalytic activity of Pt toward ethanol oxidation in acid
environment. In order to understand and to compare the effect of ceria on Pt nanoparticles with
different sizes, catalysts with the same composition were synthesized by the Pechini and
reduction methods. For the first method, Pt NPs with sizes ranging from 4 to 40 nm were
obtained, although clustering of the NPs forming large Pt masses could still be spotted in some
cases. Nevertheless, most of the small and individual Pt NPs in the Pt-CeO, samples were well
dispersed in a CeO, matrix. In reduction method, much smaller Pt nanoparticles were always
obtained, with sizes varying between 2 and 6 nm. Another major difference between the samples
obtained by the two methods is the crystallinity of the Pt and CeO, phases. While CeO, is
crystalline in Pechini method, for the Reduction method it is amorphous.

On the first part of this chapter we will globally analyze the effect of the Pt particle size
and of the addition of ceria on the Pt 4f 7/2 binding energy, and then we will try to attain a more
detailed cause-effect analysis. Figure 5.1 shows the shift in the Pt 4f;, of all the catalysts

produced in this work as a function of the Pt average particle size.
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Figure 5. 1 — Shift in the binding energy of Pt 4f;, (AB.E.) as a function of the average
particles sizes (nm) of the particles produced in this work, using the reduction method (RM) and

the Pechinni method (PM)

As shown in the top part of Figure 5.1, for the samples prepared by the reductor method
the B.E. values decrease as the average size of the Pt NPs increases. This inverse relationship
between the particle size and the B.E. is even more pronounced when considering the catalysts
prepared in the presence of citrates, since these nanoparticles are the smallest of all. For instance,
from Pt-cit to PtCeO,-1wt%-cit and PtCeO,-5wt%-cit the particle size decreased from 3.6 +0.9
to 2.3 £ 0.4 nmand 2.2 £ 0.4 nm, and the B.E. increased 0.5 eV and 0.4 eV with respect to pure
Pt. However no such inverse relationship is verified for the Pechini method where larger
particles with average particle sizes ranging from 40 nm down to 4 nm, were synthesized at high
temperature. Thus, distinctly to what was observed for the reduction method, for Pechini method
a decrease in the B.E. (negative shift) with decrease of particle size is observed, Figure 5.1 and

3.6.
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It is well documented that the smaller the nanoparticles the more significant the influence
of the metal relaxation energies, and particle size effects may take place on Pt. Thus, in this work
the particle size effects are especially relevant for the citrate stabilized nanoparticles which are
the smallest ones produced. Wertheim® established a e?/2r relationship between the binding
energy and particle radius of a spherical nanoparticle (e the electric charge) as explained in more
detail in section 2.5.2. It is reported that this relaxation is more pronounced on nanoparticles with
diameters below 5 nm?, which is the case for those produced in the reduction method. This fact
leaded us not to neglect aspects related to the screening of the photoemission core hole which
depends strongly on the particle size, shape or even support®>. Since in this work the
nanoparticles are unsupported we can better correlate the observed shifts with the particle size or
ceria effects, excluding the carbon or other support effects. It is known that the support can
modify the electronic properties (then the reactivity) of the particles and in some cases creating
strong metal-support interactions>.

The remaining question concerning the particle size effect is that there is no sharp
discrimination between what is a large and a small nanoparticle. Henry® synthesized by vapor
deposition method, collections of metal particles with control of the nucleation and growth. In
specific the author studied the Pd 3ds/, core level shifts as a function of the size (measured by
TEM) showing clearly a dependency on the size and cluster shape. The author observed slightly
higher binding energies shifts on the Pd 3ds;, binding energy, measured by XPS, for Pd clusters
as a function of their size (ranged from 1.5 to 3 nm) determined by TEM. The author concluded
that the BE decreases when the cluster size increases by means of final state effects. Although it

is very difficult to separate the initial from final state effects, the author mentioned that for a
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spherical cluster, the final state effect (size effect) can be simply analyzed assuming the
Wertheim’s equation as explained in more detail in section 2.5.2.

The observed core level binding energy shifts in Figure 5.1, are intrinsically explained by
means of initial-state or final-state effects in the field of photoelectron spectroscopy as described
in detail in section 2.5.2. Initial state effects due to changes in the electronic structure (changes in
the chemical or in the geometric environment) are better depicted in the Figure 5.2 that

represents the Pt 4f;, B.E. variation in function of the increased amount of ceria for all catalysts.
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Figure 5. 2 — Shift in the Pt 4f7/2 B.E. as a function of the increased amount of ceria in

the Pt nanocomposite catalysts. Catalysts were prepared by the reduction method (RM) and the

Pechinni method (PM).

As can be seen in Figure 5.2, for the Pechini method, the addition of very small amounts
of CeO; to Pt resulted in a negative shift of Pt’s binding energy whereas for the Reduction

method the opposite trend, i.e. a positive shift, was observed. For the Pechini method, initial state
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effects due to changes in the electronic structure (changes in the chemical or in the geometric
environment) are observed by the Pt 4f;;, negative shifts as ceria is being added to Pt. The lower
part of Fig 5.2 shows best this effect. On the contrary final state effects that occur due to
screening of the core hole created after photoemission caused by a decrease in the particle size
are observed in the upper part of Figure 5.2 (Reduction method). It is interesting that a sharp
distinction of the size (Figure 5.1) and ceria effect (Figure 5.2) can be related with the so called
final and initial-state effects, respectively. Figure 5.3 shows that these results are not an artifact

and that the ceria’s B.E. also changes with increased addition to Pt.
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Figure 5. 3 — Shift in the B.E. of Ce 3d main peak (Vo) as a function of increased amount
of ceria in the Pt nanocomposite catalysts. Catalysts were prepared by the reduction method

(RM) and the Pechinni method (PM).

It can be concluded that in the case of the catalysts prepared by the redutor method, the
effect of the particle size on the values of the B.E. prevails over a possible electronic effect.

However the samples prepared by the Pechini method, evidence a stronger electronic interaction
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between ceria and Pt than a particle size effect. The knowledge of the electronic properties of the
catalysts is important to understand and compare their chemical reactivity. According to our
results few wt% of CeO, are sufficient to enhance the electrocatalytic activity of Pt NPs for
ethanol oxidation. However, this enhancement is more meaningful on samples containing in Pt-
CeO; 1 wt%-cit and in Pt-CeO,-5wt% with current densities of 2.7 Am? and 4 Am?
respectively. Figure 5.4 describes the influence of the Pt’s particle size on the ethanol electro-
oxidation in acid medium, with catalysts prepared by reduction method generating substantially
higher currents than those obtained by the Pechini method. Thus, the highest currents are reached
for the smallest nanoparticles i.e. for Pt-CeO, 1 wt%-cit (2.3 = 0.4 nm) and for Pt-CeO,-5wt%
(3.2 + 0.6) whose size is close to the optimum for ethanol oxidation (3 nm)®. This fact is ascribed
by Perez et al.” as the size that best compromise between structural and electronic effects and/or
oxophilicity effects of the Pt surface in order to favor the formation of CO, as reported in section
1.5 from Chapter 1. Moreover it is well reported that in the case of very small particles the
electronic (initial effects) and size effects (final effects) can be very different relatively to bulk
material. Based on these observations, final state effects play the most exponential role on the
PtCeO, 5-wt% produced by reduction method (the best catalyst of this thesis). However for the
catalysts prepared by the Pechini method, there is a strong evidence of an electronic effect (by
means of initial state effects) between Pt and CeO,. This is especially relevant for PtCeO,-1wt%
1x that reached a current value of 1 Am™ with a particle size of 20 nm which resulted in higher
electrocatalytic activity, Figure 5.4. Moreover such particles are too large to observe size effects

and it is well documented that in the range 10-50 nm no size effects are observable®.
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Figure 5. 4 — Current density as a function of the particle size for all catalysts produced

in this work showing that for the catalysts prepared by the reduction method (RM) the particle

size effect is predominant relatively to those prepared by the Pechini method (PM).

The higher reactivity of PtCeO,-1wt% 1x means that 1 wt% of ceria is enough to weaken
the Pt-CO bond. On the basis of initial state effects, the shifts in the core-level B.E. spectra are
linked to shifts in the position of the center of the Pt d-band, making it possible to use XPS to
observe changes in surface electronic structure of Pt. According to Nerskov’s d-band center
theory?, these effects lead to narrowing or widening of the d-band, and a subsequent shift in its
center toward or away from the Fermi level (the Fermi level is located at a higher energy level
than both valence or core levels) to conserve energy and maintain a constant filling of the d-
band. Thus, the negative shifts of the Pt 4f binding energy reflects a downshift shift of the Pt 4f
d-band center position with respect to the Fermi level®’, which can explain the higher
electrocatalytic activity of the Pt-CeO, 1 wt% catalysts. According to Norskov et al.® when the d-
band center is shifted upwards in energy scale, new antibond states above the Fermi level are

formed. As consequence, the adsorbate-metal interaction is stronger as (in the case in the case of
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Pt-CO bond) and the electrocatalytic activity related to the catalyst is lower due to higher

poisoning of the Pt sites.

5.2. Conclusion

Pt NPs without and modified by CeO, (1 and 5 wt% with respect to Pt) and with average Pt
particle sizes ranging from 40 nm down to 2 nm, were prepared by the Pechini and by Reduction
methods. Their electrocatalytic activity for ethanol electro-oxidation in acid medium was
investigated. For the Pechini method, the catalysts with the highest activity were those formed by
Pt nanoparticles with average sizes between 10 and 20 nm. In particular, it was found that 1 wt%
of CeO, can remarkably enhance the activity of 20 nm Pt NPs. This enhancement was explained
in terms of a strong electronic interaction between Pt and CeO, as shown by XPS analysis. The
addition of very small amounts of CeO, to Pt resulted in negative shift of Pt’s binding energy
and a more oxidized CeO,. This suggests, a weaker interaction between Pt and COgqys — like
species and put in evidence the importance of Ce*" ions in the oxidative removal of these
poisoning species. For the Reduction method, it was found that 5 wt% of CeO, remarkably
enhanced the activity of 3 nm Pt NPs. This enhancement was explained in terms of size effect.
Contrary to the Pechini method, we observed a positive shift of Pt’s binding energy as the
particle size becomes smaller. This means that size, or final state effects, played a predominant
role over electronic effects in the Reduction method. In the total absence of citrates during the
synthesis, the increase in the ceria content is directly related with the increase in the current
density.

Overall, the highest electrocatalytic activity for the ethanol oxidation was obtained for

PtCeO,-5wWt% produced by the reduction method.
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5.3. Future perspectives

To find the best catalyst for DEFC it is necessary to control its particle size but also its
structure and defects. To achieve this goal, it is necessary to integrate electrochemical
measurements with physico-chemical characterization studies as XRD, XPS, TEM and other
relevant techniques. In particular, performing Rietveld analysis on the XRD data could provide
us with additional information on the effect of the addition of CeO, on the micro-strain and
substitutions/vacancies on the Pt nanoparticles and correlate these effects with the XPS analysis

and electrochemical results'®**

. This work has already started in collaboration with Profs.
Ernesto Pereira and Renato Freitas from University of Sao Carlos, Brazil. Moreover, and since
there is a lack of information in the literature on the decoupling between the Pt particle size and
ceria effects, it would be interesting to synthesize and characterize nanoparticles with other ceria
compositions and using other methodologies in order to clearly separate those two effects.
Ethanol can be produced from biomass (by numerous agricultural and municipal wastes)
and is a sustainable fuel; 2) it has about two-thirds of the energy density of gasoline and one-
quarter of that of pure hydrogen; 3) it is safe and in many countries there is already infrastructure
for its distribution which shortens the path for the ethanol direct conversion into energy inside a
fuel cell. However, the oxidation of any organic molecule is much more challenging in acid
medium than in basic medium due to the slower kinetics. This challenge justified this work and
other attempts to find the best catalyst for ethanol oxidation in acid medium. However, since the
kinetics of ethanol oxidation is faster in alkaline medium, it is expected an even better
performance of synthesized PtCeO, catalysts at higher pH. Other authors refer that going from
acidic to alkaline medium the CO, current efficiency may increase from 2 to 55%* which

13,14
t

increases the potential of DEFC. Previously, we prepared anionic exchange membranes 0
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operate specifically in alkaline medium. One possibility would be to test the performance of a
direct ethanol fuel cell composed with these membranes along with the catalysts prepared in this
work. These tests would be carried out having in mind that, temperature, performance and the
constraints on materials need to be addressed for best power density, durability, cost and for
installation/application purposes so that prototype cells based on these materials can be

developed.
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Al. Résumé: Cataliseurs de platine et platine ceria pour I’electro-

oxidation de I’ethanol

Avant l'utilisation généralisée des combustibles fossiles, la composition de I'atmosphére
en termes de quantité de dioxyde de carbone (CO,) était équilibrée entre les plantes absorbant le
CO, et produisant de l'oxygéne, et les animaux produisant du CO, et absorbant lI'oxygéne. Mais
I'exploitation et la combustion de combustibles fossiles en grandes quantités depuis la révolution
industrielle créent un énorme apport de CO, dans 1’atmosphere. En 2014, la concentration de
CO, dans I'atmosphere a franchi pour la premiere fois les 400 ppm (410 ppm) depuis au moins
2,5 millions d'années. La combustion des combustibles est de loin la principale cause du
probléme, causant 57% des émissions mondiales®. En fait, le dioxyde de carbone reste dans
I'atmosphére beaucoup plus longtemps que le méthane, les deux gaz a effet de serre les plus
connus. Le premier reste dans 1’atmosphére une centaine d’années tandis que le second n’y
sé¢journe qu’une douzaine d’années. Par contre le méthane représente un potentiel de
réchauffement global (PRG) 25 fois plus puissant que le CO,%. Les conséquences négatives de
ces gaz provoquent un effet de serre qui fait augmenter la température de I'atmosphéere, au fur et
a mesure de ’augmentation des leur niveaux dans I'atmosphere.

Les carburants liquides organiques alternatifs, issus des déchets végétaux et animaux,
représentent un potentiel énergétique continuellement reconstitué et renouvelé®. Par exemple, les
déchets de la biomasse provenant d'activités domestiques, commerciales et industrielles peuvent
étre convertis en éthanol. Ceux-ci comprennent les déchets solides municipaux (papier, tissu,

débris de jardin) et les déchets commerciaux et industriels (papier, matériaux d'emballage,
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textiles, bois de démolition). L'éthanol est un hydrocarbure liquide qui peut étre distribué via
l'infrastructure existante. Il n’est pas toxique et ne nécessite pas de conteneurs de stockage
mobiles avancés comme c'est le cas avec le H, comprimé. L'utilisation d'éthanol avec ou sans
essence réduit les émissions de CO,. De plus, le CO; libéré lorsque I'éthanol est utilisé dans les
véhicules peux étre recyclé pour produire des cultures de blé qui captent la méme quantité de
COo,".

Les piles a combustible sont des dispositifs électrochimiques congus pour convertir
I'énergie chimique d'un carburant en énergie électrique. L'intérét principal d’étudier la
conversion directe de cette énergie porte sur la recherche de nouvelles et meilleures fagons de
convertir les formes actuelles d'énergie primaire (thermique, radiante, mécanique et chimique) en
électricité, tout en améliorant I'efficacité de la conversion.

Les emissions de CO;, d'une voiture sont proportionnelles a sa consommation de
carburant. Les piles a combustible peuvent convertir I'énergie chimique avec moins de pertes. Un
schéma d'une pile a combustible a éthanol direct est présenté a la figure Al.1.

CH3CH,0H + ¢- Load e 30, + 12H*

3H,0 + 12e”
— P R—

2CO, + 12H* + 12e" | 6H,0

Proton-Exchange Membrane
[PEM]

Figure Al. 1 — Pile & combustible éthanol directe (en millieu acide) de Zakaria et al. *
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Les deux demi-réactions et la réaction globale, qui se produisent dans une pile a
combustible a éthanol directe (DEFC) en milieu acide (25 ° C), sont présentées dans les

équations 1.1 et 1.2. La réaction globale est réesumée dans I'équation 1.3.

Anode  C,HsOH + 3H,O > 2CO, + 12H" + 12¢° E°=0.084V (eq. 1.1)
Cathode 20, + 12H" + 12¢e - 6H,0 E%=1.23V  (eq.1.2)
Globale  CyHsOH + 30; & 2CO, + 3H,0 E%=1.146 V (eq. 1.3)

Le carburant (éthanol) est oxydé a I’anode produisant 12 H* (équation 1.1) qui sont
conduits a travers un électrolyte a la cathode. A la suite, les protons réagissent avec l'oxygeéne et,
par consequent, produisent de l'eau (équation 1.2). Les 12 électrons ainsi libérés lors de
l'oxydation de I'éthanol, voyagent a travers un circuit externe vers la cathode en fermant le circuit
électrique. La réaction globale pour produire de I'électricité est indiquée a I'équation 1.3. Puisque
la tension de la cellule est en théorie de 1,146 V (a 25 °C) , I'éthanol pourrait étre entierement
oxydé en CO; et en eau’.

L'oxydation d'alcools et d’autres petites molécules organiques tels que des aldéhydes, des
cetones et des acides carboxyliques fait partie des réactions d’oxydation les plus étudiées sur les
surfaces de catalyseurs a base de métaux de transition comme le platine (Pt). Le Pt est un bon
catalyseur pour plusieurs réactions électrochimiques, non seulement en raison de sa stabilité dans
les milieux acide et basique, mais aussi a cause de sa réactivité envers la plupart des réactions
d'oxydation et de réduction d'un grand nombre de molécules®’. Cependant, il est bien rapporté
que pendant I’oxydation des petites molécules organiques, le CO s'adsorbe de maniere
irréversible sur la surface du Pt, bloquant les sites actifs dans I'étape finale de la réaction

d’oxydation de I’éthanol. Le CO se lie fortement au platine avec le temps jusqu'a une saturation
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totale de la surface du catalyseur. Ce phénoméne est connu sous le nom d'empoisonnement du
platine. En conséquence, la fixation d'une molécule de CO sur le catalyseur réduit la surface
disponible pour les réactions d'oxydation. Afin de surmonter ce probleme, un second métal est
ajouté au platine pour aider a catalyser la réaction d’oxydation. Ce second métal devrait :

a) étre capable de former des espéces oxygénées (métal-OH) a des potentiels inférieurs a

celui du Pt pur ; ou,

b) affaiblir électroniquement la liaison platine-CO.

Les catalyseurs a base de métaux nobles et d'oxyde de cérium font partie des systemes
connus pour présenter de fortes interactions entre le catalyseur et le co-catalyseur®. Parmi les
métaux qui peuvent étre utilisés, Ru® a été largement étudié en raison de la formation de Ru-OH.
Un rapport Pt: Ru de 60:40 semble étre proche de la composition optimale pour l'oxydation de
I'éthanol. La présence de petites quantités de Ru n'a aucun effet sur le courant d'oxydation de
I'éthanol. La densité de courant de Ru augmente pour une concentration minimale de 20%.

Le CeO, a également été proposé comme co-catalyseur du Pt pour lI'oxydation de petites

molécules organiques™. Quant & eux, De Souza et al.'!

observent deux pics maximaux de la
performance catalytique du platine vers l'oxydation de I'éthanol a 25% et a 80% de Ce. Ce
comportement est complétement différent de celui observé pour les catalyseurs Pt-Ru-

L'objectif principal de notre travail est d'étudier I’effet de l'addition de tres petites
quantitées de CeO; (< 5% en poids) sur l'activité électrocatalytique du Pt vers ’oxydation de
I’éthanol en milieu acide. Nous chercherons également a mieux comprendre les changements
perceptibles dans les propriétés électroniques et structurelles des particules de ces catalyseurs en

fonction de leur taille et des énergies de liaison associées. Des nanoparticules de Pt et PtCeO,

avec des quantités de CeO, de 1% ou de 5% en poids, ont d'abord été synthétisées par la méthode
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du précurseur polymérique (également connue sous le nom de méthode Pechini, une méthode
sol-gel). Comme dans la méthode Pechini une étape de calcination peut provoquer la coalescence
et l'agrégation des nanoparticules métalliques, la méthode de réduction est aussi explorée comme
une alternative pour produire des nanoparticules plus petites. La méthode de réduction étant une
technique de basse température, elle minimise l'agrégation des particules et permet la production
de grandes quantités de produit, avec une distribution granulométrique relativement étroite™?.
L'effet de la taille des nanoparticules de Pt sur I'électro-oxydation des alcools et de leurs dérivés
est bien connu. Par exemple, Arenz et al.** ont montré que la vitesse de production du CO,
dépend fortement de la taille des nanoparticules de Pt avec un ordre de 1 <2 <5 << 30 nm. Ainsi,
dans ce travail, nous comparons P’activité électrocatalytique des nanoparticules de petite taille
obtenues par la méthode de réduction avec celles de plus grande taille synthétisées a haute
température comme pour la méthode de Pechini'®. Finalement, dans ce travail, nous considérons
la variation de 1’énergie de liaison des électrons du ceeur de 1’atome di aux variations de la taille

des particules.

A 1.2 Résultats

La figure A1.2 illustre la variation du décalage associé a I'énergie de liaison du Pt 4f 7,
pour les composites Pt-CeO, par rapport a celle des nanoparticules de Pt, en fonction de la taille
respective des nanoparticules de Pt pour les deux séries de catalyseurs produits par la méthode de

Pechini et par la méthode de Réduction.
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Figure Al.2 — Variation de 1’énergie de liaison du pic du Pt 4f;;, dans les composites Pt-

CeO;, par rapport a celle du Pt pour les catalyseurs préparés par la méthode de Pechini (PM) et

par la méthode de réduction (RM).

Pour la méthode de reduction, tous les nanocomposites ont des valeurs d’énergic de
liaison Pt 4f;, décalées vers des valeurs plus élevees. Il existe une relation inverse intéressante
entre la taille des particules de Pt et I'énergie de liaison. Pour la méthode Pechini, contrairement a
la méthode de réduction, le décalage devient plus négatif avec la diminution de la taille de la
particule. Un décalage négatif de I'énergie de liaison Pt 4f reflete généralement un décalage vers
le bas de la position centrale de la bande d du Pt par rapport au niveau de Fermi™, ce qui peut
expliquer ’activité électrocatalytique plus élevée des catalyseurs Pt-CeO; a 1% en poids. D'apres

16
l.

Norskov et al.™, lorsque le centre de la bande d est décalé vers des valeurs d’énergies plus

hautes, de nouveaux états antiliants au-dessus du niveau de Fermi sont formés. En conséquence,
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I’interaction entre le métal et ’adsorbant est plus fort. L’interaction pourrait étre une preuve d'un
effet électronique entre Pt et Ce.

Par la méthode de réduction quand la taille des particules diminue, 1’énergie de liaison
augmente, spécialement pour les plus petites particules obtenues dans ce travail, c'est-a-dire une
taille de particules d'environ 2 nm. Il est connu qu'un criblage des électrons peut avoir lieu,
I’expérience ayant déja démontré que plus les particules sont petites, plus Il'influence du
processus de relaxation sera importante’’. La question restante est qu'il n'y a pas de
discrimination nette entre ce qui c’est une grande et une petite nanoparticule. En ce sens,
Wertheim®® établit une relation de type e?/2r entre I‘énergie de liaison et le rayon (r) des
particules (e c’est la charge électrique). L'auteur considére qu'un changement d'énergie de liaison
de 1 eV ou plus, est fortement lié aux effets de I'état final, mais une question demeure sur la taille
de la nanoparticule, pour qu’une telle variation d’énergie de liaison soit produite.

Les variations d'énergie de liaisons observées dans la figure Al.2 sont expliquées de
maniére intrinseque en termes deffets d'état initial ou d'état final dans le domaine de la
spectroscopie photoélectronique, comme décrit en deétail a la section 2.5.2. Les effets d'état initial
sont dus a des modifications de la structure électronique (modifications de I'environnement
chimique ou de l'environnement geométrique) et sont mieux décrits a la figure Al.3 a), qui
représente la variation de 1’énergie de liaison du Pt 4f7;, en fonction de la quantité d'oxyde de
cerium pour tous les catalyseurs. Il est intéressant d’observer, a la figure Al.3 b), que ces
résultats ne sont pas un artefact et que I’énergie de liaison de I’oxyde de cerium change

également avec 1’ajout de Pt.
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Figure Al1.3 — Déplacements de I’Energie de Liaison (ABE) du pic a) Pt 4f; et b) du
pic (Vo) de Ce 3d en fonction de la quantité de CeO, dans les nanocomposites de Pt-CeO, pour la

Méthode de Réduction (RM) et pour la Méthode de Pechini (PM).

On peut en conclure que, dans le cas des catalyseurs préparés par la methode réducteur,
I’effet de la taille des particules sur les valeurs d’énergie de liaison prévaut sur un éventuel effet
électronique. Sur la base des effets d'état initiaux, les changements dans les spectres du Pt 4f7,
sont liés aux changements de centre de la bande d du Pt, ce qui permet d'utiliser XPS pour
observer les changements dans la structure électronique de surface de Pt. Cependant, les
échantillons préparés par la méthode de Pechini ont mis en évidence une interaction électronique
entre I'oxyde de cérium et le platine plus forte que I’effet de la taille des particules.

La connaissance des propriétés électroniques des catalyseurs est importante pour
comprendre et comparer leur réactivité chimique. Selon nos résultats, quelques % en poids de
Ce0, sont suffisants pour améliorer l'activité électrocatalytique des nanoparticules en Pt pour
l'oxydation de I'éthanol. Cependant, cette amélioration est plus significative pour les échantillons

produits par la méthode de Réduction contenant 1%-cit et 5% en poids de CeO, avec des
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densités de courant de 2,7 Am? et 4 Am™ respectivement. Ainsi, les courants les plus élevés sont
atteints pour les plus petites nanoparticules, a savoir pour le Pt-CeO, 1%-cit (2,3 + 0,4 nm) et
pour Pt-Ce0,-5% (3,2 * 0,6), dont la taille est proche de l'optimum pour I'oxydation a I'éthanol

(3 nm)™. Ce fait est attribué par Perez et al.?°

a la taille qui concilie le mieux les effets structurels
et électroniques et / ou les effets d'oxophilicité de la surface du Pt afin de favoriser la formation
de CO,, comme indiqué a la section 1.5 du Chapitre 1. De plus, il est bien connu que, dans le cas
de tres petites particules, les effets électroniques (effets initiaux) et de taille (effets finaux)
peuvent étre trés différents par rapport au matériau massique. Sur la base de cette observation,
les effets d'etat final jouent un réle plus important sur le PtCeO, 1-wt%-cit produit par la
méthode de réduction. Cependant, pour les catalyseurs préparés par la méthode de Pechini, il
existe une forte évidence d'un effet électronique (au moyen d'effets d'état initial) entre Pt et
Ce0,. Ceci est particulierement pertinent pour PtCeO,-1w% 1 x qui a atteint une valeur actuelle
de 1 Am? avec une taille de particule de 20 nm, ce qui a lui a conféré une activité
électrocatalytique élevée, Fig. Al.4. De plus, ces particules sont trop grosses pour observer des

effets de taille et il est bien documenté qu’entre 10 a 50 nm aucun effet de taille avec 1’énergie de

liaison n'est observable!*,
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Figure Al.4 — Densité de courant en fonction de la taille des particules produites par la

méthode de réduction (RM) et par la méthode de Pechini (PM).

A1l.3 Conclusions

Des nanoparticules de Pt sans et avec CeO, (1 et 5% en poids par rapport au Pt) et avec
des tailles de particules de Pt moyennes allant de 2 nm a 40 nm ont été préparées par la méthode
de Pechini et de Réduction. Leur activité électrocatalytique pour I'électro-oxydation a I'éthanol
en acide moyen a été étudiée. Pour la méthode de Pechini, il a été constaté que 1% en poids de
CeO; peut améliorer remarquablement I’activité des NPs de Pt a 20 nm. Cette amélioration est
due a une forte interaction électronique entre Pt et CeO,, comme le montre l'analyse XPS. La
réactivité plus élevée de PtCeO,-1% en poids 1 x signifie que 1% en poids d'oxyde de cérium est
suffisant pour affaiblir la liaison Pt-CO.

Globalement, I’ajout de tres petites quantités de CeO, au Pt a entrainé un deplacement

negatif de 1’énergie de liaison du Pt pour rapport a la méthode de Pechini e positif pour la
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méthode de Réduction. Par la méthode de Réduction, quand la taille des particules diminue,
I’énergie de liaison augmente. Ainsi, les courants les plus élevés de 2.7 et 4 Am?, sont atteints
pour le Pt-CeO, 1%-cit (2,3 £ 0,4 nm) et pour Pt-CeO,-5% (3,2 = 0,6), dont la taille est proche
de l'optimum pour l'oxydation a I'éthanol (3 nm). Les meilleurs résultats électrochimiques sont
obtenus par la méthode de Réduction, ce qui suggere que I’effet de particule semble étre plus
important au niveau de 1’¢lectrocatalyse de 1’éthanol par des nanoparticules de platine avec une

baisse de pourcentages d’oxyde de cérium.
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A2 Appendix — XPS binding energy values for the calculation of

Pt4f,;

Table A2.1 — Pt 4f;;; binding energy (B.E.), ABE of Pt4fs, — Pt4f;, (ABE), Intensity ratio of

Pt4f;,:Ptafs, (1 ratio) for the Pechini method.

1x 5X 10x

Catalyst B.E. Iratio | ABE B.E. lratio | ABE B.E. lratio | ABE

(eV) (&V) (eV) (&V) (eV) (&V)

Pt 70.45 133 |333 71.02 1.33 3.33 71.06 1.33 3.33

PtCeO,- 70.39 133 |333 70.52 133 3.33 71 1.33 3.33
1wt%

PtCeO,- 70.30 1.33 3.33 70.5 133 3.33 70.09 1.33 3.33
Swit%

Table A2.2 — Pt 4f;;, binding energy (B.E.), ABE of Pt4fs;, — Pt4f;, (ABE), Intensity ratio of

Pt4f;,:Ptafs, (1 ratio) for the Reduction method.

Zero citrate Citrate
Catalyst _ _
B.E.(eV) I ratio ABE (eV) B.E. (eV) I ratio ABE (eV)
Pt 71.63 1.27 3.33 71.46 1.25 3.33
PtCeO,-1wt% 71.78 1.27 3.33 71.06 1.27 3.33
PtCeO,-5wt% 71.73 1.27 3.33 71.83 1.27 3.33
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A3 Appendix — 'HNMR spectra

A3.1 Optimization of parameters

For the "NMR analysis of the ethanol oxidation reaction with the catalysts produced by the
reduction method, several chronoamperometries with a range of optimization from 0.63 to 0.73V
vs SCE were performed. The potential for analysis was chosen corresponding to the highest
amount of liquid product formation corresponding to 0.67 V. This potential was determined
knowing that the charge (q) flowing through the cell (electricity), is directly proportional to the
mass of substance (m) produced at the electrode by the Faraday’s law of electrolysis (0 = n mol F
; g is the charge (g=Ixt), n mol is the moles of electrons involved in the reaction and F is the
Faraday constant=96500 Cmol™ ). This means that the catalyst with highest charge (g) will favor

the right conditions to produce acetic acid and acetaldehyde with the highest amount.

5.0x107
Potential optimization for NMR

4.0x1034

—— 0.63V

_.3.0x10°%4 ——0.65V

< —— 0.67V

- AN —— 0.70V

Ox —— 0.73V
1.0x10731

0 1000 2000 3000 4000 5000 6000 7000
t(s)

0.0
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Optimization electrolysis at several potentials from 0.63 to 0.73 V vs SCE being the
optimal potential established at 0.67 V. Table A 2.1 shows the potential optimization for best
charge or current production for optimal acetaldehyde and acetic acid formation.

Table A3.1 — Measured currents at the end of 7200s for several testing potentials (0.63-

0.73) and corresponding charge (Q)

Sample | E (V) vsSCE t(s) I (A) Q=1ixt (C)
0 0.6 7200 1.422x10™ 1.024
1 0.63 7200 3.291x10" 2.370
2 0.65 7200 9.584x10” 0.690
3 0.67 7200 5.619%x10™ 4.045
4 0.70 7200 3.820x107 2.750
5 0.73 7200 3.941x107 2.837
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A3.2 'HNMR spectra

The following are the "NMR spectra for the collected samples (Chapter 4). Analysis was

performed with a 600 MHz - NMR- Varian Inova at UQAM, Montreal.
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A4 Appendix — TEM images (Pechini method)

Below are the TEM images used for the measurement of the particle size of the catalysts

prepared with the Pechini method (Chapter 3).
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A5 Appendix — TEM images (Reduction method)

Below are the TEM images used for the measurement of the particle size of the catalysts

prepared with the reduction method (Chapter 4).

a) Pt b) Pt-cit

eO5-BWtYo-cit

y 4 P B
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A6 Appendix — Cyclic voltammetry (Pechini method)

Below are the forward and backward current scans in EtOH/H,SO, for the catalysts

prepared by Pechini method; (a) as prepared without dilution, (b) with 5x dilution and (c) with
10x dilution.

a) b)
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A7 Appendix — Cyclic voltammetry (Reduction method)

Below are the forward and backward scans of the currents for all catalysts (a) as-prepared

without citrate and (b) with citrate in EtOH/H,SO4,

7.8X10'3_ T P{ Cit T T T T T T =
—— PtCe02-1%-cit
& 2107 PtCe02-5%-cit
X i
a)
2.6x10° .
<
5 00 = -
5
O 1 1 1 1 1 1 1 1 1
5.7x10° —Pt .
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3.8x10° 1 b) b
1.9x10°%F .
0.0 b
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A8 Appendix — XRD

Below is the XRD of non-crystallized (amorphous ceria) prepared by reduction method

(black) vs crystallized ceria prepared by the Pechini method at 400°C (blue).

1800 :
16004 Ceria

1400 - Pechini (400C)
1200 4 — Redutor (Room T)

Intensity (a.u.)

2theta
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