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Abstract

In the present thesis, Pd-CeO:nr/C bifunctional nanocatalyst synthesized by the
polyol method was evaluated for the Oxygen Reduction Reaction (ORR) and the
Ethanol Oxidation Reaction (EOR). For comparative purposes, monometallic Pd/C

was also synthesized.

It was observed that after accelerated degradation test (ADT), Pd-CeOzngr/C
retains ~98 % of electrochemically active surface area (ECSA), a value higher than
the ~ 51 % of Pd/C.

Evaluation of the catalytic activity for the ORR by the rotating ring disk
electrode (RRDE) technique showed that Pd-CeO:nr/C promotes the reaction with a
hydroperoxyl ion production percentage (% HO:) between 2 and 4 %, and an
electron transfer number (n) close to 4. Tafel plots revealed higher mass and specific
activity of Pd-CeOznr/C compared to Pd/C. After ADT, the performance of Pd-CeO:-

nr/C remained comparable to that of the monometallic.

Meanwhile, the polarization curves of the EOR showed higher mass catalytic
activity (i.e.,, mass current density (jm), and more negative onset potential (Eonset) of
Pd-CeO:2nr/C compared to Pd/C. Interestingly, its performance for the reaction
increased significantly higher after ADT, maintaining an enhanced performance
related to Pd/C. Therefore, the addition of CeOznr promotes the electrocatalytic
activity and electrochemical stability of Pd for the ORR and the EOR.

In the second part of the thesis, the synthesis of the (CsH2Mes)2Cu (Cu-mes)
and Cu(dmpz)L2 (dmpz= 3,5- dimethylpyrazole, L:= terephthalic acid)
organometallic compounds was carried out. The compounds were used as
functionalizing agents of the commercial Vulcan XC-72, the resulting supports
labeled as Ccu-mes and Ccu@mpsr2. The functionalized supports were subsequently
implemented in the synthesis of the Pd/Ccu-mes, Pd/Ccumpz2, Pd-CeO2-Nr/Ccu-mes and
Pd-CeO2-Nr/Ccu@mpzi2 nanocatalysts.

Evaluation of the catalytic activity for the EOR showed more negative Eonset and
j (.e., geometric current density) values for Pd/Ccumesand Pd/Ccu@mpsrz compared to
Pd/C. During CO-stripping tests, Eonset and COads oxidation peak potential (Eox)
shifted to more negative values at Pd/Ccumes and Pd/Ccumpzr2, which indicated an

1v



easier adsorption and oxidation of the molecule on the nanocatalysts supported on
functionalized Vulcan. After ADT, the ECSA of both materials showed a decrease.
While the performance for the EOR decreased slightly at Pd/Ccu-mes, it increased on
Pd/Ccu@dmpaa.

In Anion Exchange Membrane Direct Ethanol Fuel Cell (AEM-DEFC) tests,
Pd/Ccu-mes showed the highest catalytic performance in terms of anode (E.), and
cathode open circuit potential (Ec), the polarization curves of both electrodes, cell
polarization curve and cell power density (Pen). In addition, an ethanol electrolysis

test was performed to determine the formed subproducts.

The Pd-CeO:nr/Ccu-mes, and Pd-CeOznr/Ccu@mpsiz nanocatalysts were also
evaluated and compared with Pd-CeO2xr/C. Pd-CeO2nr/Ccu@mpsiz presented higher
catalytic performance for the EOR in terms of Eonst, and j compared to Pd-CeO»-
NR/Ccu-mes and Pd-CeO2nr/C. After ADT, Pd-CeO2nr/Ceumes showed a 15 % increase
in j of the reaction, while that of Pd-CeO2nr/Ccu@mpriz decreased by 11 %.
Nevertheless, the performance of the latter remained higher. In AEM-DEFC tests,
Pd-CeO2nr/Ccumpzi2 demonstrated the highest catalytic performance considering
E., anode polarization curve, cell polarization curve and Pe.. It also showed a fairly

good E, but its performance as cathode at high j values decreased sharply.

1v



Resumen

En la presente tesis, se evalud el nanocatalizador bifuncional Pd-CeO2ngr/C
sintetizado por el método del poliol para la Reaccién de Reduccion de Oxigeno
(ORR, por sus siglas en inglés) y la Reaccion de Oxidacion del Etanol (EOR, por sus

siglas en inglés). Con fines comparativos, también se sintetizé Pd/C monometalico.

Se observo que después de la prueba de degradacion acelerada (ADT, por sus
siglas en inglés), Pd-CeO:nr/C conserva el ~98 % del area superficial
electroquimicamente activa (ECSA, por sus siglas en inglés), un valor superior al ~
51 % del Pd/C.

La evaluacion de la actividad catalitica para la ORR se llevo a cabo mediante la
técnica de electrodo disco-anillo rotatorio (RRDE, por sus siglas en inglés). Pd-CeO»-
nr/C mostréd que promueve la reaccion con un porcentaje de generacion de iones
hidroperoxilo (% HOx2) entre el 2 y el 4 %, y un nimero de transferencia de electrones
(n) cercano a 4. Las pendientes de Tafel revelaron una mayor actividad masica y
especifica para Pd-CeO:nr/C en comparacion con Pd/C. Después de ADT, el

rendimiento del Pd-CeO:nr/C sigui6 siendo comparable al del monometalico.

Mientras tanto, las curvas de polarizacion de la EOR mostraron una mayor
actividad catalitica masica, es decir, densidad de corriente masica (jm) y un potencial
de inicio (Eonset) mds negativo para Pd-CeO:nr/C en comparacion con Pd/C. El
desempefio de Pd-CeO:nr/C para la reaccion aumento significativamente después
de la ADT en relacion con Pd/C. Por lo tanto, la adicién de CeO:znr promueve la
actividad electrocatalitica y la estabilidad electroquimica del Pd para la ORR y la
EOR.

En la segunda parte de la tesis, se llevd a cabo la sintesis de los compuestos
organometdlicos (CeH2Mes)2Cu  (Cu-mes) and Cu(dmpz)L2 (dmpz= 3,5-
dimetilpirazol, L>= acido teraftdlico). Los compuestos se utilizaron como agentes
funcionalizantes del Vulcan XC-72 comercial, siendo los soportes resultantes
etiquetados como Ccu-mes y Ccu@mpz)L2. Los soportes funcionalizados se implementaron
posteriormente en la sintesis de los nanocatalizadores Pd/Ccu-mes, Pd/Ccumpsr2, Pd-
CeO2-nr/Ceu-mes y Pd-CeOz-nr/CeumpzLa.



La evaluacion de la actividad catalitica para la EOR mostro valores de Eonset y j
(densidad de corriente geométrica) mas negativos para Pd/Ccu-mes y Pd/Ccudmpzrz en
comparacion con Pd/C. Durante las pruebas de CO-stripping, el Eonset y el potencial
de pico de oxidacion de COads (Eox) se desplazaron a valores mas negativos en Pd/Ccu-
mes Y Pd/Ccu@mpz)2, lo que indico una mayor facilidad de adsorcién y oxidacién de la
molécula en los nanocatalizadores soportados sobre Vulcan funcionalizado.
Después de ADT, el ECSA de ambos materiales mostrd una disminucion. Mientras
que el desempeno para la EOR disminuyo6 ligeramente en Pd/Ccumes, y aumento en
Pd/Ccu@dmpa2.

Las pruebas en Celda de Combustible de Etanol Directa con Membrana de
Intercambio Anionico (AEM-DEFC, por sus siglas en inglés), Pd/Ccumes mostré el
mayor desempeno catalitico en términos de potencial de circuito abierto del dnodo
(Ea), y del catodo (Ec), en las curvas de polarizacion de ambos electrodos, en la curva
de polarizacion de celda y en la densidad de potencia de celda (Pcn). También se
realiz6 una prueba de electrolisis de etanol con el fin de determinar los subproductos

formados.

De igual forma se evaluaron los nanocatalizadores Pd-CeO2nr/Ccumes, y Pd-
CeO2Nr/Ccumpzi2 y se compararon con Pd-CeO2ngr/C. Pd-CeOznr/CeudmprLz presentd
un mayor desempenio catalitico para la EOR en términos de Eonset y j en comparacion
con Pd-CeO2xr/Ceumes y Pd-CeO2nr/C. Después de ADT, Pd-CeOz-nr/Ccu-mes mostrd
un aumento del 15 % en j de la reaccion, mientras que Pd-CeOznr/Ccudmpzr2
disminuy6 11 %. No obstante, el desempefio de este ultimo siguid siendo superior.
En las pruebas en AEM-DEFC, Pd-CeOz-nr/Ccu@mpzrz demostrd el mayor desempenio
catalitico teniendo en cuenta E., la curva de polarizacion del anodo, la curva de
polarizacion de celda y Pen. También mostré un valor comparable de Ec, pero su

rendimiento como catodo a altos valores de j disminuy6 bruscamente.



Introduction

During the last decades, nanomaterials and nanoparticles have received great
attention as they are functional materials with extensive applications in catalysis,
electronics, sensors, electrochemistry and in the energy sector [1]. Within this field,
it is necessary to develop novel sustainable nanotechnology-based devices for
energy generation and storage. In this sense, Anion Exchange Membrane Direct
Ethanol Fuel Cells (AEM-DEFCs) emerge as promising devices for clean energy

generation [2].

AEM-DEFCs have drawn the attention of international research groups
because of their kinetically fast electrochemical reactions, low corrosion rate, and the
attractive use of ethanol as fuel. This molecule has a high theoretical energy density
and offers the advantage of being obtained from biomass as an alternative to
conventional processes [3]. One way in which nanotechnology optimizes the
efficiency of AEM-DEFCs is by developing nanocatalysts with improved catalytic
activity for the reactions. Typically, nanoparticles show higher surface area available
for the reactions than other geometries, thus enhancing the catalytic properties and
promoting a more efficient reaction. Such characteristics lead to improved fuel cell
performance. Moreover, as pointed out by the US Department of Energy (DOE), the
electrochemical stability of fuel cell nanocatalysts is of paramount relevance to

advance in the commercialization of these electrochemical devices [4].

Pd-based nanocatalysts are a feasible alternative to Pt to promote both the
Ethanol Oxidation Reaction (EOR) and the Oxygen Reduction Reaction (ORR) in
alkaline media. Even more, it has been reported that Pd-metal oxide nanocatalysts
show improved catalytic activity, with an increase in electrochemical stability and a
reduction in costs, since metal oxides are relatively cheap materials [5]. Moreover,
cerium oxide (CeO:) is a promising rare earth co-catalyst for electrocatalytic
applications, because it can form surface OH- species at relatively negative
potentials, which promote the generation of a high current density from the

oxidation of alcohols [6].

Vulcan XC-72 is one of the most used carbonaceous supports, since it has
suitable surface chemistry for anchoring nanoparticles, along with a high electrical

conductivity [7]. Having a relatively high hydrophobic surface, it has been
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submitted to diverse oxidative functionalizing treatments that modify its textural

properties, nevertheless decreasing its electrical conductivity [8, 9].

In this context, it is important to point out that a broad family of organometallic
compounds are less aggressive functionalizing agents than their oxidative
treatments counterparts, but strong enough to chemically modify the carbonaceous
surface creating functional groups that promote the anchorage and homogeneous
dispersion of nanoparticles. Furthermore, the surface modification creates active
metal sites that promote the formation of alloy phases with the base metal (in this

case Pd) that is deposited on the carbon surface [10, 11].

In the first part of the present work, the catalytic activity and electrochemical
stability of the bifunctional Pd-CeO:zxnr/C nanocatalyst for the ORR and the EOR are
evaluated in alkaline media. The aim is to evaluate the positive effect of adding

cerium on the electrochemical behavior of Pd for the above-mentioned reactions.

In the second part, the synthesis of the Cu-mes and Cu(dmpz)L2 copper
organometallic compounds is reported. The compounds are used as functionalizing
agents of Vulcan. Pd-based nanocatalysts supported on functionalized supports
have been synthesized and labeled as Pd/Ccu-mes, Pd/Ccu@mpsrz, Pd-CeOz2-Nr/Ccu-mes,
and Pd-CeO2nr/Ccudmprrz, which are evaluated as anodes for the EOR in alkaline
media. Moreover, the nanocatalysts have also been evaluated in a full AEM-DEFC
device. From the previous experience of the group with organometallic compounds,
an improvement in the catalytic activity is expected from the nanocatalysts

supported on functionalized Vulcan.
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1.1 Anion Exchange Membrane Direct Ethanol Fuel Cells (AEM-DEFCs)

The Anion Exchange Membrane Fuel Cells (AEMFCs) are high-efficiency
energy conversion devices, considered sustainable energy sources with very low
emissions of pollutants. These devices have high-power density, show enhanced
reaction kinetics, and have high tolerance to subproducts which can decrease the cell
performance by poisoning the nanocatalysts at the electrodes [1]. This is relevant
since recently the DOE has established an operating stability of up to 2000 h as a new

criterion for their commercialization [2-4].

The main challenge on which studies have focused is the development of anion
exchange membranes (AEM), an issue where important improvements have been
reached. Great efforts have been made to reduce the chemical degradation of anion
conducting ionomers and to limit carbonation issues within AEMFCs [5, 6].
Therefore, studies are focused on increasing hydroxide conductivity, and to
promoted chemical and mechanical stabilities at high pH values, leading to higher

cell performances [7-9].

Hydrogen is the most used fuel to feed AEMFCs. Its electrochemical
oxidation is kinetically fast, forming water molecules as the only subproduct.
Nevertheless, the production of pure hydrogen is expensive, and the gas is difficult
to transport and store. An alternative to hydrogen is based on the application of
several liquid alcohols, which have a high energy density and are easier to transport,
handle and store. Among them, ethanol is the best option, because is less toxic than
other alcohols, has a higher energy density (8.0 kW h/kg), and can be produced from

biomass sources [10-12].

Due to the alkaline environment in AEM-DEFCs, the EOR and the ORR show
faster electro-kinetics, as well as lower corrosion rate compared to fuel cells
operating in acid media. These electrochemical devices consist of three fundamental

components [13]:

i) The anode, where ethanol is oxidized to generate electrons, water, and

CO:z according to reaction 1.1:

CHsCH:20OH + 120H- = 2CO2+ 9H20 + 12e Reaction 1.1
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Here it is important to mention that the CO: produced during the reaction can
be considered as a carbon-neutral cycle as it can be reabsorbed by crops and plants,
which in due course can be transformed into biomass [14]. If direct oxidation is not
carried out, subproducts such as acetic acid may be formed when reacting with
hydroxyl ions to form acetate ions. Acetaldehyde is also an important subproduct.
Moreover, CO-species which strongly adsorb on metal active sites poisoning the

nanocatalysts, are also produced from the reaction.

ii) The cathode, where the oxygen reacts with water and electrons from the

anode to produce hydroxide ions, according to Reaction 1.2:
302+ 6H20 + 12e- - 120H Reaction 1.2
The ideal overall reaction in AEM-DEFCs is:
CHsCH:0OH + 302 = 2CO: + 3H20 Reaction 1.3

iii) The AEM, through which anions diffuse from cathode to anode, and
which separates the electrodes avoiding short-circuits, as shown in Figure
1.1.

—&,

C,H,OH + H,0 Air/O,

Figure 1.1 Scheme of an AEM-DEFC.

Overall, the performance of the cell is limited by the kinetics of the reactions.

Thus, AEM-DEFCs requires the development of nanocatalysts with high catalytic

2
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activity to promote the complete oxidation of ethanol, along with important
electrochemical stability. Nanocatalysts based on Pd are an attractive alternative for
the reactions mentioned here-above. Pd nanocatalysts have demonstrated high
electrochemical performance for the EOR and the ORR in alkaline media. Their high

tolerance to CO-species, has also been demonstrated [15-19].

1.1.1 Oxygen Reduction Reaction (ORR)

The complex ORR remains a challenge for researchers engaged in fuel cell
catalysis. It is a relatively slow reaction, which typically starts at high overpotentials,
resulting in significant voltage losses at the fuel cell [20]. To achieve a high efficiency,
it is desirable that the cathodes trigger the ORR as close to thermodynamic
equilibrium conditions as possible (i.e., with a low overpotential). Due to the highly
irreversible nature of the cathode reaction, the use of nanocatalysts is of paramount
importance to minimize the overpotential [21]. Pd-based nanocatalysts have been
considered as a promising catalyst for the electrochemical ORR in alkaline

environments.

The mechanism of the ORR in alkaline solutions starts with the adsorption of
Oz to form Ozaas, followed by the Oz species on the nanocatalyst surface. Then the

next steps can follow one of two paths, as shown in Figure 1.2:

i) Direct mechanism: O: is reduced directly to OH- in a 4 e transfer
(Reaction 1.4).
ii) Two-steps mechanism: the first step involves the transfer of 2 e to

reduce O: to the HOx species as an intermediate, which in turn is
reduced to OH- (Reaction 1.6) [17, 22, 23].

Direct: O2 +2 H:O +4 ™ 2> 40H" (0.401 V vs SHE) Reaction 1.4

Series: 02+ H:O+2e” - HO. +OH™  (-0.076V vs SHE) Reaction 1.5
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HO:™ + H20 +2e” - 30H" (0.878 V vs SHE) Reaction 1.6
Ky
| K, K, ¥

Oyog |™>| O

—
_KP HOZ-,ads — OH
\/ T 1 ks
HOZ-

Figure 1.2 Pathways of the ORR in alkaline media.

2,aq

1.1.2 Ethanol Oxidation Reaction (EOR)

The relatively slow kinetics for the EOR remains a challenge for the
development and broad commercialization of AEM-DEFCs. Pd/C nanocatalysts are
the most suitable anode materials for the reaction in alkaline solutions, an
electrocatalytic behavior that can be attributed to their oxophilic character and
improved C-C bond cleavage on the Pd active sites. Furthermore, Pd is known to
have higher stability and to be less susceptible to poisoning by reaction

intermediates than other noble metals [24].

The complete ethanol oxidation involves a 12 e- transfer mechanism that leads
to the formation of CO: and water, as mentioned above (Reaction 1.1). However,
very often low performance nanocatalysts promote an incomplete, 4 e~ oxidation
reaction, resulting in the formation of acetic acid (CH2COOH, or the acetate ion,
CH2COQ) as intermediate. Therefore, it is important to explore novel Pd-based
nanocatalysts with a high C-C bond cleavage capacity to catalyze the complete
oxidation of ethanol and thus increase the efficiency of the fuel cell [25].
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The generally accepted mechanism of the EOR on Pd nanocatalysts in alkaline

media is described in the following reactions [26]:

Pd®+ OH™ S Pde-OHuas + € Reaction 1.7
Pd" + CHsCH:0H = Pd-(CH:CH2OH)acs Reaction 1.8
Pd-(CH2CHOH)ads + 30H™ S Pd-(CH3CO)us + 3H:0 + 3¢~ Reaction 1.9
Pd-(CHCO)ads + PAd-OHuds — Pd~(CH:COOH)aas + Pd® Reaction 1.10
Pd-(CH:COOH)ass + OH™ S Pd + CH:COO™ + H:O Reaction 1.11

The first electron transfer occurs with the adsorption of hydroxyl ions on the
Pd metal active sites (Reaction 1.7). Then, ethanol molecules adsorb and dissociate
on Pd sites producing adsorbed acetyl ions, i.e. (CH3CO)adas, and 3 water molecules,
while transferring 3 e (Reactions 1.8 and 1.9). Reaction 1.10 is considered to be the
rate determining step. Finally, the desorption of the acetate ion and H2O occurs,

making Pd° sites available to continue with the reaction (Reaction 1.11) [27, 28].

1.2 Nanocatalysts

The overall function of a nanocatalyst is to increase the kinetics of the reactions
occurring in fuel cells. In the most common configuration, powders of nanocatalysts
are deposited on the surface of electrodes and actively promote the electron transfer
at the membrane-electrode interface. The kinetics of the reaction depends on the
geometrical and electronic properties of the materials catalyzing it. Due to the
complex reactions that occur at the electrodes of AEM-DEFCs, it is necessary to use
nanocatalysts with high tolerance to the reaction intermediates formed during the
EOR and the ORR. In recent years, work has been carried out on the development
of nanomaterials with the aim of increasing the catalytic activity of anodes and
cathodes [29].
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In order to improve the performance of monometallic nanocatalysts, multiple
investigations attribute enhanced kinetics (higher catalytic activity) of the ORR and
the EOR to Pd-alloys or Pd-metal oxide nanocatalysts [30, 31].

1.2.1 Pd-based nanocatalyst for the ORR

Studies have focused on the design and development of cathode nanocatalysts
that promote the ORR via the direct 4 e mechanism, limiting the overpotential and

the rate of hydroperoxyl ion production (%HOx) [32, 33].

Pd-based nanocatalysts possess a high catalytic activity for the ORR in alkaline
media. In order to enhance the catalytic properties and the electrochemical stability
of Pd, workers have proposed the alloying with a second metal. The Pd-alloys
improve the kinetics of the reaction and avoids high overpotentials due to a
synergistic effect between both metals, in which the second metal modifies the
electronic structure of Pd [34, 35].

As a result of the formation of the alloy, an electron transfer between Pd and the
second metal takes place, which modifies the d-valence band of the former. Such
modification has a positive effect of easing the adsorption energy of Oz and reaction

intermediates, therefore increasing their catalytic activity for the ORR. [36, 37].

Pd-alloys such as PdCo [38-40], PdCu [41], PdFe [42], PdNi [43], and PdSn [44]
have been developed, demonstrating an improvement in electrochemical activity for
the ORR in terms of onset potential and limiting current, compared with

monometallic Pd/C.

Alternatively, metal oxides have also been reported as co-catalysts of Pd,
particularly cerium oxide (CeOz), which is of interest in this thesis project. Ceria-
based catalysts have been extensively studied due to their unique chemical and
thermal stabilities, as well as good optical and magnetic properties [45]. Moreover,
CeO: is a promising rare earth co-catalyst for electrocatalytic applications, due to its
oxygen storage and release capability that is achieved by alternating oxidation states
between Ce* and Ce*" [46, 47]. Furthermore, it has been indicated that CeO: has
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enhanced oxyphilic properties that promote electrons transfer during the

electrochemical reactions.

Song et al. [48], have reported the synthesis of PAO-CeO-/C which exhibits an
high electrocatalytic activity for the ORR in alkaline media in terms of mass activity
and electrochemical stability compared with Pt/C. The enhanced performance of
PdO-CeO2/C is attributed to the interaction between PdO and CeO:as well as to the
favorable interface for oxygen adsorption and desorption. Rodriguez-Varela et al.
[49], have demonstrated the good electrochemical stability of the Pd-CeOzxg/C
nanocatalyst along with its high promotion of electrocatalytic activity for the ORR
in alkaline media. Pd-CeO2xx/C shows higher mass and specific activities compared
with Pd/C, ascribed to the formation of surface oxide species, i.e., CeO2nr formed

OH- which facilitated the electrochemical reactions.

The addition of CeO: enhances the electrocatalytic behavior and
electrochemical stability of Pd towards the ORR, due to a synergistic effect between
CeO2nr and Pd. This modification leads to beneficial electronic effect and the
activation of the bifunctional mechanism that promote the suitable adsorption and
desorption of oxygen species during the reaction, resulting in improved kinetics of

the reaction.

1.2.2 Pd based nanocatalysts for the EOR

The design of highly active nanocatalysts as anode materials for AEM-DEFC
remains a challenge because the ethanol oxidation is a multi-step, complex reaction
with relatively slow kinetics. The most active catalyst for the EOR in alkaline
solutions is Pd. Nevertheless, Pd-based nanocatalysts still form reaction
intermediates that block their active sites, limiting the long-term stability of AEM-
DEFCs [50].

In order to improve the electrochemical activity of Pd nanocatalysts, research
has addressed their modification. The most common strategy is the addition of
complementary metals or metal oxides (co-catalysts) to form alloys or metal-metal

oxide nanostructures. The modification can also develop nanocomposites (core-




Chapter I
Background

shell, or bimetallic nanostructures, or heterogeneous structures). The incorporation
of alloying elements or metal oxides can facilitate the adsorption of molecules, their
dissociation, as well as the desorption of poisoning intermediates. The modification

can also enhance the electrochemical stability of the nanocastalysts [51-53].

The formation of alloys increases the catalytic activity of Pd through the
bifunctional mechanism and the electronic effect. The first one acts when the co-
catalyst provides oxygen species (such as OH") at negative potentials to Pd active
sites, facilitating the oxidation of adsorbed ethanol and reaction intermediates such
as COads. The electronic effect occurs because of the electron transfer between the
alloying element and Pd. Such interaction modifies the d-band of Pd, which modifies
the adsorption energy of reacting species and intermediates promoting the overall

reaction [54].

Recent works have reported research on Pd-based alloys such as PdRu [55],
PdAg [56, 57], PdBi [58], PANi [59], PdCo [60], PdTi [61], PdIr [62], PdAu [63], PdPb
[64], PdSn [65, 66], and PdCu [67]. The reports have made evident that both the
bifunctional mechanism and the electronic effect contribute significantly to
increasing the catalytic activity and electrochemical stability of the Pd-alloys

nanocatalysts for the EOR.

Modifying Pd with cheaper transition metals such as Cu increases its
electrochemical performance for EOR as well, due to a synergistic effect. The
alloying between Pd and Cu is of particular interest in this work, because when
functionalizing Vulcan with Cu organometallic compounds and afterwards using it

as a support of Pd nanoparticles, the creation of alloyed Pd-Cu phases is expected.

Guo et al. [68], have studied the performance of PdCu/C and Cu@PdCu/C (core-
shell nanostructure) for the EOR in alkaline media, obtaining a higher current
density than Pd/C. The study also shows an enhanced electrochemical stability and
the ability to prevent CO.ds poisoning of the novel nanocatalysts, which is mainly
ascribed to the synergistic effect between Pd and Cu (such as geometric and
electronic effects, and the bifunctional mechanism). Yang et al. [69] report the
synthesis of PdCu nanoalloys anchored on porous carbon whit high specific catalytic

activity and stability for the EOR, tolerance to poisoning species compared to
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commercial Pd/C. The high performance of the nanoalloys has been attributed to the
uniform dispersion of PdCu nanoparticles on the support, and to strong metal-

support interactions.

Zhai et al. [70] have reported a 3D PdCu network nanostructure with higher
electrochemical activity for the EOR than Pd/C. The study suggests that the porous
3D structure allows the internal surface of the catalyst to be accessible to the
reactants, which increased the electrochemically active surface area (ECSA),
exposing more active sites for the oxidation of the alcohol. The high catalytic activity
of the 3D PdCu nanocatalysts has been correlated to a promotion of the bifunctional

mechanism by the incorporation of Cu atoms into the Pd lattice.

In their work, Chen et al. [71] demonstrate a superior electrocatalytic
performance of PdxCuioxnetworks compared to Pd/C for the EOR in alkaline media
in terms of mass activity, long-term stability, and better tolerance to reaction
intermediates. Such behavior has been ascribed to important strain and ligand

effects due to the presence of Cu atoms modifying the electronic structure of Pd.

These studies show that the alloying of Pd and Cu improves the electrochemical
activity for the EOR regarding current density, one-set oxidation potential,
electrochemical stability, ECSA, and tolerance towards reaction intermediates. The
results ascribe the enhanced performance to a synergistic effect between the two
metals which activate the bifunctional mechanism, and the electronic and strain

effects.

On this matter, the addition of metal oxides such as CeO: to Pd also induces a
positive effect on its electrochemical activity towards the EOR. CeO: can absorb and
desorb OH- species at relatively negative potentials, which it shares with Pd. By

doing so, it promotes the oxidation of ethanol at more negative potentials.

Shen et al. [72], have shown that the effect of adding CeO: to Pd/C nanocatalysts
is an enhanced catalytic activity for the EOR in alkaline media, compared with Pd/C.
The Pd-CeO:/C nanocatalyst forms OH- species at relatively negative potentials to
release Pd atoms from CO-like poisonous species, allowing the active sites to
perform the electro-oxidation of ethanol. Vizza et al. [73] have reported that the
power density obtained from an AEM-DEFCs equipped with the Pd-CeO:/C
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nanocatalysts as anode and FeCo/C as cathode, is twice as high as that delivered by
Pd/C. The presence of ceria contributes to start the EOR at more negative onset
potential. It is proposed by the authors that ceria promoted the formation at low
potentials of Pd-OH.ds bonds that are responsible for the oxidation of the alcohol
with a high current density.

1.3 Carbon supports : Vulcan XC-72 (C)

It is acknowledged that the textural and surface chemical properties of the
support play an important role in the catalytic activity of Pd/C nanocatalysts. The
choice of support has an effect on particle size and dispersion, average particle size
distribution, and electrochemical stability. In addition, since the metallic
nanoparticles are attached to the support, the bond interactions can potentially
influence their catalytic activity by modifying their electronic structure. Thus,
supports with adequate properties may improve the metal-carbon interactions,

increasing the performance and durability of the nanocatalysts [33, 74, 75].

In this context, nanocatalysts for fuel cells applications require carbon supports
with the following characteristics: 1) surface chemical properties to achieve high
nanoparticles dispersion; 2) suitable pore structure for the adequate diffusion of
reactants and subproducts; 3) high electrical conductivity for electrons to be fast and
easily transferred; and 4) high corrosion resistance to avoid its deterioration which
might affect the performance and stability of the nanocatalysts [76-78]. In addition,
a longer lifetime of the support ensures a more durable stable operation of the fuel
cell. This is relevant since long-term stability of fuel cells is one of the most important

challenges to be solved for their large-scale commercialization.

The most used support in low temperature fuel cell applications is Vulcan
XC-72, a low-cost (1 USD/g) carbon black commercialized by Cabot Corp. It is
obtained from the pyrolysis of hydrocarbons such as natural gas or some petroleum
fractions. Vulcan consists of quasi-amorphous carbon spheres with diameters
between 30-60 nm as shown in Figures 1.3 and 1.4, having an electrical conductivity

reported as 2.77 S cm! and a surface area of ~250 m? g [79]. Moreover, Vulcan
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typically shows hydrophilic properties and the presence of surface oxygen

functional groups that favor a good dispersion and anchorage of metal particles [80].

Figure 1.3 Scheme of the structure of Vulcan XC-72.

Meanwhile, the mean pore diameter of Vulcan (10.4 nm) may affect the
diffusion of reagents and products during the electrochemical reactions, decreasing
the performance of the fuel cell [81]. In addition, its limited chemical stability under
extreme operating conditions (high positive potentials, low pH values) promotes its
surface oxidation, generating the agglomeration of nanoparticles, among other

negative issues [82, 83].

Figure 1.4 TEM micrograph of a Pd/C nanocatalysts showing the morphology of
Vulcan.
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Nevertheless, Vulcan shows the best properties among the carbon blacks

(Ketjenblack, acetylene black, black pearls) to be used as support [84].

1.4 Functionalization of carbon supports

Functionalization is the modification of the surface of a material through
chemical interactions. The advantages provided by the functionalization of carbons
that are used as a support are: i) improved chemical and electrochemical stability; ii)
formation of surface functional groups that act as anchoring sites for nanoparticles;
and iii) modification of electronic properties improving their electrical conductivity
[85].

Covalent and non-covalent modification methods have been used to
functionalize carbon supports. Covalent functionalization, probably the most
widely used, involves the permanent modification of the carbon surface. It uses
chemical agents such as HNOs, H2SOs, CsHsO7, CHsCOOH, KMnOs, K2Cr207, KOH
and H20: to introduce surface hydroxyl, carboxyl, and carbonyl functional groups.
These oxygenated species serve as nucleation and anchoring sites of nanoparticles,

creating bonds between carbon and metal nanoparticles. [86].

Non-covalent functionalization is based only on electrostatic interactions, Van
der Waals forces, hydrogen bonding, and other type of attractive forces. For
example, the association of carbon with polymers such as poly(vinyl pyrrolidone)
and poly(styrene sulfonate) disrupt their intrinsic hydrophobic interface allowing
their solubilization in water. Additionally, the reactive groups of the polymers can

interact with specific molecules [87, 88].

Functionalization of carbon nanostructures has become a useful strategy to
improve their properties by modifying their surface. The activity, selectivity, and
stability of the nanocatalysts are strongly influenced by the surface characteristics,
as well as by the physicochemical properties of the support. The use of carbon
without any treatment can result in a poor performance of the nanocatalysts, since
it may contain traces of ash and hydrophobic surface groups that limit the nucleation

and dispersion of nanoparticles [89].
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The procedures more used to create surface functional groups on carbon
involve acid solutions and aggressive agents, requiring high temperatures and

several hours of treatment [90-92].
1.4.1 Use of Cu in the functionalization of carbon supports.

Functionalization of diverse allotropic forms of carbon with different Cu
compounds has been reported, envisioning different applications in the medical

field [93], in the treatment of nuclear waste [94], and in sensors research [95].

There are very few reports where Cu compounds have been used for the
functionalization of carbon materials for application in fuel cells. For example, Du
et al. report the synthesis of cuprous phosphide as a functionalizing agent of reduced
graphene oxide (RGO). The catalytic activity for EOR and MOR as well as durability
of the Pd-CusP/RGO nanocatalyst obtained increases compared to Pd/C or Pd/RGO,
due to a promoting effect of the CusP/RGO) hybrid material resulting from the
functionalization. The high performance of Pd-CusP/RGO has been attributed to the
beneficial electronic structure change of Pd as well as the bifunctional effect between
copper phosphide and Pd [96, 97].

1.5 Organometallic compounds as functionalizing agents

There are several reports in the literature showing the successful
functionalization of carbon materials with organometallic compounds. Some of the

most studied compounds are based on Cr and Ru.

Haddon et al. have patented a method for the functionalization of carbon
nanostructures such as graphite, graphene, and carbon nanotubes using Cr
organometallic compounds. The group has studied the surface modification of the
carbon structures with chromium organometallic compounds such as (Cr(CO)s and
[(n°-CeHs)Cr(CO)s]. They proposed a method for introducing chemical
functionalities onto a graphitic system with minimal or no disruptions at all of the

structural integrity of the sp>hybridized carbon atoms.
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The functionalization process developed by the group is a covalent
chemisorption interaction, in which the formation of an organometallic hexahapto
(n°)-metal fragment preserves the graphitic structure of the carbon (ie., a
constructive rehybridization) The authors show that the electric conductivity of

nanotubes increases by incorporating transition metals (Cr, Mo and W) [98-101].

Rodriguez-Varela et al. report the functionalization of Vulcan and rGO by the
Haddon's method with the [(1°-CeHsOCH:CH:2OH)RuCl2]2 (Ru-dim) and [(n°-
CeHy(CHMe2)Me)RuCl2]:  (Ru—cym) organometallic compounds. The modified
carbon has been used as supports to synthesize Pt-based nanocatalysts. HRTEM
analysis have shown a good dispersion of nanoparticles on the supports. The
catalytic activity of the nanocatalyst for the MOR has been evaluated in acid media.
The Pt/Crudim and Pt/rGOru-¢im nanocatalysts show an enhanced performance
compared to Pt/C (on non-functionalized Vulcan), in terms of a higher current
density generated and a more negative onset potential. The increase in catalytic
activity of Pt/Cru-dim and Pt/rGOru-dim is attributed to the formation of alloyed phases

between Pt and Ru, a feature that activates the bifunctional mechanism [102-104].

1.5.1 Cu organometallic compounds

The organometallic chemistry of transition metals is one of the areas of interest
worldwide due to the different applications of these complexes. Particularly, copper
derivatives have found widespread application in homogeneous catalysts. Copper
is a relatively cheap, earth-abundant, and non-toxic metal. Cu compounds have been
classified as high valence complexes because of their capability to form Cu-C bonds,
due to their different oxidation states (1+, 2+, and 3+). Some of the advantages of
these materials include: i) the relatively easy synthesis of Cu compounds; ii) feasible
carbon-carbon and carbon-heteroatoms bonding; and iii) high-valent Cu

intermediates to improve catalytic reactions [105].

On the other hand, one of the main disadvantages of Cu organometallic
compounds is their poor chemical stability, which has been associated with the
redox properties of the metal. It is widely established that the thermal stability of
organocuprates increases in the following order of substituents: alkyl <aryl ~ alkenyl
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< alkynyl [106]. Alkyl being the substituent that provides the highest thermal
stability, which improves the physical properties of the compound.

One of the most used Cu organometallic compounds is the mesityl copper
(identified as Cu-mes in this work), formed by an aryl substituent and three methyl
groups (Figure 1.5). This compound is easy to synthesize because mesityl halides as
starting compounds have good solubility in benzene, ether, and THF. Also, their
cost is relatively low. Mesityl copper can be synthesized by a metathesis reaction
between copper(I) chloride and mesityl] magnesium bromide in THF, under
anhydrous and oxygen-free conditions, because of its high sensitivity to this gas and
humidity [107-109].

CHj
Cu

H4C CH,

Figure 1.5 Structure of mesytil copper.

Barriér et al. report the synthesis of Cu nanoparticles by a vapor deposition
technique used as precursor mesityl copper. The use of this type of organometallic

compounds is proposed because few Cu precursors give satisfactory results [110].

One alternative is to synthesize a coordination compound assembled with
copper acetate, 3,5-dimethylpyrazole, and terephthalic acid (Figure 1.6), which in
this work is labeled as Cu(dmpz)L2. These coordinated compounds can be obtained
by simple synthesis methods and exhibit excellent chemical stability. For fuel cell
applications, due to the inter-bond interactions, an easy anchoring of the compound

on the Vulcan is expected [111].
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Figure 1.6 Structure of Cu(dmpz)L2.

Given that the study of these nanomaterials is at an early stage of development,
Cu organometallic compounds are potential candidates to increase the catalytic
activity of Pd based nanocatalysts for the EOR. As far as is has been possible to revise
the literature, this is the first time that the effect of functionalizing Vulcan with Cu
organometallic compounds on the catalytic activity of Pd nanocatalysts supported

on the modified carbons has been studied.
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2.1 Hypothesis

The addition of CeO2nr will enhance the electrochemical stability of Pd-based
nanocatalysts, promoting their catalytic activity for the EOR and the ORR. The
functionalization of C with Cu organometallic compounds will form metal active
sites and surface functional groups, promoting a high dispersion of nanoparticles,
the creation of alloyed Pd-Cu phases, and the modification of the electronic structure

of Pd, resulting in nanocatalysts with high catalytic activity for the EOR.

2.2 General objective

To study the effect of implementing CeOznr as co-catalyst as well as that of
functionalizing C with Cu organometallic compounds forming modified supports
on the catalytic activity of Pd-based nanocatalysts for the ORR and the EOR in
alkaline media, by evaluating the electronic and structural modification of Pd, for
their possible use in cathodes and anodes of AEM-DEFC.

2.3 Specific objectives

e To analyze the effect of implementing CeO:nr as co-catalyst on the catalytic
activity, bifunctionality and electrochemical stability of Pd-CeOzngr/C
nanocatalyst for the ORR and the EOR.

e To propose a methodology to functionalize commercial Vulcan (C) with the

Cu-mes and Cu(dmpz)L2 organometallic compounds.

e To study the Ccu-mes and Ccumpz2 functionalized supports aiming to evaluate
the capacity of the Cu compounds to modify the structure and surface of

Vulcan.

e To study the electronic and structural modifications of Pd resulting from

interactions with Cu-sites from the organometallic functionalization.

e To correlate such modifications with the catalytic activity of Pd-based

nanocatalysts for the EOR.
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e To evaluate the catalytic activity of the Pd-based nanocatalysts supported on
Ccu-mes and CCu(dmpz)LZ in an AEM-DEEFC.
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3.1 Chemical reagents and gases

The chemical reagents were of analytical grade: Ammonium
hexachloropalladate (IV) (PdCls(NH4)2) (99 %), ethylene glycol (C2HsOz2) (99.8 %),
sulfuric acid (H2SOs) (95-99 %), sodium hydroxide (NaOH) (97 %), copper (I)
chloride (CuCl (I)) (99.9 %), 1,4-dioxano (CsHsOz) (99.8 %), ethylic ether ((C2Hs)20)
(99 %), 3,5 dimethyl pyrazole (CsHsN2) (99 %), copper (II) acetate monohydrate
(Cu(CO2LH3)2-H20) (99 %), terephthalic acid (CsHeOs) (97.5 %), tetrahydrofuran
(THF, CsHsO) (99.9 %), potassium hydroxide (KOH) (90 %), deuterated acetone
((CDs5)2CO) (99.98 %), benzene (CsDs) (99.99%), Nafion® solution (5 wt. %), 2-
propanol (CsHsO) (95 %), and ethanol (C2HsOH) (99.8 %) were purchased from
Sigma-Aldrich and used as received. CeOxnr were synthesized as described
previously [1]. Metallic sodium (Na°) and deionized water were acquired from
Jalmeck. Vulcan XC-72 was obtained from Cabot. UHP Ar and O: were purchased
from Infra (purity > 99%).

3.2 Synthesis of copper organometallic compounds

3.2.1 Synthesis of mesityl Cu (Cu-mes)

The preparation of the Cu-mes was carried out following the methodology
reported in [2], with slight modifications under Ar atmosphere using a Schlenk line.
The glassware was previously washed and heated at 95 °C overnight to eliminate
moisture. The solvents (dioxane, THF, and ether) were distilled before use with Na°®

in refluxing conditions by 2 h, to avoid the formation of metallic oxides.

A suspension of CuCl (I) (10.9 g, 110 mmol) in THF (100 mL) was ultrasonically
mixed for 1 h. Then 100 mL of mesityl BrMg were added under vigorous magnetic
stirring for 12 h at room temperature in Ar atmosphere. A change of color from green
to brown was observed. Dioxane (50 mL) was added to the mixture, maintaining
stirring for 2 h, allowing precipitation for 1 h. The BrMgCl salt obtained had a white

color.

The recovered yellow liquid remaining was mixed with 50 mL of ether and the

solution allowed to precipitate for 30 min. The resulting crystals were filtered and
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dried in vacuum to obtain Cu-mes as yellow/brown powder with 43.79 % (6g, 32

mmol) reaction yield.

CuCl + THF
T )

Stirring,12h
Dioxane, 2h

)

Mesityl - magnesium bromide Mesityl Copper

Figure 3.1 Reactions during the synthesis of Cu-mes.

3.2.2 Synthesis of Cu compound coordinated with 3,5 dimethylpyrazole (dmpz)
and terephthalic acid (L2) (Cu(dmpz)L2)

Cu(dmpz)L2 was synthesized as follows [3]: a solution of copper (II) acetate
(0.199 g) in methanol (15 mL) was mixed with 12 mL of methanol containing dmpz
(0.192 g) and terephthalic acid (L2) (0.28 g) under continuous stirring. The resulting
solution was dispersed for 45 min by ultrasound at room temperature. Afterwards,
1 mL of NH«OH was added, allowing precipitation for 1 h. The color changed from
blue/green a to purple. The resulting product was filtered, washed with methanol,

and dried to obtain Cu(dmpz)L2 as a blue powder with 77.7 % (0.7 g) reaction yield.
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-
. 1 ; I /
+
Methanol
US, 45 min

Copper acetate
R

+ ] ?
5
[ 2 ) NH,OH, 1h 5
+ J |
cs \+ Methanol

p; Cu(dmpz)L2
3,5 Uimethyl pyrazole

i) Terephthalic acid (L2)

Figure 3.2 Reactions during the synthesis of Cu(dmpz)L2.

3.3 Functionalization of C supports: synthesis of Ccu-mesand Ccu@mpar2

Ccu-mes was obtained from the functionalization of Vulcan XC-72 with 0.4 g of
Cu-mes and 0.6 g of C (Ccu-mes: C molar ratio of 1:10 [4]) were stirred in 80 mL of THF
under Ar atmosphere and refluxing conditions for 48 h at 130 °C. The black solution
generated was transferred into a Schlenk tube, filtered through a cannula, washed
with dried THF, ethanol, and water. The product was finally dried in vacuum for 3

h, resulting in a black powder.

Ccu@mpsrz was obtained following the same procedure using 0.7 g of

Cu(dmpz)L2 and 0.2 g of C, resulting also in a black powder.

34



Chapter III
Experimental Section

+ Cu-mes

Cu(dmpz)L2
CCu(dmpz)L2

Figure 3.3 Scheme of the experimental procedure of Vulcan functionalization.

3.4 Synthesis of nanocatalysts based on Pd

The 20 wt. % Pd-CeO2~r/C nanocatalyst with a 1:1 nominal Pd:CeOznr atomic
ratio was synthesized by the polyol method [5]. C (0.08 g) was dispersed in 46 mL
of ethylene glycol (EG), while the Pd precursor (PdCls(NHa)2 (0.025 g) and the CeO»-
nr (0.012 g) were separately mixed in 2 mL of ethanol. The dispersions were
sonicated for 1 h. Afterward, the solutions containing CeO2xr and Pd were added

dropwise to that of C, then stirred for 30 min in ambient conditions.

Subsequently, the pH was adjusted to 12 by adding NaOH (1 mol L), the
temperature increased to 160°C and maintained for 3 h under refluxing and stirring
conditions. At the end of this time, the mixture was allowed to cool down to room
temperature, and 1 mol L' H.SOs was added to adjust the pH to 2. Finally, the

product was filtered, washed, and dried.

The same procedure was followed used for the Pd-CeOznr/Ccumes, Pd-CeOs-
NR/Ccu(dmpar2, Pd/Ccumes, Pd/Ccu@mpsrz and Pd/C nanocatalysts. In the last three cases,

the addition of CeO2nr was omitted.
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C+EG ,

+ US, 30 min
Stirring, 15 min ~ Cooled
ﬁ ° B Pd_ceo _ C

PdCI4(NH,), +EG Reflux, 160°C g > 21w/
pH 12 pH 2
+ 3h.
CeO, \+EG

Figure 3.4 Scheme of the reactions of the experimental procedure to synthesize Pd-
CeO2nr/C by the polyol method.

3.5 Physicochemical characterization
3.5.1 Nuclear Magnetic Resonance (NMR)

Cu-mes was characterized by 'H-NMR spectroscopy. Chemical analyses were
obtained in a 500 MHZ Bruker Advance IIl apparatus (using 5 mm direct broad band
with Z-grad (PABBO-1H/D Z-GRAD). The 'H chemical shifts were referenced to

residual no deuterated solvent. Cu-mes was dissolved in (CDs)CO.

3.5.2 Fourier Transform Infrared Spectroscopy (FT-IR)
Cu-mes, Cu(dmpz)L2, Ccu-mes, and Ccudmpzrz were characterized by FT-IR in a
WQF-510A FT-IR Rayleigh instrument. FT-IR spectra were acquired in transmission

mode at 4 cm™ resolutions in the scan range of 4000 to 500 cm™ using KBr pellets.

3.5.3 Raman Spectroscopy

Raman microanalyses were carried out using a DXRZ Thermo Scientific
equipment (A=633 nm, in a range= between 400 and 3500 cm™). The ratio between
the D and G band intensities (Ip/Ic ratio) was used to study the rehybridization of
the carbon supports. Three microanalyses were performed, the average of which is

reported.
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3.5.4 X-Ray Diffraction (XRD)
The nanocatalysts were characterized by X-ray diffraction (XRD) using a
Philips X'Pert diffractometer, with CuKa radiation (A=1.5418 A) The crystallite size
(d) was estimated using values of the (220) of Pd plane with the aid of the Scherrer
equation [6].
092
"~ Bcoso

Equation 3.1

where d is the crystallite size, 0.9 is a correction factor or the Scherrer constant, that
applies to powder samples; 1 is the wavelength of the radiation emitted by the Cu
Ka lamp (1.5418 A); B is the full width at half maximum in radians, and 0O is the

angle at the peak maximum.

The lattice parameter ay.. of the nanocatalysts was calculated with Bragg’s law
using data from the Pd (111) peak [7, 8]:

ST

<ino Equation 3.2

Afcc =

where 1 and 0 have the same meaning as in Equation 3.1.

Following the procedure described in the literature [9], the fraction of Cu

alloyed (D) in the nanocatalysts was calculated with equation:

a —ap
D = [(fcc—)] X Equation 3.3

as—qq

where ag. is the experimental lattice parameter (Table 5.6), a, is the experimental
lattice parameter of the synthesized Pd/C (Table 5.6), a is the lattice parameter of

ca. 100 % alloyed Pd-Cu/C, x; is the Cu atomic fraction in the nanocatalysts.

3.5.5 Scanning Electron Microscopy coupled with Energy Dispersive
Spectroscopy (SEM-EDS)

The chemical composition was determined in a Philips XL30 Scanning Electron
Microscope, equipped with an EDS detector, under an accelerating voltage of 20 kV.
Five quantitative microanalyses were performed in different areas of the samples,

the average of which was obtained and reported here.
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3.5.6 High-Resolution Transmission Electron Microscopy (HR-TEM)
The nanocatalysts were characterized by HR-TEM, in a Hitachi 7700
transmission electron microscope obtaining the particle size by the averaging the

diameter of 100 particles, using the Gatan digital micrograph software.

3.5.7 X-Ray Photoelectron Spectroscopy (XPS)

The surface oxidation state was characterized by X-ray photoelectron
spectroscopy (XPS) using a Thermo Scientific ESCALAB 250Xi (Al-Ka, 20 eV)
spectrometer. Deconvolutions of the spectra with baseline correction were
performed using the Shirley-Sherwood method. The binding energies (BE) were
calibrated to 284.8 eV due to adventitious carbon (C 1s peak). The relative
composition (% at.) of the nanocatalysts was reported.

3.6 Electrochemical Characterization
3.6.1 Electrochemical half cell

Electrochemical measurements were carried out in a three-electrode
electrochemical cell. All the measurements were performed at room temperature.
The counter-electrode was a Pt wire in a separate compartment with a membrane at
the tip, while the reference electrode was of the Ag/AgCl type in saturated 3M NaCl
solution placed in Luggin capillary, also with a membrane at the tip. The potentials
have been referred to the Reversible Hydrogen Electrode (RHE). The catalytic ink
was prepared by separately mixing 10 mg of each nanocatalysts, 5uL of Nafion®,
and 1 mL of 2-propanol, by sonification for 40 min. The working electrode was
fabricated by transferring an aliquot of 10 puL of the catalytic ink into a glassy carbon

disk (geometric area= 0.196 cm?).

The electrochemical behavior of the nanomaterials was evaluated in 0.5 mol L-
! KOH under Ar atmosphere in a VSP-300 Bio-Logic bipotenciostat connected to a
rotating ring-disk electrode set-up (RRDE, Pine Inst).

38



Chapter III
Experimental Section

3.6.2 Cyclic voltammograms (CVs)

The nanocatalysts were activated by cyclic voltammetry in a potential window
between 0.05 and 1.2 V/RHE at 50 mV s for 40 cycles. With this procedure,
impurities on the electrode surface were removed and the cleanliness of the
nanocatalyst was ensured. Subsequently, CVs were obtained in the same potential

range at a sweep rate of 20 mV s.

1.5 Oxides region
1 O n Pd(oxides formation)

Pd

(oxides reduction}

Pd/C |
00 02 04 06 08 1.0 12
E/Vvs. RHE
Figure 3.5 CV of Pd/C. Electrolyte: N2-satured 0.5 mol L't KOH. Scan rate: 20 mV s..

254+

The electrochemically active specific surface area (ECSA, m? g?') of the
nanocatalyst was estimated by integrating the coulombic charge of Pd oxides reduction)
peak highlighted in Figure 3.5 (Qo, pC cm™.) and assuming a theoretical charge (Qtheo,
ra0) of 420 pC cm? for the reduction of a monolayer of oxides [10], using the

following equation:

ECSAp;y = S Equation 3.4
Qtheo,pdo XLpa
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where Lra (ug) is the amount of palladium on the electrode determined from

chemical composition analysis.

3.6.3 Evaluation of catalytic activity for the ORR

The electrolyte was saturated with O2 for 20 min before obtaining the CVs at
four different rotation rates (w =400, 800, 1200, and 1600 rpm). The potential interval
was the same as indicated in the previous section, with a scan rate of 5 mV s*. The
current density of the ORR was determined by subtracting the background current
obtained in Ar atmosphere at the same scan rate. The ring was polarized at 1.2
V/RHE and the current measured was used to estimate % HO:z (percent of

hydroperoxyl ion) and n (electron transfer number).

The % HO:z and n values have been determined using equations 3.5 and 3.6, as

reported previously: [11]

iR

% HO; = 200 - WL-R Equation 3.5
lD+W
4ip .
n= . Equation 3.6
(o+3) -

where ib is the disk current, ir is the ring current, and N is the collection efficiency
(N=0.37).

Mass and specific activities were calculated by normalizing the kinetic current
(ix) with respect to the Pd load (mgpd, experimental Pd mass based in the EDS results)
deposited in the electrode and with the Pd real surface area (Ara in cm?), respectively,

obtained from the following relationship:

Apy = QL Equation 3.7
theo,PdO

Qo and Qtneo, rao are the same as described in equation 3.4.
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3.6.4 Evaluation of catalytic activity for the EOR

Characterization of the catalytic activity of the nanocatalysts for the EOR was
carried out in a Pine Wave Driver 20 bipotentiostat. Polarization curves were
obtained adding a solution 0.5 mol L' C2H50H to the 0.5 mol L' KOH electrolyte in
the same potential interval and sweep rate as indicated in section 3.6.2. The current
of the reaction was normalized with respect to the experimental Pd mass content, to

obtain the mass current density (jm).

3.6.5 Accelerated degradation test (ADT)

In the case of the ORR, ADT were performed by submitting the nanocatalysts
to 3000 cycles at 50 mV s in the 0.6 — 1.0 V/RHE potential range, following the
protocol proposed by the US Department of Energy (DOE) [12]. ECSA values, CVs
and polarization curves of the ORR were compared before and after of the tests
(Chapter 1V).

Regarding the EOR, the nanocatalysts were submitted to 2000 cycles at 200 mV
sin the 0.05-1.2 V/RHE potential interval. The measurements allowed to compare
CVs and polarization curves of the EOR at the nanocatalysts before and after the
cycling (Chapters V and VI).

3.6.6 CO-stripping

CO-stripping measurements were carried out bubbling CO into the cell for 10
min while polarizing the electrode at 50 mV/RHE, followed by purging with Ar for
30 min. Then, two CVs were recorded at 20 mV s in the range of 0.05 to 1.2 V/RHE,
detecting the CO desorption (COudes) peak in the first cycle (Figure 3.6).
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Figure 3.6 CO-stripping at Pd/C. The COues peak is highlighted in grey. Electrolyte:
Ar-satured 0.5 mol L' KOH. Scan rate: 20 mV s..

ECSAco values (i.e., from CO-stripping) were calculated from the integration
of the experimental charge associated to COues peak according to the following

Equation 3.8.

ECSACO — Qco Equation 3 8
Qtheo,coX Lpg

where Q¢p (UC) is the charge due to the oxidation of COdes shown in Figure 3.6,
Qtheo,co is the theoretical charge for the oxidation of a monolayer of CO on a Pd

electrode (420 pC cm?) and Lp4 (ng) the amount of palladium on the electrode [10].

3.6.7 Anion Exchange Membrane Direct Ethanol Fuel Cell (AEM-DEFC)

The nanocatalysts were studied in a home-made ethanol/O: Teflon cell to
compare their catalytic performance. Measurements were acquired using an
Autolab Potentiostat/Galvanostat (PGSTAT302N) at room temperature. The interest
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was to evaluate the performance of the nanocatalysts particularly for the oxidation
of ethanol, i.e., in the anode of the cell. The cell design included two Teflon
compartments each filled with 25 mL of carrier electrolyte solution, separated by a
Fumatech Fumasep FAA anion exchange membrane (AEM). The AEM was treated
by impregnating it during 24 h with 1 mol L' of KOH solution at room temperature
[13]. The electrolytes used were 0.5 mol L' KOH in the cathode and 0.5 mol L-!
ethanol + 0.5 mol L' KOH in the anode.

Each compartment cover had four inlets, used to introduce electrodes and
gases. During each experiment, N2 and Oz were bubbled into the anode and cathode
compartments, respectively. Pt wires embedded in sealed glass tubes to avoid
contamination of the electrolytes acted as electric contacts with the electrodes
constituting the anode and the cathode. Glass tubes immersed in a water container
served as bubbling indicator. The fourth inlet was used to insert a small reference
electrode (Basi®). A voltmeter was installed on each side of the cell between anode,
cathode, and reference electrode, to separately measure the potential of each

electrode during the experiments, as shown in Figure 3.7 a).

To fabricate the anodes and cathodes used in the AEM-DEFC, conductive
Toray carbon paper (2050-L FuelCell Store) was used as support electrode. Pieces
having of 5 x 5 mm area were cut, at which the nanocatalysts were deposited, as
shown in Figure 3.7 b). The catalytic ink was prepared by mixing 2 mg of
nanocatalyst with 95 puL of isopropanol and 5 pL of Nafion®. The mixture was
homogenized ultrasonically before its deposition 5 pL on each side of carbon paper
and dried under Nz flow. The metal load on each anode and cathode was 0.20 mgmetal

cm2.

In the fuel cell configuration proposed, anodes and cathodes contained the
same nanocatalyst during each study. The method used to characterize the

performance of the cell was chronopotentiometry.
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Figure 3.7 a) AEM-DEFC set up and b) imagen of the one of the electrodes used in
the fuel cell.

Chronopotenciometry

It consisted of applying controlled current (i) between anode and cathode in
galvanostatic mode. The plugs of counter and reference electrodes (REF) of the
potentiostat were connected to the anode, while the working electrode (WE) was
connected to the cathode (Figure 3.8), so the i imposed was negative (-50 pA at -1
mA). The measured voltage difference between the anode and the cathode, was the
fuel cell voltage (U).
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Figure 3.8 Scheme of the fuel cell configuration.

The performance of the nanocatalysts was compared by obtaining polarization
curves of the anode (Ea) and cathode (Ec) potentials as a function of current density
(j)- The fuel cell power density (Pen) was determined using the Ohm relationship
(Equation 3.9):

Poon=j xU Equation 3.9

Therefore, Pee vs. j curves were also plotted.

3.6.8 Analysis of reaction products by High-Performance Liquid Chromatography
(HPLC)

The species produced from the ethanol oxidation were quantified by HPLC
after electrolysis for 4 h at an applied potential of 0.8 V/RHE. The configuration of
the AEM-DEFC changed slightly compared with that in Figure 3.8. As seen in Figure
3.9, WE were the nanocatalysts evaluated as anodes, the cathode was of the Fe/N-
rGO type [14] which worked as CE, and RE was the same described in the previous

section.
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Figure 3.9 Configuration of the AEM-DEFC during electrolysis of ethanol.

Using this method, it was possible to obtain the percentage of ethanol
consumed as well as the percentage of the subproducts due to its oxidation. The
subproducts were separated in a Biorad HPLC organic Acid Analysis Column
(Animex ® HPX-87) operating under isocratic conditions. The mobile phase
consisted of 3.33 mmol L sulfuric acid at a flow rate of 0.6 mL min using He (99 %,
alphagaz). Aliquots were collected each hour and injected into a Thermo Scientific
Dionex Ultimated 3000 UHPLC. The reaction products were quantitatively
determined by comparing their retention times with those of pure commercial

standards injected under the same analysis conditions.
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4.1 Physicochemical characterization

4.1.1 XRD

The XRD patterns of Pd/C and Pd-CeO2xnr/C in Figure 4.1 show a peak attributed
to the (002) plane of the carbon support (20 =26.59°) (JCPDS 74-2329). The remaining
reflections correspond to the fcc crystal structure of Pd, and are ascribed to its (111),
(200), (220) and (311) planes at 39.78, 46.22, and 67.62°, in the 20 scale, respectively
(JCPDS 87-0638). In addition to the C and Pd planes, reflections are observed in the
diffractogram of Pd-CeO2nr/C at 28.6, 32.5 and 56.1° (20), corresponding to the (111),
(200) and (311) planes of the fluorite structure of CeO: (JCPDS 43-1002) [1].

- Pd-CeO,_/C:

Pd (111)

Intensity / a.u.

C (002)

Pd (200)
v Pdi(220) |

10 20 30 40 50 60 70 80
2q/°

Figure 4.3 XRD patterns of Pd/C and Pd-CeO:xnr/C.
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No shift of the peaks of Pd neither CeO:zxr is observed on the Pd-CeO:xnr/C,
indicating that the addition of CeOz~r during the synthesis of the nanocatalysts does
not modify the lattice parameter of Pd. The crystallite size (d) of the nanocatalysts is
estimated from data of the (220) Pd plane, using the Scherrer equation, [2] with
values of 6.6 and 7.9 nm for Pd-CeO2~r/C and Pd/C, respectively (Table 4.1). The
smaller d value at former can be attributed to a stabilization effect of CeO2xr on Pd
nanoparticles, avoiding their agglomeration and segregation [3]. Moreover, some Pd
nanoparticles may tend to deposit on CeO2ngr, promoting and enhanced dispersion

of nanoparticles [4].

4.1.2 Chemical composition by EDS-SEM

The chemical composition of the Pd/C and Pd-CeO:ng/C is shown in Table 4.1.
In both cases, the C content is fairly close to the theoretically expected value of 80
wt. %. The Pd content is 16.08 and 8.44 (wt. %) at Pd/C and Pd-CeOxnr/C,
respectively. Additionally, Pd-CeO:ngr/C has 9.3 (wt. %) of CeOzng, with a Pd:CeO:
atomic ratio of 1.46:1, slightly higher than the 1:1 nominally expected. The results in
Table 4.1 show that the chemical composition of the nanocatalysts is well controlled

by the polyol method.

Table 4.1 Physicochemical characteristics of Pd-CeO:nr/C and Pd/C.

Nanocatalyst d, d, Chemical composition Atomic
XRD TEM (wt. %) ratio
(nm) (at. %)
(nm)
C Pd CeO: Pd:CeO:
Pd-CeQO2nr/C 6.6 5.5+1.2 82.1+0.7 84+16 93+05 1.46:1
Pd/C 79 10+3.2  839+04 1604 - -
-Undetermined
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4.1.3 Morphology and chemical elemental mapping by FE-SEM

The FE-SEM micrographs in Figure 4.2 show the morphology of a) Pd/C and
b) Pd-CeO:nr/C, with semi-spherical particles corresponding to Vulcan and brighter
sites attributed to Pd nanoparticles [5]. CeO: nanorods can also be seen at Pd-CeO:-
nr/C, one of them indicated by an arrow. Figures 4.3 and 4.4 show FE-SEM images
and elemental mapping of Pd/C and Pd-CeO:x~x/C, respectively, confirming the
homogeneous dispersion of C, Pd, O, and Ce.

X100,000 5kV weo 100 NM

Figure 4.2 High magnification FE-SEM micrographs of a) Pd/C and b) Pd-CeO--
Nr/C.
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Figure 4.4 a) FE-SEM image and b) C, c) Pd, d) O and e) Ce elemental mapping of
Pd-CeO2nr /C.
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4.1.4 Morphology by TEM

Figure 4.5 a) shows TEM micrographs of the Pd/C nanocatalyst. Dispersed
nanoparticles (darkest spots) are observed on the support, and they were attributed
to Pd. The histogram in Figure 4.5 b) shows its particle size distribution with an
average d=10.0 + 3.2 nm (Table 4.1), slightly higher than that obtained by XRD.

Figure 4.5 c) corresponds to the TEM image of Pd-CeO:nr/C, with a
morphology where Pd and Vulcan nanoparticles, as well as cerium oxide nanorods,
can be seen. Pd nanoparticles are dispersed over Vulcan, but some of them were
supported on the nanorods as well. The CeO2xnr has the characteristics previously
reported, i.e., 8-10 nm width and 60-70 nm length [6]. The histogram of average
metal particle size distribution on Pd-CeOzngr/C in Figure 4.5 d) indicates d=5.5+1.2
nm, which correlates well with the value obtained by XRD (Table 4.1) and confirms

the positive effect of the nanorods to limit the growth of Pd nanoparticles.
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Figure 4.4 5 TEM micrographs and histograms of average metal particle size
distribution of Pd/C (a-b) and Pd-CeO2nr/C (c-d).
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4.1.5 XPS

Figure 4.6 displays the deconvoluted spectra of Pd/C in the a) Pd 3d, b) C 1s,
and c) O 1s regions. Three doublets in the Pd 3ds2 and Pd 3ds states confirm the
formation of metallic Pd (Pd’, BE=335.14 and 341.93 eV), PdO (Pd*, BE= 336.62 and
341.93 eV) and PdO: (Pd*, BE= 338.21 and 343.50 eV) on Pd/C, as can be seen in
Figure 4.6 a) [7-9]. The higher relative concentration is that of Pd° (56.3 at. %), Pd*"
being relatively intense (28.1 at. %). Meanwhile, Pd** has a lower relative

concentration as was reported in Table 4.2.

The C 1s region is deconvoluted into five peaks (Figure 4.6 b), with the most
intense signal being that of the sp? hybridization (C=C bond, BE= 284.70 eV),
followed by the less intense sp? (C-C bond), along with the C-O-C, C=0, and O-C=C
species [10]. Meanwhile, Figure 4.6 c) shows the O 1s region, having signals at 530.80
and 532.50 eV assigned to PdO and PdO: bonds, respectively, confirming palladium
and oxygen interactions due to the overlap between the Pd 3ps2and O 1s regions
[11-13]. The high intensity of the PdO: peak correlates well with the relatively high
concentration of this species in Figure 4.6 a). The other peaks in Figure 4.6 c)

correspond to C=0, C-O, and O-C=0 groups from the carbon support [14, 15].
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Figure 4.6 XPS spectra of Pd/C in the a) Pd 3d, b) C 1s and c) O 1s regions, and Pd-
CeO2nr/C in the d) Pd 3d, e) C 1s, f) O 1s and g) Ce 3d regions.

The signals in the Pd 3d region of Pd-CeO:nr/C (deconvoluted spectra in
Figure 4.6 d) confirm doublets ascribed to the Pd’ Pd?*, and Pd* species. Pd° has
also the highest relative concentration, however in this case followed by Pd? (59.1
and 27.6 at %, respectively, Table 4.2), i.e.,, more PdO species are formed at Pd-CeO»-
nr/C than at Pd/C. A high concentration of Pd in such an oxidized state in the
presence of CeO: has been attributed to a spillover effect of ceria, due to strong
chemical interactions with Pd [16]. Moreover, it has been reported that supported
Pd-CeO: nanocatalysts having 2-5 nm particle size, such as the Pd-CeOxngr/C
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material in this study, develop a higher Pd (II)/Pd (0) ratio compared to samples

with larger diameters [17].

In this work, the Pd-CeO:nr/C nanocatalyst shows a particle size of around 5.5
nm (Table 4.1), with a Pd (II)/ Pd (0) ratio of 227.6/59.1 (Table 4.2, considering the Pd
3ds2 and Pd 3dsp2 states), higher than 15.7/56.3 of Pd/C. The aforementioned chemical
interactions between ceria and palladium also provoke a shift to higher BE of the Pd
doublets in Pd-CeO2nk/C compared to Pd/C, in good agreement with reports
elsewhere [18, 19].

The most intense signal in the C 1s region (Figure 4.6 e) is the sp? hybridization
peak positioned at BE=284.65 eV (C=C bond). The less intense signals correspond to
the C-C, C-O-C, and C=0 species. Meanwhile, the O 1s region (Figure 4.6 f) shows
an intense metal-oxygen interaction (M-O) signal at 529.88 eV, due to bonds between
surface O and Pd and/or Ce species [20]. It should be noted that this species is not
detected on the Pd/C. Moreover, the relative concentration of the PdO species at BE=
530.93 eV is higher at Pd-CeO2xzr/C compared to Pd/C (Table 4.2), in agreement with

the relevant presence of this species in the Pd 3d region of the former.

On this matter, the relative concentration of the PdO: species in Figure 4.6 f) is
significantly lower in the presence of CeOxnk compared to the monometallic
nanocatalyst, correlating also well with its behavior in the Pd 3d region. The C=0,
C-O, and O-C=0 species are also detected in Figure 4.6 f) [21].

The Ce 3d spectrum of Pd-CeO:xnr/C in Figure 4.6 g) is deconvoluted into
several peaks, indicative of the spin-orbit splitting into the Ce 3ds2and Ce 3ds states.
The characteristic oxidation states of CeQy, i.e., those attributed to Ce* and Ce?* are
shown [22]. Overall, the peaks in this spectrum correlate well with those reported in
our previous work using CeOzngr, with shifts in the BE of the species attributed to

the use of Vulcan as support here, instead of graphene earlier [23].
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Table 4.2 XPS parameters of Pd/C and Pd-CeOz~z/C.

Nanocatalyst State Species BE Composition
V) (at %)
Pd/C Pd 3ds Pd° 335.14 32.9
Pd 3ds. Pd* 336.62 7.8
Pd 3ds. Pd* 338.21 16.5
Pd 3ds» Pqd° 340.41 23.4
Pd 3dsq Pd? 341.93 7.9
Pd 3dsq Pd# 343.50 11.6
Cls C=C sp? 284.70 72.9
Cls C-Csp® 285.55 10.1
Cls C-O 285.98 7.4
Cls Cc=0 286.93 4.9
Cls O-C=0 289.01 3.4
O1s PdO 530.88 6.5
O1s PdO: 532.35 51.1
O1s C=0 533.63 31.4
O1s C-O 534.35 6.6
O1ls O-C=0 535.36 4.4
Pd-CeO:2~r/C
Pd 3ds. Pd° 335.58 41.1
Pd 3ds. Pd* 336.82 11.3
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Pd 3dsp Pd# 338.44 8.0
Pd 3dsp Pd° 340.63 18.0
Pd 3dsp Pd> 341.42 16.3
Pd 3dsp Pd+ 343.70 53
Cls C=C sp? 284.65 61.9
Cls C-Csp? 284.91 18.2
Cls C-O0-C 285.36 12.7
Cls C=0 285.86 7.1
O1s M-O 529.88 16.0
O1s PdO 530.93 9.1
O1s PdO: 531.89 21.5
O1s C=0 532.65 34.3
O1s C-O 533.60 13.0
O1s O-C=0 534.39 6.1
Ce 3ds- Ce* 882.87 15.9
Ce 3dspe Ce®* 885.77 9.5
Ce 3ds- Ce* 888.75 8.9
Ce 3ds» Ce* 891.64 52
Ce 3ds» Ce* 898.44 18.1
Ce 3dsp Ce? 901.19 11.3
Ce 3dsp Ce* 902.99 5.3
Ce 3dse Ce? 905.51 7.8
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Ce 3d3e Ce#* 908.44 7.9
Ce 3d3e Cet* 917.17 10.3

4.2 Electrochemical Characterization

The CVs before and after ADT of a) Pd/C and b) Pd-CeOxxzr/C are shown in
Figure 4.7. The current density (j) peaks and the shape of the plots before ADT are
those typical of supported Pd-based nanocatalysts. It can be remarked that the j
values at Pd-CeO2ngr/C are significantly lower. Particularly, the region attributed to
formation/reduction of Pd-oxides is inhibited in the presence of CeOzxr, a behavior

that has been ascribed to the modulation of the electronic structure of Pd [24].

Before ADT, Pd/C has an ECSA of 29.43 m? g, while that of Pd-CeO:xnr/C is
24.13 m? g (Table 4.3). The smaller ECSA in Pd-CeO:2nr/C can be attributed to its
lower Pd content and to the effect of ceria already discussed above and observed in
Figure 4.7 b). After submitting Pd/C to ADT, the intensity of the peak due to the
reduction of Pd-oxides decreases and shifts towards more negative potentials

(Figure 4.7 a), suggesting that its relative concentration of Pd® lessens [25].

In contrast, no significant changes in the CV of Pd-CeO:ngr/C are observed after
ADT. The positive effect of CeO2nr on the electrochemical stability of Pd
nanoparticles can be asserted from the variation in ECSA values before and after
ADT, since the percentage of ECSA retention is ca. 98% at Pd-CeO:ngr/C, while that
of Pd/C is only 51% (Figure 4.8).
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Figure 4.7 CVs before and after of ADT of a) Pd/C, and b) Pd-CeO2~z/C.
Electrolyte: N2-satured 0.5 mol L' KOH. Scan rate: 20 mV s.

In recent studies, it has been reported that CeOx overlayers have a protective
effect and intimate contact with Pd nanoparticles, preventing its dissolution, in
addition to the observation that ceria is insoluble in alkaline pH [26, 27]. Therefore,
the excellent electrochemical stability of Pd-CeO2xr/C can be associated to a strong
electronic interaction between the cerium oxide nanorods and palladium
nanoparticles, resulting in a low dissolution rate of the latter [28]. Even more, since
some Pd nanoparticles are dispersed on the nanorods (Figure 4.5 c), their

detachment may have decreased.

The ECSA values of Pd/C and Pd-CeO:ng/C in this work are smaller than those
reported previously (29.43 and 24.55 m2g compared with 46.9 and 26.2 for Pd/C and
Pd-CeO2/C, respectively) [27] in part attributed to the smaller particle size obtained
in that reference. Even though, it can be mentioned that the ECSA value of Pd-CeO--
nr/C here, having a CeO2/Pd at ratio of 0.68 (see discussion of data shown in table
4.1), is 24.55 m2g™! (Table 4.3) similar to that of the nanocatalysts with a 0.59 Ce/Pd at
ratio with 26.2 m?g™! reported by elsewhere [27].
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Table 4.3 ECSA values and electrochemical parameters of the nanocatalysts during

the ORR before and after ADT

Nanocatalyst ECSA (m?g?) Eonset | ST jat09Vv  ir(uA)
(V/RHE)
(mA cm?)
Before ADT
Pd/C 29.43 0.97 0.87 -1.32 4.52
Pd-CeO2nr/C 24.55 0.97 0.87 -0.46 5.31
After ADT
Pd/C 15.05 0.95 0.84 -0.24 241
Pd-CeO2nr/C 2413 0.92 0.82 -0.007 5.43
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4.2.1 Evaluation of catalytic activity for the ORR

The polarization curves of the ORR at Pd/C at w=400, 800, 1200, and 1600 rpm,
are shown in Figures 4.9 a) and b) before and after of ADT, respectively. At Pd/C,
the onset potential (Eonset) shifts from 1.00 to 0.95 V/RHE after ADT, i.e., a 50 mV
displacement (Table 4.3). The half-wave potential (E12) decreases from 0.87 to 0.84
V/RHE after ADT, due to agglomeration and/or dissolution of Pd nanoparticles
during cycling. Such displacement can also be associated to corrosion of Vulcan
given the potential interval of the test [29, 30]. Meanwhile, j at 0.9 V/RHE decreases
from -1.32 to -0.24 mA cm? (roughly 80% decrease).
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14 A4
2 »
€
: | 8 =27 o (rpm) |
£ o (rpm) | < —=—400
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Figure 4.9 Polarization curves of the ORR (a-b) and ir collected (c-d) before and
after ADT at Pd/C. Scan rate 5 mV s. Electrolyte: Oz-satured 0.5 mol L' KOH. Ring
polarized at 1.2 V/RHE.
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Figures 4.9 c and d) show the current collected by the ring during the ORR (ir)
at Pd/C before and after ADT, respectively. Surprisingly, it decreases after the
polarization test. For example, the maximum value (ir) at w= 1600 rpm is 4.52 and
2.41 pA before and after ADT, respectively (Table 4.3). Such enhanced behavior
entails a lesser amount of HO> species produced during the ORR after ADT,
indicating the activation of Pd sites that promote the ORR via a mechanism that

involves a 4 e transfer [31].

Figures 4.10 a and b) show the polarization curves of the ORR at Pd-CeOznzr/C
before and after ADT, respectively. The value of Eonset before is 0.97 V/RHE, close to
that of Pd/C, which decreases to 0.92 V/RHE after the test (a 50 mV displacement,
similar to Pd/C), as shown in Table 4.3. Meanwhile, Ei>= 0.87 V/RHE before ADT,
the same as Pd/C, and shifts to 0.82 V/RHE after the cycling. Moreover, j at 0.9
V/RHE decreases from -0.46 to -0.07 mA c¢cm? after ADT (Table 4.3), a loss of about
85%. Figures 4.10 c and d) show that ir increases only slightly after ADT at Pd-CeO»-
ni/C (Table 4.3).
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Figure 4.5 Polarization curves of the ORR (a-b) and ir collected (c-d) before and
after ADT at Pd-CeOzngr/C. Scan rate 5 mV s™. Electrolyte: Oz-satured 0.5 mol L
KOH. Ring polarized at 1.2 V/RHE.

Figure 4.11 shows the curves of % HO: at a) Pd/C and b) Pd-CeO:ngr/C before
and after ADT. At Pd/C, it decreases after cycling, leading to a less than 2% HOx
production. It is also lower after ADT at Pd-CeO:xnr/C, with values below ~ 4%.
These values of % HO: at both nanocatalysts are lower compared to the results

reported elsewhere for Pd-based cathodes [32, 33]. Figure 4.11 also shows the curves
of n at ¢) Pd/C and d) Pd-CeO:nr/C. In both cases, it increases after ADT, with values
close to the theoretical 4 e transfer of the ORR in alkaline media, highlighting their
high catalytic activity for the ORR.
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The parameters are shown in Figure 4.11 demonstrate that the performance of
Pd-CeO2nr/C and Pd/C for the ORR enhances after ADT. In the case of Pd-CeO:-
nr/C, such high performance after potential cycling for the ORR is related to the
stabilizing effect of CeO2x~r on Pd. A similar effect has been reported for Pd-based

Chapter IV
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catalysts modified with metal oxides [34].

Electron transfer number (n)

Figure 4.11 Curves of % HO> (a-b) and n (c-d) during the ORR in Pd/C and Pd-
CeO2nr/C before and after of ADT. Electrolyte: 0.5 mol L'* KOH saturated with O-.
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Table 4.4 depicts a comparison of some parameters of the ORR obtained from
Pd-CeO:nr/C before ADT, with those of Pd-based nanocatalysts reported in the
literature. As can be seen, Pd-CeO:nr/C with a lower Pd content shows excellent
values in most of the parameters and compare favorably against those nanocatalysts
studied elsewhere. In particular, the low % HO:2 and high n values can be

highlighted at this nanocatalyst.

Table 4.4 Electrochemical parameters of the ORR at Pd-based nanocatalysts.

Catalyst Eonst E12  jat09V % n Electrolyte Ref
(VRHR) A g,

Pd@Zn_core- 098 0.82 -0.48 3 39 KOH [35]

shell

PdNi/CNFO 098 - -0.70 33 3.5 KOH [36]

Dealloyed 097 0.87 -1.20 - - NaOH [37]

PdNi/C

PdCu/C 097 0.80 -1.2 - 4 KOH [38]

Mo:C-Pd-9% 096 0.80 -0.90 8.4 39 KOH [39]

Pds/Co- 096 091 -0.80 - - NaOH [40]

nanofilms/C

PdAg/NCC 0.95 0.89 -0.90 10 4 KOH [41]

Pd-CeO2nr/C  0.97 0.87 -0.46 <4.5 4 KOH This
work

Mass activity plots have been built from the ORR polarization curves at 1600 rpm
by applying a mass-transport correction and normalizing the current by the Pd
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content (Table 4.1), [39] obtaining the mass current density im (A mg'ra). Also,
specific activity plots have been obtained by normalizing the current by the Pd real
surface area, which has been determined from the charge due to the reduction of the

Pd-oxides peaks after double-layer correction, resulting in is (LA cm2pa).

0.90+ q) . 0.90 + b)—

0.88 1 ] 0.88+ -
' T o086
m 086 T b=-67 mV dec" 106 mV dec" 7 m 0'86 T = -67 mV dec" b= -106 mV decr
o » It
> 0.84+ - > 0.84+ i
> > I
- -~ b=-82 mV dec”’
w 0.82+ 41 W 0.82+ .

Before ADT  p=-82 mV dec” | Before ADT
W PdiC B PdC
0.80+ D Pd-CeOMR/C 7 0.80+ D Pd'ceoz-NR/C T
1E-02 1E-01 1E+00 1E+02 1E+03
. -2
im /A mg:d Is/ HA Cmpd

0.90 c) 1 %97 d)’

0.88 g GBe T
w . w b= -44 mV dec”
§ D86 TTIR - E 0.86 ' b= -80 mV dec™'

. AL b= -85 mV dec” % 1
2 0.84+ 4 > 0.84+ -
> = 1
W 0.82+ After ADT 1 W 0827 eraDT ]
W PdC T W PdcC
0.80+ [ Pd-CeO,/C . 0.80+ [ Pd-ce0,,/C T
1E-03 1EI-02 1EI-01 1E+01 1E+02 1E+03
. 4 i -2
i,/ Amg;, i,/ pAcmg,

Figure 4.12 Mass and specific activity plots before (a-b) and after (c-d) ADT of the
ORR on Pd/C and Pd-CeO:nr/C nanocatalysts. Electrolyte: 0.5 mol L' KOH
saturated with Oz. w= 1600 rpm.
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Figure 4.12 a) shows the mass activity plots before ADT of the nanocatalysts. In the
region at low overpotentials (lop) related to a mechanism controlled by a Temkin
adsorption at which the surface coverage by oxides either from intermediates from
the ORR or from the electrolyte is relatively high, [42] Tafel slopes b= 67 and 45 mV
dec! are calculated for Pd/C and Pd-CeO:ngr/C, respectively (Table 4.5).

The value of Pd/C is only slightly higher that 60 mV dec™ theoretically expected
for the ORR in alkaline electrolyte at such overpotentials under Temkin isotherm
[43]. The lower slope of Pd-CeO2xxr/C may be attributed to the presence of cerium
oxide, not only in terms of the likely formation of an oxide layer over the Pd

nanoparticles but also because of a higher porosity due to the nanorods [44].

Meanwhile, at high overpotentials (hop) under a Langmuir adsorption
mechanism where the rate determining step is the first electron transfer [45, 46] (0.86
V/RHE and below), b= 107 mV dec" at the cerium-containing nanocatalysts (Table
4.5), closer than the monometallic to the theoretical 120 mV dec™ slope. The low slope
shown by Pd/C can be ascribed to its surface oxidation state [47, 48]. The clear
differences in b values indicate that the mechanism of the ORR follows a different
path at these nanocatalysts, even though a 4 e transfer has been determined for the

reaction (Figure 4.11).

Table 4.5 shows the mass and specific activities at 0.9 V/RHE of both
nanocatalysts, at which their performance is similar. Nevertheless, it can be
observed that over a large potential interval in Figure 4.12 a), the mass activity of
Pd-CeO2nr/C is higher than that of Pd/C. Even more, Figure 4.12 b) shows that
despite the presence of the oxide, which may have induced a screening effect on Pd
nanoparticles [49], the specific activity of Pd-CeO:nr/C is also higher over the
potential range studied.
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Table 4.5 Mass and specific activity of Pd/C and Pd-CeO:ngr/C for the ORR.

Nanocatalyst b Mass Specific
activity activity

at lop at hop imat09V isat09V

(mV dec?!) (mVdec!) (Amgled) (HA cm?Zpa)

Before ADT

Pd/C 67 82 0.017 60.42
Pd-CeO2ne/C 45 106 0.015 66.33
After ADT

Pd/C 52 80 0.005 39.40
Pd-CeO2nr/C 44 85 0.004 17.52

From the results evaluated so far, by comparing the behavior of Pd-CeOzngr/C
and Pd/C before ADT, the former has the same value of Ei2 as that of the
monometallic. Furthermore, it shows a much lower Tafel slope at lop, indicative of
faster reaction kinetics for the ORR [44, 50]. Thus, the catalytic activity of Pd-CeO»-
nr/C for the ORR is higher than that of Pd/C.

After ADT (Figures 4.12 c and d), changes in the slopes are observed. At lop,
the b value of Pd-CeO2xr/C remains the same while that of Pd/C decreases, perhaps
related to oxidation of Pd nanoparticles and Vulcan. Showing the same b value
between 0.9 and 0.86 V/RHE is also an indication of the stability of Pd-CeO2nr/C
despite being submitted to potential cycling. At hop, the slope that clearly decreases
is that of Pd-CeO:nr/C. Interestingly, such changes make the plots look alike, likely
approaching the mechanistic pathways of the ORR at the nanocatalysts. Over the
potential interval, their mass activity remains similar, while the specific activity is
slightly higher at Pd/C.
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The values at 0.9 V/RHE are shown in Table 4.5. Pd-CeO:-ngr/C sustains a high
performance after ADT, which reflects the participation of Pd active sites in the
reaction, indicating a high catalytic activity for the ORR promoted by CeO: in

alkaline media in agreement with previous reports [51, 52].

4.2.2 Evaluation of catalytic activity for the EOR

Figure 4.13 shows the polarization curves of the EOR before and after ADT at a)
Pd/C and b) Pd-CeO:z-ng/C. It is noteworthy that in the forward scan, the polarization
curve at Pd/C before ADT shows a broad shoulder which continues in a small mass
current density (jm) peak at about 1.1 V/RHE, contrary to the behavior where a sharp
drop in current takes place due to the formation of an oxide layer that hinders the
Pd active sites. These features suggest that the oxidation of ethanol and reaction
intermediates occurs on PdO-rich surface or one where oxides layers have been at

high potentials.

Furthermore, two small peaks followed by a larger one in the backward scan
can be observed, due to the reaction of absorbed intermediate species. The former
two seem to emerge at potentials more positive than the reduction of PdO. The peaks
can be attributed to the presence of species such as acetyl, acetate, and COass as
reported elsewhere [53]. These features are no longer observed after ADT, which

indicates a modification of the surface of Pd/C because of the potential cycling.
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Figure 4.13 Polarization curves for EOR before and after ADT at a) Pd/C and b) Pd-
CeOn2nr/C. Electrolyte: N2-satured 0.5 mol L KOH. Scan rate: 20 mV s™.

Meanwhile, at Pd-CeOznr/C, Eonse= 0.29 V/RHE before cycling, more negative
than that at Pd/C (Table 4.6). After ADT, there is a shift towards more negative
potentials, with the value remaining more favorable for the reaction at Pd-CeO2ngr/C
(Table 4.6). Interestingly, jm increases by 63% and 39% at Pd-CeO2xr/C and Pd/C
after ADT related to their own values before cycling, respectively. If before ADT the
performance of the cerium-containing nanocatalyst is better, remarkably, the jm
produced by Pd-CeO:nr/C is 23% higher compared to that of Pd/C after cycling,
with a peak maximum of 1138 mA mg'ra (Table 4.6).

The enhancement in EOR after ADT in Pd-CeO:nr/C and Pd/C suggests that
metal catalytic sites become activated. It is also likely that surface oxides such as
PdO catalyze the reaction. This species promotes the catalytic activity of Pd
nanocatalysts for the oxidation of organic molecules, as concluded from the findings
by Sawangphruk et al. [54], Chen et al. [55] and Manzo-Robledo et al. [56] It has been
suggested that Pd-oxides limit the poisoning effect of adsorbed carbonaceous
species by forming OH- species. As concluded from XPS analysis, Pd-CeOzngr/C

forms more PdO species than Pd/C, positively affecting its catalytic behavior.
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The polarization curves in Figure 4.13 demonstrate that Pd-CeO2xr/C oxidizes
ethanol at more negative potentials than Pd/C, with better performance over the
whole potential scanned even with a lower Pd content. Such enhancement in
electrocatalytic behavior is attributed to the synergetic effect between Pd and CeO--

NR.

It is well known that CeO: acts as an oxygen buffer, forming OH- species at
more negative potentials than some noble metals [57]. The OH: species transferred
onto neighboring Pd sites participate in the removal of carbonaceous species,
making them available to carry out the oxidation reaction, i.e., the bifunctional
mechanism [58]. There is also the possibility of the redeposition of dissolved Pd from

the solution to the nanocatalyst [59, 60].

Table 4.6 Electrochemical parameters for EOR at Pd/C and Pd-CeOzng/C.

Nanocatalyst Eonset (V/RHE) jm

(mA mgra)
Before ADT
Pd/C 0.30 665
Pd-CeO2nr/C 0.29 697
After ADT
Pd/C 0.28 925
Pd-CeO2nr/C 0.26 1138

Moreover, since the reaction takes place at more negative potentials at Pd-
CeO2nr/C, i.e., the species are more easily removed from the catalytic surface, thus

an electronic effect also occurs when using the nanorods as co-catalysts.
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Table 4.7 shows the comparison of catalytic activity for the EOR of Pd-CeO--
ng/C with some nanocatalysts from the literature. It can be observed that Pd-CeO»-
Nr/C performs well in alkaline media for the oxidation of the alcohol, considering
Eonset and jm. Unfortunately, no reports which include the values of jm after an

accelerated degradation test have been found.

Table 4.7 Electrochemical parameters of the EOR at Pd-based nanocatalysts.

Catalyst Eonset jm jm after Electrolyte Ref.
ADT
(V/RHE) (mA mg'ra)

PdAu/Co- 0.38 800 - 1mol L' NaOH+ [61]

nanofilm/C 1 mol L EtOH

Pt:Pd: 0.37 656 - 1 mol L1 KOH+  [62]
0.3 mol L' EtOH

CuiPd./C 0.47 520 - 05 mol L' [63]
KOH+
0.5 mol L1 EtOH

Pd/GO 0.50 530 - 1mol L1 KOH+  [64]
1 mol L' EtOH

Pd-CeO2n~r/C 0.29 697 1138 0.5 mol L! This
KOH+ work
0.5 mol L1 EtOH

-Undetermined

4.3 Conclusion

CeO2nr enhanced the electrochemical stability and catalytic activity for the
ORR and the EOR of the Pd-CeO:nr/C nanocatalyst, compared to Pd/C. Due to the
chemical interactions between the nanorods and Pd nanoparticles, the former
retained about 98% of ECSA after ADT. Before potential cycling, Pd-CeOznr/C
showed a higher mass and specific activity for the ORR than Pd/C, with a Tafel slope
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that indicates faster kinetics for the reaction. Both nanocatalysts had a similar
performance after the polarization cycling. Also, the production of HO2 and the

electron transfer number at Pd-CeO2xxr/C approached those of Pd/C.

Moreover, the evaluation of catalytic activity for the EOR demonstrated a
higher performance before and after ADT of Pd-CeO2xr/C, with more negative Eonset
and higher jm values, in comparison with Pd/C. The enhanced performance of Pd-
CeO2nr/C was attributed to the formation of surface oxide species, in particular PdO,
which promoted the reactions. Being an oxygen buffer, CeOznr formed OH- species
which also facilitated the electrochemical reactions. Therefore, the performance of
Pd-CeO2nr/C was notoriously enhanced by a synergetic effect between CeOznr and

Pd leading to a beneficial electronic effect and the bifunctional mechanism.
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Chapter V
Evaluation of Pd nanocatalysts supported on Vulcan XC-72 functionalized with Cu
organometallic compounds for the EOR

5.1 Physicochemical characterization of Cu organometallic compounds
5.1.1 'H-NMR

The 'H-NMR spectrum of the mesityl copper (Cu-mes) organometallic
compound is shown in Figure 5.1. Its chemical structure is confirmed by analyzing
the chemical shifts (0) of the protons contained in the compound. The shift at 1.96
ppm corresponds to three methyl protons in para (p) position (H1), while the shift at
2.80 ppm is assigned to six methyl protons in orto (0) position (H2), and that at 6.54
ppm is assigned to two phenyl protons (H3) (Table 5.1)[1].

During the synthesis of Cu-mes, tetrahydrofuran (THF) has been used having
two signals at 1.43 and 3.35 ppm, 1,4 dioxane (CsHsO2) has also been employed
showing one signal at 3.56 ppm [2-4]. Signals at 2.16 and 7.14 ppm can be ascribed
to benzene (CsDs) and acetone (CDs).CO [5].

H1 51.96 p-methyl protons, 3H. “ =
H2 62.80 o-methyl protons, 6H.
H3 66.54 phenyl protons, 2H. -
—H2
CiDg L
(CD,),CO e
H3 THF Le
L e e
¥ ’ T ¥ Y L L T L L v U T . v L ¥ T L v ¥ L T v ¥ ¥ v T v L ¥ L I
7 6 5 4 3 2 [ppm]

Figure 5.1 'H-NMR ((CDs)CO, 500mHz) spectrum of Cu-mes.

84


file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_1
file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_2
file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_5

Chapter VI
Evaluation of Pd-CeO:zx~rnanocatalysts supported on Vulcan XC-72 functionalized
with Cu organometallic compounds for the EOR

Table 5.1 'H-NMR chemical shift of Cu-mes.

Position proton Chemical shift (6)
p-methyl 1.96 (3H)
o-methyl 2.80 (6H)

phenyl 6.54 (2H)

5.1.2 FE-SEM and EDS

The chemical composition of Cu-mes is shown in Table 5.2. It has 48.17, 18.87,
and 32.95 (wt. %) of C, O, and Cu, respectively. The Cu content is similar to that
reported in the literature (33-35 %) [4]. These results confirm the chemical stability
during the synthesis of the organometallic compound. Figures 5.2 a) and b) show
high magnification FE-SEM micrographs of Cu-mes, having irregularly
agglomerated shape and relatively smooth surface. It is important to note that, to
the best our knowledge, this is the first time that FE-SEM analysis of this

organometallic compound is reported.

Table 5.2 Chemical composition of Cu-mes.

Organometallic Chemical composition (wt. %)
compounds
C O Cu
Cu-mes 48.17 +1.89 18.87 £ 4.42 32.95 + 6.02
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Figure 5.2 a) and b) high magnification FE-SEM micrographs of Cu-mes.

5.1.3 FT-IR

Figure 5.3 displays the FT-IR spectrum of. Cu-mes. The signal of the OH-
stretching vibration from hydroxyl groups at 3422 cm™ can be due to residual
solvents in the sample. The bands at 2928 cm™ and in the 1421-1046 cm™ range
correspond to alkanes in the organometallic compound and emerge due to
vibrations of arene rings and methyl groups, respectively. Meanwhile, the band in
the 1617-1424 cm™! range is attributed to vibrations of C=C bonds from the arene
rings. Also, the signals that correspond to Cu-O vibrations is observed in the 640-
500 cminterval [6, 7]. The presence of these bands confirms the formation of the Cu-

mes compound.

The spectrum of Cu(dmpz)L2 in Figure 5.3 confirms the presence of the
characteristic NH bands at 3358 cm™, due at the dmpz ligand which coordinated
within the compound. Carboxylate bands in 1509-1298 cm™! range are also observed
[8]. Moreover, in the 700-500 cm™ region the bands are assigned to the Cu(I)-O and
Cu(Il)-O vibrations, which confirm the coordination of the Cu organometallic

compound.
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Figure 5.3 FT-IR spectra of the Cu-mes and Cu(dmpz)L2 organometallic

compounds.

5.2 Physicochemical characterization of the functionalized carbon.

5.2.1 FT-IR

The FT-IR spectra of the three carbon supports are shown in Figure 5.4. Non-
functionalized C shows a band at around 3440 cm™ due to the OH stretching
vibration from hydroxyl groups. It also displays the band at 2900 cm™ attributed to
C-H vibrations of alkane and alkyl groups. The band at 2368 cm™! corresponds to the
stretching of O-H bonds and vibrations of COOH groups. In the 1700-1200 cm™
range, bands attributed to stretching vibrations of C-O species in carbonyl HCOO-
as well as carboxyl groups are detected [9-12]. These bands emerge due to the

functional groups already developed at Vulcan.
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Additionally, the FTIR spectrum of Ccu-mes shows a band assigned to Cu-O

stretching vibrations in the 660-520 cm™ range [6, 13]. Moreover, the spectrum of
Ccu@mpz2 shows the characteristic signals ascribed to carboxylate and NH bands due

to the (dmpz) ligand, which suggest the coordination of the compound [14].

'CCu(dmpz)L2
8 .' .700 éoo‘-
o -
it 1690-1400  Cu(l)-0 |
E | v,.CO, Cu(ll)-0!
\° } } f f f T
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= Cu()-0 -
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Figure 5.4 FT-IR spectra of C, Ccu-mesand Ccudmpzra.

5.2.2 Raman

The Raman spectra of C, Ccu-mes,and Ccu(dmpzr2are shown in Figure 5.5. The plots
display the D and G bands characteristic of carbon materials at 1324 and 1584 cm,
respectively. In addition, the D’ (~1615 cm™), D” (~1500 cm™), and D* (~1170 cm™)
interbands have been developed from the deconvolution of the spectra. The D band
corresponds to sp® hybridization, directly related to impurities in the carbon
structure. On the other hand, the G band is attributed to the sp? hybridization of
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carbon, characteristic of graphitic materials. The ratio of the intensity of the D and G

bands (In/Ic) is proportional to the degree of sp3/sp? hybridization of the carbon
atoms [15, 16].

In Figure 5.5 a) C has an In/Ic ratio of 1.87, i.e,, it is carbon with relatively high
structural disorder. Meanwhile, the intensity of the G band increases at Ccu-mes and
Ccuampzi2 compared to C (spectra in Figures 5.5 b and ¢, respectively), so their In/Ic
ratio decreases to 1.75 and 1.18 (Table 5.3), respectively, due to an increase in sp?
domains. Such changes at Ccumesand Ccudmpz2are attributed to an effect of m-m bonds
between the graphitic structure of C and the Cu organometallic compounds (Figures
5.6 a and b), leading to constructive rehybridization that increases the sp?

nanodomains at C during functionalization [17, 18].
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Figure 5.5 Raman spectra of a) C, b) Ccu-mesand c) Ccumpz2.
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The D’ interband usually merges with the G band and is due to the phonon
confinement caused by structural defects [19]. In the case of Ccudmpsrz, D' is not
detected due to overlapping with its G band (~1609 cm), which is confirmed by the
shift of the latter compared to C (G=~1588 cm™), and Ccu-mes (G=~1589 cm™). This is
a particular modification of the carbon structure resulting from its functionalization
with Cu(dmpz)L2, which differs from that with Cu-mes. Meanwhile, the D”
interband has been assigned to interstitial defects of amorphous carbon fragments
containing sp? bonds [20]. On this matter, the relative intensity of D" is 19, 22, and
26 for C, Ccu-mes, and Ccu@mpz)12, respectively. Such increase in D" at the functionalized
carbons is assigned to the presence of organic fragments and functional groups in

their structure [21].

Moreover, the D* interband can be attributed to the stretching vibration of the
sp?sp?® (C-C and C=C) bonds [22, 23], and the Ip/Ic ratio has been determined as 0.17,
0.09, and 0.11 for C, Ccu-mes, and CcudmpzL2, respectively as seen in Table 5.3. Thus, it
can be confirmed that the crystalline phases increase after functionalization of

Vulcan with the organometallic compounds.

Figure 5.6 Scheme of the 7 interactions between C and a) Cu-mes and b)
Cu(dmpz)L2.
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Table 5.3 Raman data of C, Ccu-mes, and CcudmpzL2.

Nanocatalyst Raman Shift / cm? In/Ic  Ib~ Ip+/Ic

D G D’ D” D

C 1327 1588 1607 1519 1154 1.87 19 0.17
Ccu-mes 1332 1589 1614 1519 1140 1.75 22 0.09
Ccu(dmpz)L2 1325 1609 - 1497 1137 1.18 26 0.11
— Undetermined.
5.2.3 XRD

The XRD patterns of C, Ccumes, and Ccu@mpzi2 are shown in Figure 5.7. The
diffractogram of C displays peaks around 20 = 25.40 and 43.54 °, which correspond
to the (002) and (101) planes characteristic of graphite (JCPDS 74-2329), confirming
the turbostratic structure of Vulcan, i.e., a structure having both amorphous and
graphitic features [24].

Besides the (002) reflection, pattern of Ccu-mes shows reflections at 32.57, 35.76,
38.97, 47.05, 61.03, 67.41 and 74.13° (20), corresponding to the (110), (002), (111),
(202), (113), (220), and (004) planes of the tenorite structure of CuO (JCPDS 41-0254)
[25, 26]. On the other hand, the pattern of Ccu@mpsr2 shows high-intensity reflections
ascribed to C1aH1CuNO7, which hinders those of graphite. The features shown by
Ccu-mes and Ccudmpsrz evidently show the effect of functionalizing C with the

organometallic compounds on their structural characteristics.
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Figure 5.7 XRD patterns of C, Ccu-mesand CcumpzL2.

5.2.4 SEM-EDS and FE-SEM

Table 5.4 shows the chemical composition of the supports. C has 89.86 and
10.14 (wt. %) C and O, respectively [27]. Ccu-meshas a content of 80.51, 12.89, and 6.59
(wt. %) C, Cu, and O, respectively. The Cu content is lower than the theoretically
expected value (i.e., 20 wt. %), however, some can be attached to the surface of the
carbon as copper oxides. This is supported by the fact that the concentration of C is
basically the 80 wt. % nominally expected. Meanwhile, Ccu@mpzr2 shows 71.31, 22.36,
and 6.32 (wt. %) of C, Cu, and O, respectively. In this case, the concentration of Cu

is only slightly lower than the theoretically expected (25 wt. %).
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Table 5.4 Chemical composition of C, Ccumesand Ccu(dmpz)L2.

Support functionalized Chemical composition (wt. %)
C @) Cu
C 89.86 10.14 -
Ccumes 80.51 +0.86 6.59 + 0.60 12.89 +1.38
Ccu(dmpzi2 71.31+£0.18 6.32+0.29 22.36 +0.37
— Undetermined.

The high magnification FE-SEM micrographs in Figures 5.8 a) and b) show the
morphology of Ccumes, with semi-spherical carbon particles. The smoothness and
agglomeration are attributed to the functionalization, which indicate that there is
surface coverage by the organometallic compound. Figure 5.9 shows a) distribution
of elements and the elemental mapping of b) C, c) O and d) Cu of Ccumes, where both
Cu and O show some agglomerated zones over carbon.

b -‘.'V :

50000X

Figure 5.8 a) and b) high magnification FE-SEM micrographs of Ccu-mes.
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Figure 5.9 a) Distribution of C, O, and Cu elements and b) C, c) O and d) Cu the

elemental mapping of Ccu-mes.

5.2.5 XPS

Figure 5.10 displays the XPS spectra of Ccumes. Its C 1s region is deconvoluted
into three peaks (Figure 5.9 a) with the most intense signal being that of the sp?
hybridization (C=C bond, BE= 284.71 eV) as seen in Table 5.5, followed by the less
intense sp® hybridization (C-C bond, BE= 285.63), and the C-O-C species (BE=
286.62). Their relative concentration is 75.2, 17.6, and 7.1 at %, respectively (Table
5.5). The presence of sp? C=C bonds is due to graphitic phases in the structure of Ccu-

mes, Which is in good agreement with the Raman spectra in Figure 5.5.

Figure 5.10 b) shows the O 1s region of Ccu-mes, having signals at 530.69 and
531.73 eV assigned to CuO (9 at. %) and Cu20 (27.7 at. %) bonds, respectively,

confirming copper and oxygen interactions [28]. It is important to note that these
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signals do not appear in the O 1s region of non-functionalized Vulcan [29]. It also

shows signals ascribed to C=O (BE=532.61) and C-O (BE=533.79) bonds. The relative
concentration of the former is higher compared to that of the latter (43.8 and 19.5 at.

%, respectively, Table 5.5).

The deconvoluted Cu 2p region of Ccu-mes is shown in Figure 5.10 c). The signals
centered at 935.02 and 954.81 eV are associated to the cuprous ion (Cu*) in the Cu
2ps2 and Cu 2pw states, respectively. The peaks at 937.43 and 957.85 eV correspond
to Cu? species also in both states. The presence of satellite signals in the 940-950 eV
and 960-970 eV regions indicates a significant contribution of Cu oxidized species in
the spectra [30-32]. These results agree with the identification of copper oxides from

XRD analysis (see Figure 5.7).

Figure 5.10 also shows the XPS spectra of Ccu@mpsr2. The most intense signal in
the C 1s region (Figure 5.10 d) is that due to the sp? hybridization (C=C bond,
BE=284.63 eV). Less intense signals correspond to the C-C, C-O-C, and C=0 species
(285.26, 286.39, and 287.50 eV, respectively, Table 5.4). The C=0 peak is related to
functional groups wherein oxygen is attached to the carbon by a double bond, such
as quinine, carbonyl, carboxylic, and lactone groups [33]. It is important to note that
this peak does not appear in the deconvoluted C 1s region of Ccu-mes, most probably
due to the concentration of carboxylates (5.7 at. %) which are found within the

chemical structure of Ccumpz2.

95


file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_29
file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_30
file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_33

Chapter VI
Evaluation of Pd-CeOzx~rnanocatalysts supported on Vulcan XC-72 functionalized
with Cu organometallic compounds for the EOR

a) b) |1000 Ots 4 CCu-mes €) ({1000 Cuzp CCu-mes Cme
Fa
)
Cu’
] %] N

7] - 4 . *Satellite

< c c *Satellite ~ 2

- : - i, N\ o

8 o o B cu A\

[

_ - B e ¢ &
290 289 288 287 286 285 284 283 538 536 534 532 530 970 965 960 955 950 945 940 935 930
Binding Energy / eV Binding Energy / eV Binding Energy / eV

ok u(dmpz)L2
10000 P

@y
E &Y
P
P
)

290 289 288 287 286 285 284 283 540 538 536 534 532 550
Binding Energy / eV Binding Energy / eV

Figure 5.10 XPS spectra of Ccumesin the a) C 1s, b) O 1s and c) Cu 2p regions,
and Ccu@mpzr2in the d) C 1s, e) O 1s and f) Cu 2p regions.
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The O 1s region (Figure 5.10 e) at Ccudmpsrz shows two low-intensity peaks
assigned to CuO (BE=532.04), and Cu20 (BE=531.94), as in the case Ccu-mes. The C=0,
C-O, and O-C=0 (not observed at Ccumes) species are also detected at 533.04, 534.23,
and 535.45 eV, respectively. The relative concentration of the species is shown in
Table 5.5. The peak at 537.04 eV is attributed to traces (-O-C(O)-CsHs-C(O)-O- CHz-
CH2-)n species from the organometallic compound, which has been reported in that
BE elsewhere [34]. It is important to note the shift to higher BE of the C=O and C-O
bonds of Ccumpzr2 compared to Ccumes (Table 5.5), which are related to the specific
interactions of the compounds with the carbon support. The identification of the O-
C=0 and (-O-C(O)-CeHs-C(O)-O- CH2-CH2-)n species can be correlated with the
features of the XRD pattern of Ccu@mpyr2in Figure 5.7.

Figure 5.10 f) shows that the Cu 2p region of Ccu@mpzr2 can be deconvoluted
into the Cu* and Cu? species. The Cu* peaks are located at 938.67 and 958.73 eV,
respectively, corresponding to the Cu 2ps2 and Cu 2pi» states [35]. The peaks
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centered at 941.2 eV and 943 eV are those of Cu?* in both Cu states. Satellites are also

displayed at Ccu@mpsi2, as in the case of Ccu-mes.

Table 5.5 XPS parameters of Ccumesand Ccumpz)La.

Support State Species BE /eV Composition
at. %

Ccuemes Cls C=C sp? 284.71 75.2
C1ls C-C sp? 285.63 17.6
Cls C-O0-C 286.62 7.1
O1s CuO 530.69 9.0
O1ls Cu0 531.73 27.7
O1s C=0 532.61 43.8
O1s C-O 533.79 19.5
Cu 2p3p Cu* 935.02 45.5
Cu 2pse Cu? 937.43 7.0
Cu 2p12 Cu’ 954.81 38.1
Cu 2p12 Cu? 957.85 9.6

CcumpaL2 Cls C=C sp? 284.63 70.7
Cls C-Csp? 285.26 15.8
Cls C-O0-C 286.39 7.8
Cls C=0 287.50 5.7
O1s CuO 531.04 1.5
O1s Cu0 531.94 47
O1s Cc=0 533.03 16.6
O1ls C-O 534.23 20.5
O1s O-C=0 535.45 41.7
O1s (-O-C(O)- 537.04 14.9

CeHs-C(O)-O-
CH2-CH2-)n

Cu 2pse Cu? 938.67 34.7
Cu 2p3p Cu* 940.47 17.3
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Cu 2p1e Cu* 958.73 26.5

Cu 2pie Cu> 961.32 224

5.3 Physicochemical characterization of the nanocatalysts

5.3.1 XRD

Figure 5.11 shows the XRD patterns of the nanocatalysts. In the diffractogram
of Pd/C, the (002) plane attributed to the carbon structure can be observed, followed
by the (111), (200), (220), and (311) reflections corresponding to the fcc structure of
Pd. In the case of Pd/Ccumes the Pd planes shift towards higher degrees (20) which
suggests a modification of the Pd lattice due to the formation of PdCu alloyed phases
[36, 37]. There are no additional diffraction peaks related to Cu or its oxides.
Nevertheless, their presence should not be discarded, alongside the PdCu alloy [38].
Such displacement in the Pd planes is more evident in Pd/Ccu@mpzi2. Moreover, this
nanocatalyst show several peaks in the 15-25° (20) interval attributed to the
organometallic compound, as observed in the diffractogram of Ccudmpzi2in Figure
5.6.
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Figure 5.11 XRD patterns of nanocatalysts.

Table 5.6 shows the d values of the nanocatalysts. Pd/Ccumeshas the smallest d
compared to Pd/Ccu@mpsrz. The d values can be correlated to a presence of nucleation
centers (surface functional groups and Cu sites) which limited the particle size
growth from functionalization with Ccumes. This differs from Ccudmpz12 in which the

crystallite size of the nanoparticles increases suggesting a low presence of nucleation
centers [39, 40].
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Table 5.6 Crystallite size and structural parameters of nanocatalysts.

Nanocatalyst d/nm Position / ° atcc / NM D /%
Pd/C 7.9* 40.30 0.387 -
Pd/Ccu-mes 2.9 41.57 0.375 31
Pd/Ccumpzi2 6.3 42.35 0.369 33

Note: d and structural parameters obtained from the (220) and (111) Pd planes, respectively.
* Result reported in Section 4.1.2.

— Undetermined.

As already mentioned, the shift or the reflections towards higher 20 degrees
(as can be seen in Table 5.6) is attributed to the formation of PdCu alloyed phases.
To confirm this, the lattice parameter (at«.) and fraction of Cu alloyed (D) have been
determined (Equations 3.2 and 3.3, respectively) and are shown in Table 5.6. Pd/Ccu-
mes and Pd/Ccu@mpzi2 have a clear contraction resulting in aw«= 0.375 and 0.369 nm,
respectively. This is evidence that Cu atoms from the organometallic compounds
and Pd nanoparticles form PdCu alloyed phases at both nanocatalysts. Additionally,
the D value of Pd/Ccu-mesand Pd/Ccu@mpsi2is 31 and 33%, respectively. These at. and
D values are similar to those reported in the literature for conventional PdCu alloys
synthesized by different methods [41-43]. Thus, there is strong evidence of the
formation of alloyed PdCu phases at Pd/Ccu-mes and Pd/Ccu(dmpzra.

5.3.2 FE-SEM and EDS

Table 5.7 shows the chemical composition of Pd/Ccumes obtained from EDS
analysis. The C and O show a concentration of 69 + 1.4 and 1.97 £ 0.2, the latter due
to the formation of oxidized Pd or Cu phases or oxygen contained in the carbon. The
Pd content is 19.18 + 0.93, very close to the nominally expected value (20 wt. %). The
concentration of Cu from the functionalization is 9.34 + 0.7 wt. %. Even though this
value is slightly lower when compared to Ccumes (Table 5.4), it confirms that Cu from
the organometallic compound is stable even after being submitted to the reduction

atmosphere of the polyol method during the synthesis of the nanocatalyst.
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The FE-SEM micrographs in Figures 5.12 a) and b) show the morphology of

Pd/Ccu-mes at high magnifications, with spherical shape particles corresponding to
Vulcan and brighter small nanoparticles attributed to Pd. The elemental mapping of
Pd/Ccu-mes, confirming the homogeneous dispersion of C, O, Pd, and Cu is shown in
Figure 5.13.

Table 5.7 Chemical composition of Pd/Ccu-mes.

Nanocatalyst Chemical composition (wt. %)
C Pd O Cu
Pd/Ccu-mes 69+14 1918093  1.97+0.2 9.34+0.7

200 000 X

Figure 5.12 a) and b) high magnification FE-SEM micrographs of Pd/Ccu-mes.
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Figure 5.13 a) FE-SEM imagen and b) C, c) Pd, d) O and e) Cu elemental
mapping of Pd/Ccu-mes.

5.3.3 Raman

The deconvoluted Raman spectra of Pd/C, Pd/Ccumes, and Pd/Ccudmpsrz are
shown in Figures 5.14 a), b) and c), respectively. The characteristic D and G bands
already described in Figure 5.5 can be observed, as well as the D’, D”, and D*
interbands. The Ipo/Ic ratio of Pd/C is 1.69 (Table 5.8), lower than C without Pd
nanoparticles (1.87, Figure 5.5 a) suggesting an effect of the dispersion of Pd
nanoparticles on the sp? domains of the support during the synthesis of the

nanocatalyst. Such effect has been discussed previously [44].

The Ip/Ic ratio of Pd/Ccu-mes increases to 1.92, from 1.75 at Ccu-mes (Table 5.8). This
same effect is observed when comparing Pd/Ccu@mpsr2 and Ccu@mpziz (Figure 5.5 c),
i.e., the ratio increases to 1.80 related to 1.18 for the latter. Some authors have
attributed the increase in the Ip/Ic ratio of the carbon support with the addition of
Pd nanoparticles to two possible reasons: i) The removal of oxygenated groups
generates a reestablishment of the graphitic lattice; producing a higher

concentration of sp® nanodomains; and ii) the nanoparticles can be treated as defects

102


file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_44

Chapter VI
Evaluation of Pd-CeOzx~rnanocatalysts supported on Vulcan XC-72 functionalized
with Cu organometallic compounds for the EOR
that induce structural disorder, which is undesirable but plays an important role in

the development of catalytic activity [45-48].

a) Il,=1.69| b)[PdIC . I/, =1.92
= 5
r E
2 2
2 2
g S
£ =

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Raman shift / cm™ Raman shift / cm™

c)|PdiC I/, =1.80

Cu(dmpz)L2

Intensity / a. u.

800 1000 1200 1400 1600 1800 2000
Raman shift / cm™
Figure 5.14 Raman spectra of a) Pd/C, b) Pd/Ccu-mes, and ¢) Pd/Ccu@mpz2.

The relative intensity of D” is 22.1, 27.2, and 28.4 for Pd/C, Pd/Ccumes, and
Pd/Ccudmpzi2 respectively. As can be seen in Table 5.8, it is higher at Pd/Ccumes and
Pd/Ccumpzr2 which suggest a modification on sp? domains during the synthesis of
the nanocatalysts due to the presence of Pd nanoparticles. The Ip+/Ic ratio has been
determined as 0.15, 0.11, and 0.13 for Pd/C, Pd/Ccu-mes and Pd/Ccu(ampzi2, respectively
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(Table 5.8). In this case, the ratio decreases for nanocatalysts supported on

functionalized carbon confirming the modification of the sp* domains.

Table 5.8 Raman data of Pd/C, Pd/Ccu-mes and Pd/Ccu@mpzr2.

Nanocatalyst Raman Shift / cm? In/Ic  Ior Ip/le

D G D’ D” D

Pd/C 1330 1592 1613 1485 1163 1.69 221 0.15
Pd/Ccu-mes 1332 1597 1611 1516 1130 1.92 272 0.11

Pd/Ccu@mpryr 1332 1597 1611 1508 1135 1.80 284 0.13

5.3.4 XPS

The XPS spectra of Pd/Ccumes in Figure 5.15 shows the a) C 1s, b) O 1s, c) Pd 3d
and d) Cu 2p regions. The C 1s region has the most intense signal at 284.77 eV
assigned to sp? hybridizations (C=C bonds) with a relative concentration of 77.5 at.
% (Table 5.9), followed by the sp® hybridizations (C-C bonds, BE=285.73 eV) and the
C-O-C species (BE= 288.77 eV). Meanwhile, the O 1s region has been deconvoluted
into seven peaks. The signals at 529.94 and 530.82 eV correspond to CuO and Cu20
bonds, respectively. These species have lower relative concentrations than the other
species detected (Table 5.9). However, their detection confirms the presence of Cu

species boding with O atoms.

Additionally, the signals assigned to PdO and PdO:are displayed at 531.72 and
532.52 eV, which confirms the bonding interaction between Pd and O (see their
relative concentration in Table 5.9). The other peaks correspond to C=0O, C-O, and
O-C=0 bonds ascribed to the functional groups from support. At the Pd 3d region,
four doublets from the spin-orbit splitting into the Pd 3ds2 and Pds. states confirm
the formation of the PdCu phase (BE= 335.0 and 340.26 eV) [49], metallic Pd (Pd°,
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BE= 335.54 and 340.71 eV), PdO (Pd?*, BE= 336.03 and 341.14 eV), and PdO: (Pd*,

BE= 336.58 and 341.62 eV). The higher relative concentration is that of Pd°(35.3 at.
%), followed by the Pd*, Pd?*, and PdCu species (Table 5.9).

Pd/C Pd/C
a-) 100000 C1s Cu-mes b) | 1000 O1s ¥ Cu-mes

Counts

C-Q-C _

289 288 287 286 285 284 283 282 534 532 530
Binding Energy / eV

Binding Energy / eV

C) I 1000 Pd 3d Pd 3d PdIcCu-mos d) Cu 2p PdlcCu-vms
8 2
c c
= =]
o
3 3
344 342 340 338 336 334
Binding Energy / eV Binding Energy / eV

Figure 5.15 XPS spectra of Pd/Ccu-mesin the a) C 1s, b) O 1s, ¢) Pd 3d and d) Cu 2p
regions.

It is important to note a shift towards higher BE of the Pd doublets in Pd/Ccu-
mes compared to the Pd/C nanocatalyst (Section 4.1.5, Table 4.2). Specifically, Pd® in
the Pd 3ds. state is centered in 335.54 eV at Pd/Ccumes, a shift of 0.4 eV compared to
335.14 eV of the same species at Pd/C. The displacement is attributed to a
modification of the d band of Pd due to an electron transfer from Cu to PPd atoms,
which indicates the formation of PdCu alloyed phases, as reported elsewhere [50,

51], in good agreement with the observations made from XRD analysis.

105


file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_50
file:///C:/Users/Perla%20Meléndez/Documents/DOCTORADO/Thesis/Chapters/Chapter%20V%20%20Evaluation%20of%20the%20Pd%20nanocatalysts%20supported%20on%20Vulcan%20XC72%20functionalized%20with%20organometallic%20copper%20compounds%20for%20EOR.docx%23_ENREF_51

Chapter VI
Evaluation of Pd-CeO:zx~rnanocatalysts supported on Vulcan XC-72 functionalized
with Cu organometallic compounds for the EOR
The Cu 2p spectra is deconvoluted also into three doublets at the spin-orbit

splitting into Cu 2ps2 and Cu 2p1e. The peaks at around 932.13 and 951.41 eV emerge
from PdCu phases, with a relative concentration of 21.8 at. % (Table 5.9). Meanwhile,
the doublets at 932.35 and 952.33 eV are due to Cu* species (with the highest relative
concentration: 54.9 at. %), and those at 934.45 and 954.22 eV are attributed to Cu?
species (23.3 at %, Table 5.9). In addition, the presence of a satellite peak at BE= 945

eV confirms the formation of Cu oxides as discussed in section 5.2.5.

Figure 5.16 shows the XPS spectra of Pd/Ccu@mpzir2in the a) C 1s, b) O 1s, c) Pd
3d and d) Cu 2p regions. In the C 1s region, besides the C=C (sp? hybridization), C-
C (sp® hybridization), and C-O-C as in the case of Pd/Ccu-mes (in Figure 5.15 a), the
C=0 (BE= 287.76 eV), and O-C=0O (BE= 289.50 eV) bonds also emerge. This is an
evident effect of the different chemical structure of Cu(dmpz)L2 compared to Cu-
mes. Meanwhile, the O 1s region displays the peaks corresponding to CuO, Cu:0,
PdO, and Pd20, the latter with the highest relative concentration (25.5 at %, Table
5.8). Additionally, signals ascribed to C=O, C-O, and O-C=0O bonds are shown.

The deconvoluted spectra of the Pd 3d region in Pd/Ccu@mpsi2 display four
doublets corresponding to PdCu bonds (BE=335.23 and 340.70), Pd® (BE=335.74 and
341.08 eV), Pd?* (BE=336.72 and 341.96 eV), and Pd* (BE=338.64 and 342.52 eV). Pd°
in the Pd 3ds. state exhibits a shift of 0.6 eV towards higher BE compared to Pd/C
(Tables 5.9 and 4.2, respectively). The shift is more important than that shown by
Pd/Ccu-mes, indicating stronger interactions tending to form PdCu alloyed phases at
Pd/Ccumpzi2, which agrees with the results in Table 5.6. Even more, three doublets
are observed in the Cu 2psz2and Cu 2pi2states, due to the Cu*, Cu? and PdCu species.
Similar to the previous nanocatalyst, the highest relative concentration is that of Cu*
(72.6 at. %, Table 5.9).
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Figure 5.16 XPS spectra of Pd/Ccu@mpz12 in the a) C 1s, b) O 1s, c) Pd 3d and d) Cu

2p regions.

Table 5.9 XPS parameters of Pd/Ccu-mesand Pd/Ccu@mpzr2.

Nanocatalyst State Species BE /eV Composition
at. %

Pd/Ccu-mes Pd 3ds. PdCu 335.00 13.6

Pd 3ds Pd° 335.54 23.3

Pd 3ds Pd? 336.63 12.8

Pd 3ds. Pd* 338.58 13.6

Pd 3dse PdCu 340.26 6.1

Pd 3dse Pd° 340.71 12.0
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Pd 3dsq Pd? 341.94 7.7
Pd 3dsq Pd# 341.62 11.6
Cls C=Csp? 284.77 77.5
Cls C-Csp? 285.73 16.6
Cls C-O0-C 286.77 59
O1ls CuO 529.94 2.4
O1s Cu0 530.82 6.8
O1ls PdO 531.73 22.7
O1s Pd=0 532.52 19.6
O1ls Cc=0 533.30 29.5
O1s C-O 534.23 12.0
O1ls O-C=0 535.10 6.7
Cu 2p3p PdCu 932.13 12.1
Cu 2p3p Cu* 932.35 40.9
Cu 2p3p Cu* 934.45 13.5
Cu 2p1r PdCu 951.41 9.7
Cu 2pir Cu’ 952.33 14.0
Cu 2p1r Cu? 954.22 9.8
Pd/Ccu@mparz ~ Pd 3dse PdCu 335.23 7.6
Pd 3ds Pd° 335.74 28.1
Pd 3ds» Pd* 336.42 19.4
Pd 3ds Pd#+ 338.24 9.3
Pd 3dsq PdCu 340.70 6.5
Pd 3ds- Pd° 341.08 12.2
Pd 3dsq Pd? 341.96 11.8
Pd 3dsq Pd# 342.52 5.1
Cls C=C sp? 284.71 47.0
Cls C-Csp? 285.49 21.1
Cls C-O0-C 286.57 18.2
Cls C=0 287.76 7.5
Cls O-C=0 289.50 6.3
O1ls CuO 530.15 4.1
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O1ls Cu0 531.12 7.4
O1ls PdO 531.96 16.0
O1ls Pd=O 532.77 255
O1ls C=0 533.59 20.6
O1ls CO 534.45 17.8
O1ls O-C=0 535.64 8.6
Cu 2p3p PdCu 932.28 10.6
Cu 2p3p Cu* 932.67 51.1
Cu 2pse Cu* 935.06 7.1
Cu 2pir PdCu 951.37 4.9
Cu 2p1r Cu’ 952.53 21.5
Cu 2pir Cu? 954.71 4.8

5.4 Electrochemical characterization of the nanocatalysts

Figure 5.17 shows the CVs of the nanocatalysts. The characteristic peaks related
to Pd-based materials are shown, i.e., the hydrogen adsorption/desorption (Hads/des)
between 0.05 and 0.40 V/RHE, the double layer region between ~0.50 and 0.60
V/RHE, and the Pd oxides formation/reduction between 0.60 and 1.2 V/RHE. The
nanocatalysts supported on functionalized C show a higher j over the potential
scanned, particularly a remarkable increase in the peak due to the reduction of Pd
oxides, compared to Pd/C. Pd/Ccu-mesand Pd/Ccu(ampzr2 show j peaks at 0.65 and 0.90
V/RHE in the anodic scan. The latter also shows a broad shoulder at ca. 0.50 V/RHE.
These features are attributed to redox properties of Cu-based sites [52]. Morais et al.
[50], suggests that the reactions that occur in the formation of the pre-peak at 0.65
V/RHE are:

Cu+OH =CuOH +¢° Reaction 5.1
2CuOH = Cu20 + H20 Reaction 5.2

While the peak at ca. 0.9 V/RHE is mainly due to the reactions:

Cu +20H" = Cu(OH)2 Reaction 5.3
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Cu(OH)2= CuO +HO" Reaction 5.4

Cu20 and CuO as subproducts are insoluble species, probably leading to the
passivation of Cu atoms at the surface of the nanocatalyst. The j peaks between 0.8-
0.7 V/RHE in the backward scan can be attributed to the reduction of the Pd oxides,

as well as to the reprecipitation of Cu from soluble Cu* and Cu? species [53, 54].

41 ——Pd/C
| —— Pd/C

_6 _ Cu-mes

Cu(dmpz)L2
00 02 04 06 08 1.0 1.2
E/V vs. RHE

Figure 5.17 CVs of Pd/C, Pd/Ccumesand Pd/Ccu@mpz2. Electrolyte: 0.5 mol L KOH.
Scan rate: 20 mV s

Figure 5.18 shows the CO-stripping curves of the Pd/C, Pd/Ccumes and
Pd/Ccumpzi2 nanocatalysts. Pd/C shows a CO oxidation with Eonset of 0.70 V/RHE
and an oxidation potential (Eox) of 0.82 V/RHE (Table 5.10). Meanwhile, the Pd/Ccu-
mes Nanocatalyst, has a remarkable shift of both potentials to more negative values
(Eonset = 0.19 and Eox= 0.79 V/RHE) Pd/Ccu@mpz2 shows a positive effect, with values
of Eonset =0.13 and Eox=0.81 V/RHE. It is interesting to observe that Pd/C oxidized CO
featuring a single peak, while Pd/Ccu-mes develops a pre-peak at 0.59, and the already
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mentioned peak at 0.79 V/RHE. The j peak at 0.92 V/RHE most likely corresponds to

the Cu-species observed in Figure 5.17 and described by Reactions 5.3-5.4.
Pd/Ccu@mpai2, also shows pre-peak, CO-oxidation peak, and a third peak due to the
Cu-species (0.58, 0.81 and 0.90 V/RHE, respectively).

10 -
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3. Pd/C
1 —— Pd/C

T ¥ T ! T

Cu-mes

Cu{dmpz)jL2
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| I ]
2- Y, / | =
' |
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Figure 5.18 CO-stripping curves at the nanocatalysts. Electrolyte: 0.5 mol L* KOH.

Scan rate: 20 mV s’

The oxidation of adsorbed CO species (COadss) at negative potentials is
promoted by the bifunctional mechanism and the electronic effect. By the former,
Cu-atoms form surface OH- species at more negative potentials which are
transported to Pd sites, promoting an easier oxidation of COadas. Moreover, the
formation of PdCu alloyed phases leads to a modification of the electronic structure
of Pd, weaking the adsorption energy of COads species, facilitating their oxidation
[55].

The broadness and the presence of multiple CO-stripping peaks at Pd/Ccu-mes
and Pd/Ccu@mpsr2 is attributed to the oxidation of weakly and strongly COads at
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different Pd planes. In contrast, Pd/C seems to oxidize only one strongly adsorbed

COads species at more positive potentials. Another reason of such feature is that the
nanocatalysts contain unalloyed Pd (as seen from XPS analysis, Figures 5.15 and
5.16) which provoke the desorption of COads at more negative potentials than in the
case of Pd/C. In addition, the CO mobility is low in alkaline solution [56, 57].

The Electrochemically Active Surface Area from CO-stripping (ECSAco) has
been determined obtained using Equation 3.8 as 69.15 and 48.86 m? g'! for Pd/C and
Pd/Ccu-mes, respectively (Table 5.10). These values are similar to those reported in the
literature [58]. However, that of Pd/Ccumes value is lower probably due to the
presence of Cu which hinders some active sites with high activity for CO oxidation.
On the other hand, the synergistic effect between Pd and Cu promote a high catalytic

activity in tems of Eonset and Eox.

Table 5.10 Electrochemical parameters of the CO-stripping at the nanocatalysts.

Nanocatalysts Eonset Eox ECSAco
V/RHE m? gl
Pd/C 0.70 0.82 69.15
Pd/Ccu-mes 0.19 0.79 48.86
Pd/Ccudmpa2 0.13 0.81 -
— Undetermined.

The polarization curves of the EOR at the Pd/C, Pd/Ccumes, and Pd/Ccu(dmpz2
nanocatalysts are shown in Figure 5.19. The nanocatalysts display a typical behavior
for the reaction, except for Pd/C which shows two peaks in the backward scan, same
that are discussed in detail in section 4.2.2. At the more negative potentials, the
ethanol adsorption proceeds on the surface active sites at the nanocatalyst, followed
by its dissociation. Such surface reactions hinder the Hads/des region seen in Figure
5.17.
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Figure 5.19 Polarization curves of the EOR at Pd/C, Pd/Ccumesand Pd/Ccumpz)La.
Electrolyte: 0.5 KOH mol L+ 0.5 mol L solution EtOH. Scan rate: 20 mV s..

The Pd/Ccumesand Pd/Ccu@mpzi2 nanocatalysts promote the reaction at a more
negative Eonset (0.38 V/RHE) compared to Pd/C (0.41 V/RHE) as seen in Table 5.11
due to a modification of the Pd lattice because of PdACu alloying. Moreover, the peak
j is considerable higher at Pd/Ccumes (119.66 mA cm?), 1.47 and 1.80 more intense
than those of Pd/Ccudmpsrzand Pd/C, respectively (see also Table 5.11), showing that
the electronic effect is very influential at this nanocatalysts by modifying the energy

of adsorption of ethanol and intermediates.

Nevertheless, it should be highlighted that Pd/Ccu@mpzi2 delivers higher j
values in the potential ranging from ca. 0.45 to 0.9 V/RHE than Pd/Ccu-mes. The curve
at the former is broader, indicating the oxidation of ethanol and intermediate species
over a wider, more negative, potential interval. This electrocatalytic behavior shows

that the bifunctional mechanism is highly relevant at Pd/Ccumps2.

Moreover, ratio between the current density in the forward and backward scan
(jt/jv), is 0.7, 1.3, and 1.10 for Pd/C, Pd/Ccu-mes, and Pd/Ccumpsr2, respectively (Table
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5.11). The higher the ratio, it indicates that the nanocatalyst completes to a larger

extent the oxidation of ethanol, and that it is more tolerant to carbonaceous species
formed during the scan. Evidently, the nanocatalysts supported on carbon
functionalized with Cu organometallic compounds have an enhanced performance

for the reaction.

Such high catalytic activity can be related to the high ECSArdo value of Pd/Ccu-
mes (118.72 m? gl before ADT, Table 5.11), attributed to a large number of active sites
participating in the reaction, including those of Cu oxides, as seen in Figure 5.17.
The ECSAvrqo values have been determined according to the procedure described in
Section 3.6.2, Equation 3.4. Unfortunately, due to the lack of chemical composition

analysis, the ECSArdo of Pd/Ccumpsi2 is not show in this work.

Table 5.11 Electrochemical parameters of the EOR and ECSArdo values at the

nanocatalysts.
Nanocatalysts Eonset j jeljo ECSAvrdq0
V) (mA cm?) (m? mg'pa)
Before ADT
Pd/C* 0.41 66.21 0.70 29.43
Pd/Ccu-mes 0.38 119.66 1.3 118.72
Pd/Ccudmpzi2 0.38 81.25 1.1 -
After ADT
pPd/C* 0.41 75.53 0.93 15.05
Pd/Ccu-mes 0.38 107.14 1.5 63.95
Pd/Ccumpa2 0.38 88.31 1.1 -
— Undetermined.

*Values presented in the section 4.2.2.

114



Chapter VI
Evaluation of Pd-CeO:zx~rnanocatalysts supported on Vulcan XC-72 functionalized
with Cu organometallic compounds for the EOR
The improvement in catalytic activity for the EOR of Pd/Ccumes and

Pd/Ccumpzr2 in terms of Eonset and the shift toward more negative potentials of the
polarization curves, compared to Pd/C, can be ascribed to an easier removal of COaus
(as seen in Figure 5.18) due to the bifunctional mechanism, according to the

following reactions:

Pd + CHsCH:OH >Pd(CO)aas +CHz” +4H" + 4e” Reaction 5.5
Cu + H0 2 Cu(OH )ass + H +&” Reaction 5.6
PdCQads + Cu(OH )ads > CO2+Pd + Cu+H" + ¢ Reaction 5.7

The Cu atoms adsorb/desorb OH- species at more negative potentials that Pd

(Reaction 5.6), catalyzing the oxidation of COadsto CO2 as can be seen in Reaction 5.7.

Moreover, their improved j and j¢/jp ratio is related to a modification of the
electronic structure of Pd (electronic effect) because of the formation of PdCu alloyed
phases. As a result, the adsorption energy of species such as ethanol and/or
intermediates becomes weaker, facilitating bonds cleavages and thus promoting the

generation of higher j values [59, 60].

According to Norskov, there is a strong correlation between the d-band center
of a catalyst and the adsorption energy of reaction intermediates, which is critical
for its catalytic activity and electrochemical stability [41, 61, 62]. Therefore, the
downshift of the d-band center of Pd (as inferred from the BE of Pd’in XPS analysis,
Table 5.8) enhances the catalytic activity of Pd/Ccu-mes and Pd/Ccumpz2, leading to

the generation of higher j values.

Figure 5.20 shows a) CVs and b) polarization curves of the EOR before and
after ADT of Pd/Ccu-mes. Although the shape of CV remains almost unchanged, it is
remarkable to note the decrease of j over the potential scanned. Before ADT, Pd/Ccu-
mes has an ECSA of 118.72 m? g (Table 5.11) which is higher than those reported in
the literature [61, 63, 64]. After submitting it to ADT, the intensity of the peak due to
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the reduction of Pd oxides decreases, as it slightly shifts towards more positive

potentials. The ECSArdqo after ADT is determined as 63.95 m? g, i.e., a 46.14 % of
retention. During the test, Pd/Ccumes may undergo changes in morphology and
surface chemistry because of different degradation mechanisms. For instance, the
dissolution of nanoparticles can occur. Also, the migration of Pd atoms is not
unusual, resulting in the aggregation of nanoparticles that generates agglomerates,
thus provoking ECSAvrdo losses [65, 66].

Comparing the polarization curves of the EOR at Pd/Ccumes before and after
ADT, it can be seen that the nanocatalyst show a slight decrease in peak j of ca. 10
%, despite the relatively large ECSAvrdo losses (Table 5.11). These results suggest that
most of the Pd and PdCu sites remain active to promote the reaction. The
concentration of Pd active sites correlates with the results obtained by XPS in which
a higher concentration of Pd’ (35.5 at. %) is obtained compared to Pd oxides.
Therefore, it can be considered as an electrochemically stable anode. Moreover, the
ji/jo ratio of the nanocatalyst after ADT is 1.5, slightly higher than that before (Table
5.11), indicating that its capacity to oxidize ethanol molecules and its tolerance to

carbonaceous species is maintained.

4 T T T T T T T T T T T
a) Pd/C¢, mes b)120{ Pd/Cq,, e y
2 M 1 100{ —Before ADT |
1 —— After ADT
~ 0 80 o W
= E 0] *
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£ 404 .
E 4] 1 =
~ — 204 i
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E/V vs. RHE E/V vs. RHE

Figure 5.20 a) CVs and b) polarization curves of EOR before and after of ADT of
Pd/Ccu-mes. Electrolyte: N2-saturade 0.5 mol L KOH and 0.5 mol L' KOH + 0.5 mol
L' EtOH solution. Scan rate: 20 mV s
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Figure 5.21 a) presents the CVs before and after ADT of Pd/Ccugmpzi2. The same
degradation mechanisms as described in the previous case may have caused the
notable decrease in j, clearly observed in the Pd-oxides reduction peak at this

nanocatalyst.

Figure 5.21 b) shows the polarization curves of EOR on Pd/Ccu@mpzr2. In this
case, there is a change in the shape of the curve after ADT, becoming a relatively
narrow peak. In contrast to Pd/Ccumes, Pd/Ccu@mpsr2 shows a slight increase in j
maximum by ~8 % (Table 5.11), suggesting that after ADT some sites, likely Pd-
oxides that promote the oxidation of organic molecules, become activated[67]
correlated with the results obtained by XPS in which a percentage of 31.2 and 14.4
at. % (PdO and Pd20, respectively) obtained. However, it is to be acknowledged that
the potential window at which species are oxidized is more limited after the test,
probably because some other site (especially those that catalyzed the reaction at
more negative potentials) are deactivated or degraded. The j peak of Pd/Ccumpzr2 is
lower than that of Pd/Ccumes after ADT, but the maximum is at a more negative
potential, which reinforces the observation that the bifunctional mechanism is more
relevant at the former that the electronic effect. The j¢/jb ratio is 1.1, which is the same
as before ADT (Table 5.11).
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Figure 5.21 a) CVs and b) polarization curves before and after of ADT of
Pd/Ccu(dmpzi2. Electrolyte: N2-saturade 0.5 mol L' KOH. Scan rate: 20 mV s™.

Table 5.12 shows a comparison of electrochemical parameters of Pd/Ccu-mes and
Pd/Ccu(mpzr2 with some Pd and Cu-containing nanocatalyst from the literature. As
can be seen, the ECSArdo of Pd/Ccumes is significantly higher. Regarding the EOR, the
Eonset values of the nanocatalysts supported on Vulcan functionalized with Cu
organometallic compounds are among those more negative. As for the j peak,
Pd/Ccumes delivers the second highest compared to those reported by other

Laboratories, only below that of references [66].

Table 5.12 Electrochemical parameters of the EOR at Pd-based nanocatalysts.

Nanocatalyst ECSArio  Eonset j Electrolyte Ref.
(m?g"’) V/RHE (mA cm?)
PdCu/C-DA15 97.5 0.36 108.6 1 mol L*NaOH+  [61]
1 mol Lt EtOH
Pd-Cu/C 43.45 0.46 111.25 1 mol L' KOH+ [63]
1mol Lt EtOH
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Pd-NiO/MWCNT/rGO 42.05 0.44 90.89 1 mol L' KOH+ [64]
1mol L1 EtOH

Pd/Ni/MOFDC 25.77 0.39 30.4 0.5 mol L' KOH [68]
+0.5 mol L-'EtOH

PdAus/C ; 056 5456 1mol L1KOH+1  [69]
mol L1 EtOH

Pt/PdCu - 0.46 183 1mol L1KOH+1  [66]
mol L1 EtOH

Pd/Ccu-mes 118.72 0.38 119.66 0.5 mol L KOH This

+0.5 mol L-1EtOH

Pd/CCu(dmpz)LZ - 0.38 81.25 WOl'k

In order to identify the products of the ethanol oxidation at the nanocatalysts,
electrolysis test at 0.8 V/RHE have been performed. The percentage of ethanol
consumed is 47, 61, and 59 % for Pd/C, Pd/Ccu-mes, and Pd/Ccu(ampz)L2, respectively as
shown in Figure 5.22. In addition, from these values and using the ex-situ HPLC

technique, it has been determined that subproducts during the reaction.

Acetaldehyde (CH3CHO) and acetic acid or acetate ion (C2HsOx') are the main
reaction compounds often obtained CO: (or carbonate COs?) is obtained under traces
state. In this case, the main product of the reaction at the nanocatalysts is the acetate
ion (C2Hs0Oxz) Table 5.13. Considering only the reaction product detected by HPLC
analysis, a general mechanism for the conversion of ethanol to C:Hs3O2 on
nanocatalysts can be proposed according to the following reaction 5.8:

Pd/Cey mes
Pd/ CCu(dmpz)LZ

CH,-CH,0H + 5HO" ——— C,H,0,” +4H,0 + 4e .
Reaction 5.8
CHsCHO and COs? have not been detected. In the case of acetaldehyde, it has
been reported that it reacts to produce the acetate ion through a nucleophilic attack
by OH [70]. As future work, the use of an in-situ technique such as infrared
spectroscopy is proposed to determine the production of intermediates such as

acetaldehyde and carbonate.
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Electrolysis of ethanol at 0.8 V/RHE
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Figure 5.22 Ethanol consumed during 4 h at the nanocatalysts. Polarization
potential: 0.8 V/RHE.

Table 5.13 Percentage of acetate formed during electrolysis of ethanol at 0.8 V/RHE

on the nanocatalysts.

Nanocatalyst Acetate ion produced / %
Pd/C 30
Pd/Ccu-mes 47
Pd/Ccudmpz2 32

As indicated in the Experimental section (Chapter 3, Figures 3.7 and 3.8), the
configuration chosen for the tests in the AEM-DEFC is that if the same nanocatalysts
at the anode and cathode of each membrane-electrodes assembly (MEA). Figure 5.23
shows the individual polarization curves of Pd/C, Pd/ccu-mes, and Pd/Ccudmpzi2
showing the behavior of a) the anode potential (E.) and b) the cathode potential (Ec)
in fuel cell configuration (i.e., the plots show the potential difference between anode
and cathode, and the reference electrode, as each fuel cell is polarized over a given j

window).

Pd/Ccumes shows an enhanced performance as anode, with an open circuit
potential (OCP) of 0.42 V/RHE, a value 0.13 and 0.26 V lower than Pd/C and
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Pd/Ccumpz)2, respectively. Therefore, the overpotential of the EOR at Pd/Ccu-mes is

significantly smaller than that of the other nanocatalysts, while its high performance
is sustained over the whole polarization curve. Opposite to that, Pd/Ccu@mpzr2 shows

the poorest performance among the three nanocatalysts.

Pd/Ccu-mes also shows a better performance in the polarization curve as cathode,
with an OCP of 1.00 V/RHE, followed by 0.99 and 0.98 V/RHE of Pd/Ccu(dmpzr2 and
Pd/C, respectively. This means that the overpotential of the ORR at Pd/Ccu-mes oOVer
the scan is clearly lower compared to the other nanocatalysts. Moreover, Pd/Ccu-mes

has a more stable behavior, having a less significant potential drop as j increases.

0-85 T T T T T T T T T T
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Figure 5.23 Individual polarization curves of the nanocatalysts showing the
behavior of a) the anode potential, Es, and b) the cathode potential, E..

The cell voltage (Ec) vs j polarization curves of the AEM-DAFC separately
equipped with the nanocatalysts as anodes and cathodes are shown in Figure 5.24
a). Pd/Ccu-mes at both electrodes generates the highest open circuit voltage (OCV),
with a value of 0.60 V, followed by Pd/C (OCV= 0.50 V) and Pd/Ccumpzr2 (OCV =
0.38 V), as seen in Table 5.14. It is to be highlighted that the Ecen values of the AEM-
DEFC having Pd/Ccumesis significantly higher compared to the other nanocatalysts
at each j. For example, Ec at 0.25 mA cm? is 0.43 with this nanocatalysts compared
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to 0.27 and 0.15 V/RHE with Pd/C and Pd/Ccumpz)2, respectively as can see in Table

5.14. This outcome is a result of the high performance of Pd/Ccumes as anode and
cathode (Figure 5.22). Even more, Pd/Ccu@mpsr2 shows a lower performance than
Pd/C in the AEM-DEFC, a behavior ascribed to its poor catalytic activity as anode,

as discussed in Figure 5.21 a).

a) 0.6- —=—Pd/C 1 b) g.45] —=—PdIC |
0.5 Pd"'CCu-mes " PdIcCu-mes
% - PdICCu(dmpz)LZ g PdIcCu(dmpz)Lz
® 0.4- | 2010 |
[72]
> £
> 0.3 4 =
3 0."0.05- |
w 0.2+ ]
0.1 i J
T T u T E T T T T T 0-00 g T ‘ T T T T T
00 01 02 03 04 05 0.0 0.1 O;ZI A0-3 , 04 05
j/ mA cm? J/mAcm

Figure 5.24 a) Polarization curves and b) power density curves of the AEM-DEFC
equipped with the nanocatalysts as anodes and cathodes. Fuel: 0.5 mol L' EtOH +
0.5 mol L' KOH. AEM: Fumatech® FAA. Feed at the cathode: O2+ 0.5 mol L™
KOH.

The maximum cell power density (Pcn) from the AEM-DEFC is 14.85 mW cm (Table
5.14) generated when Pd/Ccu-mes is used as anode and cathode, as can be seen in
Figure 5.24 b). In view of the performance of the AEM-DEFC, Pd/Ccumes is a high-
performance nanocatalyst with application as anode and cathode in alkaline

environment.
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Table 5.14 OCV and P values Of Pd/C, Pd/CCu-mes and Pd/CCu(dmpz)LZ.

Nanocatalyst OCV (V) Ecen at 0.25 mA cm? Pcet (mW cm?)

(V/RHE)
Pd/C 0.50 0.27 9.66
Pd/Ccu-mes 0.60 0.43 14.85
Pd/Ccu(@mpzr2 0.38 0.15 4.22

Table 5.15 depicts a comparison of OCV and Peen of Pd/Ccumes with Pd-based
nanocatalysts reported in the literature. The nanocatalysts developed in this work
shows lower OCV but compares favorably in P with a lower ethanol concentration
fed at the anode.

Table 5.15 OCV and Pcn at Pd-based nanocatalysts.

Nanocatalyst OCV Pcent Electrolyte Ref

V) (mW cm?)
Pd/C 0.82 25 2 M EtOH in 2 M KOH [71]
Pd/C 0.79 5.2 1 M EtOH in 1 M KOH [72]
PANiSn/Cs 0.85 38.8 2 M EtOH in 6 M KOH [73]
Pd/Ccu-mes 0.60 14.85 05MEtOH in 0.5 M KOH This work

5.5 Conclusions

The functionalization of Vulcan with Cu-mes and Cu(dmpz)L2 was
successfully achieved, promoting the formation of oxygenated functional groups

and Cu sites on its surface. The functionalization promotes a constructive
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rehybridization that increases the sp? nanodomains at Vulcan, which allows for a

better anchorage of nanoparticles.

The presence of Cu atoms from the functionalization promoted the formation
of PdCu alloyed phases, increasing the catalytic activity of Pd/Ccumes and
Pd/Ccumpzi2 for the EOR in terms of Eonset, j, j¢/jo and electrochemical stability due to

a combination of bifunctional mechanism and electronic effect.

Pd/Ccumesshowed the best performance compared to Pd/C and Pd/Ccug@mpzr2 in
terms of ethanol consumption and production of acetate ion. It also outperforms the
other nanocatalysts when evaluated in E. and Ec polarization curves. In a complete
AEM-DEFC, Pd/Ccumes generated the highest OCV and P values, demonstrating
that the functionalization of Vulcan with Cu-mes generates surface active sites that
catalyze the EOR (and the ORR) in the alkaline environment. The results presented
in this work showed that Pd/Ccumes can be used as high-performance anode (and
cathode) in AEM-DEFC devices.
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6.1 Physicochemical characterization of nanocatalysts

6.1.1 XRD

The XRD patterns of Pd-CeO:xng/C, Pd-CeO:2nr/Ccumes, and Pd-CeOs-
NR/Ceumpar2 in Figure 6.1 show the carbon (002) plane at 26.59° along with the (111),
(200), and (220) planes at 39.78, 46.22, and 67.62° (20) attributed to the Pd fcc crystal
structure. Pd-CeO2nr/C (from Chapter 4) also shows the (111), (200), and (311)
planes at 28.6, 32.5, and 56.1° (20) assigned to the fluorite structure of CeO:[1]. At
Pd-CeO2nr/Ceu-mes, and Pd-CeO2nr/Ceugmpzrz only the (111) and (220) planes are
observed. In the diffractogram of Pd-CeOznr/Ccu@mpzi2 it is possible to observe two
reflections in the 10 at 30° region, attributed to the organometallic compound (as
seen in Figure 5.6), overlapping with the carbon reflection and the (111) plane of
CeOz. This feature can be viewed as an effect of the chemical stability of the

compound functionalizing the support.

Pd-CeO2nr/Ccumes, and Pd-CeO2nr/Ccu@mpzrz show a shift of the Pd reflections
towards higher 20 degrees, compared to Pd-CeO:nr/C. Moreover, Pd-CeOznr/Ceu-
mes has a broadening of the Pd peaks. As seen in Figure 4.1, there are no such changes
in features between Pd/C and Pd-CeO:nr/C, i.e., there is no significant effect of the
presence of ceria on the structural characteristics of Pd. Therefore, the modifications
observed on the nanocatalysts supported on functionalized Vulcan can be ascribed
to a modification of the Pd lattice by Cu atoms from the functionalization, resulting
in the formation of PdCu alloyed phases analogous to those observed in Chapter 5.
No planes corresponding to Cu or Cu oxides are observed in the diffractograms of
Pd-CeO2nNr/Ccu-mes, and Pd-CeO2nr/Ceumpzr2. However, their presence should not be
discarded [2].
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Figure 6.1 XRD patterns of the Pd-CeOznr/C, Pd-CeOz-nr/Ceu-mes and Pd-CeOe-

Nr/CeudmpzL2 nanocatalysts.

Table 6.1 Crystallite size of nanocatalysts.

Nanocatalysts d, XRD / nm
Pd-CeO2nr/C 6.6*
Pd-CeO2-Nr/Ccu-mes 4.7
Pd-CeO2nr /Ccudmpz2 7.1

*Value reported in section 4.1.1.

From data of the Pd (220) plane, Pd-CeO2xgr/Ccu-meshas a smaller d value than
Pd-CeO2nr/Ccumpziz and Pd-CeO2nr/C (Table 6.1), and similar to those reported in
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the literature [3, 4]. The decrease in d at Pd-CeO2nr/Ccumes can be correlated to a

presence of nucleation centers in this case probably delimited the particle size
growth. In addition, an improved dispersion is expected, since some Pd
nanoparticles tend to deposit on the cerium oxide nanorods [5]. Nevertheless, it
should be mentioned that the d value of Pd/CeO2nr/Ccumes is larger than those

functionalized nanocatalysts without CeO:xnr (Table 5.5).

The lattice parameter (awc) and the fraction of Cu alloyed (D) have been
determined from the Pd (111) plane, and the values are shown in Table 6.2. The
nanocatalysts supported on functionalized carbon have a similar contraction in ac
compared to Pd-CeO2nr/C because of the interactions with Cu atoms. Meanwhile,
the D values of Pd-CeO2nr/Ccumes and Pd-CeO2nr/Ccu@dmpziz are 32 and 33 %,
respectively, about the same value as those of the nanocatalysts without ceria (Table
5.6 in the previous Chapter), confirming that a relative high concentration of Cu
becomes alloyed with Pd atoms as a result of the functionalization, regardless of the
presence of CeO2-NR. The a«c and D values are comparable with those reported in
the literature for PdCu alloys [6, 7].

Table 6.2 Structural parameters of nanocatalysts obtained from the (111) plane.

Nanocatalyst Position / ° atcc / NI D /%
Pd-CeO2nr/C 40.17 0.388 -
Pd CeO2nr /Ccu-mes 42.18 0.371 32
Pd CeO2nr /Ceudmpzi2 42.21 0.370 33

6.1.2 FE-SEM and EDS

The chemical composition of Pd-CeOz2xr/Ccu-mes is shown in Table 6.3. The C
and Pd content are 72.52 and 8.56 wt. %, respectively. The Pd content is slightly
lower than that nominally expected (10 wt. %). Meanwhile, the Cu content is 10.42
wt. %, roughly the same as that of the ceria-free Pd/Ccu-mes in Chapter 5. Additionally,
Pd-CeO2nr/Ccu-mes has 8.44 wt. % of CeOznr resulting in a Pd: CeO: atomic ratio of
1.6:1, slightly higher than the 1:1 nominally expected.
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The high magnification FE-SEM micrographs in Figure 6.2 a) and b) show the

morphology of Pd-CeO2nr /Ceu-mes, with spherical shape particles corresponding to
Vulcan and brighter small spherical particles attributed at Pd. The elemental
mapping of Pd-CeOznr /Ccumes in Figure 6.3 confirms the homogeneous dispersion
of C, Pd, and Cu, with O and Ce tending to group together because of the CeO2
configuration. In addition, it is important to note the affinity between Cu and Pd,

which are uniformly distributed over some of the same areas which suggests their

alloying [8].
Table 6.3. Chemical composition of Pd-CeOz-nr/Ccu-mes.
Nanocatalyst Chemical composition (wt. %) Ratio (at. %)
C Pd Cu CeO: Pd:CeO2
Pd-CeO2nr/Ceumes  72.52 +1.59 856 +0.66  1042+1.40 8.49+3.57 1.6:1

200 000 X

Figure 6.2 a) and b) high magnification FE-SEM micrographs of Pd-CeO2-Nr/Ccu-mes.
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Figure 6.3 a) FE-SEM imagen and b) C, c) Pd, d) Cu, e) Ce and f) O elemental
mapping of Pd-CeOz-Nr/Ccu-mes.

6.1.3 XPS

The XPS spectra of Pd-CeOz2xr/Ccumesin the a) C 1s, b) O 1s, ¢) Pd 3d and d) Cu
2p regions is shown in Figure 6.4. The C 1s core-level spectrum of Pd-CeOz-nr/Ccu-mes
shows a strong graphite component (C=C sp?) at 284.7 eV with a relative
concentration of 75 at. % (Table 6.4), followed by C-C sp® and C-O-C at binding
energies of 285.53 and 286.47 eV, respectively [9]. In the O 1s region it shows peaks
attributed to lattice oxygen in Cu20 and CuO at 529.96 and 530.85 eV, respectively
[10]. In addition, signals at 531.78 and 532.60 eV are assigned to PdO and PdO:,
respectively. These signals confirm the interactions between Pd and O atoms. The
C=0, C-O, O-C=0 species corresponding to the functional groups formed on the

carbon support are also shown [11].
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Figure 6.4 XPS spectra of Pd-CeOznr/Cecumesin the a) C 1s, b) O 1s, ¢) Pd 3d, and d)
Cu 2p regions.

The high-resolution Pd 3d photoelectron spectra has two peaks due to spin-
orbit splitting into 3ds2 and 3ds:2 states. Four doublets of peaks are observed after
deconvolution of the spectra, representing four species. It is possible to confirm the
presence of an alloyed PdCu phase with signals at 334.07 and 339.98 eV [12]. On the
other hand, the Pd’species which has the highest relative concentration (50.6 at. %,
Table 6.4) has signals at 335.94 and 340.69 eV. Pd* (335.94 and 341.38 eV), and Pd*
(336.73 and 342.27 eV) have also been detected.

Meanwhile, the Cu 2p region of Pd-CeOz-nr/Ccu-mes splits into the 2ps2 and 2p12
states, each one deconvoluted into three doublets due to the PdCu bonds (931.75 and
951.39 eV), and the Cu*(932.51 and 951.39 eV) and Cu? (932.51 and 952.38 eV)
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species. The emergence of PdCu species also confirms the development of alloyed

phases. In this case, the species with the highest relative concentration is Cu* (43.6
at. %, Table 6.4).

Figure 6.5 shows the XPS spectra of Pd-CeO2nr/Ccumpzr2in the a) C 1s, b) O 1s,
c) Pd 3d, d) Cu 2p regions. From the deconvolution of the C 1s region, the sp?
nanodomain (C=C bonds at BE=284.77 eV) is the most intense and with the highest
relative concentration (83.8 at. %, Table 6.4). The C-C sp® (285.75 eV) and C-O-C
(286.64 eV) are observed as well (see Table 6.4). As for the O 1s region, it displays
seven signals. The presence of CuO (529.51 eV) and Cu20 (530.55 eV) can be ascribed
to the interaction of surface Cu and O atoms. In the same fashion, PdO (531.28 eV)
and Pd20 (532.11 eV) can be correlated with Pd and O atoms interactions. Moreover,
C=0, C-O, and O-C=0 bonds have also been detected.

In the meantime, the deconvolution of the Pd 3d region results in the
development of four doublets from the spin-orbit splitting into the 3ds2 and 3ds»
states. Once again, PdCu (335.38 and 340.60 eV) emerge, a strong indication of the
formation of PdCu alloyed phases. Moreover, the Pd° (335.82 and 341.69 eV, 51.5 at.
%, Table 6.4), Pd?" (336.69 and 341.96 eV), and Pd*" (338.62 and 343.28 eV) have also
been detected.

In the Cu 2p region, the deconvolution of the spectrum leads to three doublets.
PdCu bonds are observed at 932.22 and 951.81 eV. The species with the highest
relative concentration is Cu* (932.77 and 952.61 eV), having 43.1 at. % (Table 6.4),
while Cu*has peaks with BE=934.94 and 954.80 eV.
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Figure 6. 5 XPS spectra of Pd-CeOzxr/Ccumpziz in the a) C 1s, b) O 1s, ¢) Pd 3d, and
d) Cu 2p regions.

The Pd° species in the Pd 3d5/2 state shifts towards higher BE at Pd-CeO--
NR/Ccu-mes and Pd-CeOz-nr/Ceu@mpzrz (335.31 and 335.82 eV, respectively, Table 6.4),
compared to Pd/C (335.14 eV, Table 4.2), which confirms an effect due to the addition

of ceria [13], and because of the formation of PdCu alloyed phases.

It should be mentioned that the 3d Ce region could not be analyzed because it

has not been detected from the XPS analysis.
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Table 6.4 XPS parameters of Pd-CeOz2nr/Ccumesand Pd Pd-CeOz-nr /Ceu(dmpzia.

Nanocatalyst State Species BE/eV Composition
at %
Pd-CeO2-Nr/Ccu-mes Cls C=Csp? 284.70 75.0
Cls C-Csp? 285.53 19.3
Cls C-O-C 286.47 5.7
O1ls Cu0 529.96 3.9
O1s CuO 530.85 5.6
O1s PdO 531.78 28.6
O1s Pd=0 532.60 27.4
O1ls C=0 533.37 17.4
O1s C-O 534.03 10.9
O1s O-C=0 534.72 6.1
Pd 3dsp PdCu 334.67 5.1
Pd 3ds.  Pd° 335.31 28.3
Pd 3ds.  Pd* 335.94 21.4
Pd 3ds.  Pd* 336.73 5.2
Pd 3di.  PdCu 339.98 41
Pd3di>.  Pd° 340.69 22.3
Pd 3di.  Pd* 341.38 11.1
Pd 3di.  Pd* 342.27 24
Cu2ps2  PdCu 931.75 13.6
Cu2ps. Cu 932.51 31.4
Cu2ps.  Cu* 934.30 24.3
Cu2piz  PdCu 951.39 6.2
Cu2py. Cu* 952.38 12.2
Cu2piz  Cu* 954.25 12.3
Pd-CeOznr/Ceu@mparz C 1s C=Csp? 284.77 83.8
Cls C-Csp? 285.75 12.4
Cls C-O0-C 286.64 3.8
O1s Cu0 529.51 1.6
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O1ls CuO 530.55 7.0
O1s PdO 531.28 7.7
O1ls Pd-O 532.11 31.4
O1ls C=0 533.08 27.9
O1ls CO 534.12 16.1
O1ls O-C=0 535.34 8.3
Pd 3ds.  PdCu 335.38 6.0
Pd 3ds.  Pd° 335.82 31.6
Pd 3ds.  Pd* 336.69 9.0
Pd 3ds.  Pd* 338.62 11.4
Pd 3di2  PdCu 340.60 6.2
Pd 3di>  Pd° 341.09 19.9
Pd 3di»  Pd* 341.96 7.4
Pd 3di>  Pd* 343.28 8.5
Cu2ps2  PdCu 932.22 16.2
Cu2ps. Cu 932.77 35.2
Cu2ps2  Cu* 934.94 16.8
Cu2piz  PdCu 951.81 5.0
Cu2pi Cu 952.61 17.9
Cu2py Cu* 954.80 8.9

6.2 Electrochemical characterization of nanocatalysts

Figure 6.6 shows the CVs of the Pd-CeO:nr/C, Pd-CeOz2nr/Ceu-mes, and Pd-
CeO2Nr/Ccu@mpziz nanocatalysts. The Hadses region is inhibited (compare with the
CVs in Figure 5.16), particularly at Pd-CeO:>nr/Ccumes, by the presence of the
nanorods, a behavior related to the modulation of the electronic structure of Pd [14].

The other typical regions of Pd-based materials already discussed are observed.

Pd-CeO2nr/C shows lower j values compared to Pd-CeO2xr/Ceu-mes and Pd-
CeO2nr/Ccu@mpniz, which display remarkable increase in intensity j over the potential
scanned. It is, also possible to observe a j peak at ca.0.9 V/RHE attributed to Cu

oxidation-reduction reactions [15] already detailed in section 5.4. Moreover, the
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intensity of the peak at 0.7 V/RHE in the backward scan, a feature normally ascribed

to the reduction of Pd-oxides, may have also been positively affected by the

reduction of Cu-oxides [16]. Such j peak is more intense for Pd-CeO2-nr/Ccu(dmpz)L2.

Even more, the j observed in the CVs of Pd-CeOznr/Ccu-mes and Pd-CeOs-
NR/Ceumpoi2 in the potential window from 0.8 V/RHE (Forward scan) and 0.5 V/RHE
(backward scan in Figure 6.6 is significantly higher than those of the nanocatalysts
without CeO:znr in Figure 5.16. This feature suggests a synergic effect between Cu
species and the PdCu phases, with the nanorods, probably resulting in a higher

concentration of metal-oxides at the surface of these nanocatalysts [17, 18].
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Figure 6.6 CVs of Pd-CeO2nr/C, Pd-CeO2nr/Ccumes and Pd-CeOz-nr/Ceu@mprra.
Electrolyte: 0.5 mol L' KOH. Scan rate: 20 mV s.

Figure 6.7 shows the polarization curves of the EOR at the nanocatalysts.
Before ADT, Pd-CeOz-nr/Ccu-mes and Pd-CeOz-nr/Ceu@mpsi2 promote the reaction at a
more negative Eonset (0.27 and 0.25 V/RHE, respectively) compared to Pd-CeO2nr/C
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(0.29 V/RHE), as shown in Table 6.5. Clearly, the j generated from the reaction is

considerable higher at Pd-CeOz-nr/Ccumpzirz (109.60 mA cm2), than that by Pd-CeO--
NR/Ccu-mes and Pd-CeO2xg/C (Table 6.5). It is important to note that the polarization
curve at Pd-CeO:znr/Ccu@mpzr2 is broader, oxidizing the molecule and reaction
intermediates over a wide potential range, a feature analogous to that seen in Figure
5.18 with the same organometallic. This behavior allows to see that this nanocatalyst
catalyzes the reaction at more negative potentials than the two other anode materials
(i-e., the bifunctional mechanism). It can be seen as well that the performance of Pd-
CeO2nr/Ccu-mes is better than that of Pd-CeO2~r/C, but evidently not as high the one
demonstrated by Pd-CeOznr/Ccu(dmpz)La.

The improved catalytic activity of Pd-CeOznr/Ccu@mpzi2 and to some extent Pd-
CeO2nr/Ceu-mes can be attributed to the formation of alloyed PdCu phases which
shows that Cu alloyed 32 and 33 % (Pd-CeOzxgr/Ccu-mes and Pd-CeOznr/Ceu@mpaiz,
respectively) obtained by XRD are suitable to obtain characteristics that promote
bifunctional mechanism, and to the affinity of oxygen molecules towards Cu and
CeO:, which may have promoted a larger concentration of Pd and/or PdO active
sites, know to catalyze the reaction [19]. This is confirmed according to the results
obtained by XPS where a higher concentration of Pd? Pd>O and PdO species is
obtained (Figure 6.5).

Moreover, it is worth noticing that Pd-CeO2~r/Ccumpzrz shows an enhanced
catalytic activity than ceria free Pd/Ccu@mpsi2in Chapter 5. The behavior is quite the
opposite in the case of Pd-CeOz-nr/Ccumes when compared to Pd/Ccumes also from the
previous Chapter (compare parameters in Tables 6.5 and 5.11). Therefore, besides
the promoting effect of the PdCu alloyed phases when functionalizing Vulcan with
the organometallic compounds, there is a synergic interaction between Ccu@mpzr2and
CeOrzngr, which improves the performance of Pd-CeOzxr/Ccumpziz for the EOR in

terms of bifunctional mechanism and electronic effect.

The ji/jv ratios are 0.4,1.3. and 1.2 for Pd-CeOznr/C, Pd-CeOz2nr/Ceu-mes and Pd-
CeO2nr/Ceu@mpo2, respectively Table 6.5. These results indicate a higher extent of
ethanol oxidation and tolerance to carbonaceous species formed during the scan at

the nanocatalysts supported on functionalized Vulcan.
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Figure 6.7 Polarization curves of the EOR at Pd-CeO:ngr/C, Pd-CeO2nr/Ccu-mesand
Pd-CeO2nr/Ccu@mpaiz. Electrolyte: 0.5 mol L'KOH + 0.5 mol L EtOH. Scan rate: 20

mV s

Table 6.5 Electrochemical parameters of the EOR at the nanocatalysts.

Nanocatalysts Eonset j jeljo
(V) (mA cm?)

Before ADT
Pd-CeO2nr /C* 0.29 28.39 0.42
Pd CeO2nr /Ceu-mes 0.27 59.58 1.33
Pd CeO2nr /Ccudmpzr2 0.25 109.60 1.22
After ADT
Pd-CeO2nr /C* 0.29 46.46 0.65
Pd CeO:2-nr /Ceumes 0.23 68.52 1.23
Pd CeO2nr /Ccudmpzi2 0.33 97.38 1.56

*Values reported in the section 4.2.2.
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Figure 6.8 shows a) CVs and b) polarization curves of EOR before and after
ADT of Pd-CeOznr /Ccumes. It is remarkable that after the test there is a decrease in j
over the potential scanned more clearly seen in the metal oxides
formation/reduction region. It is hypothesized that, Cu oxides may have dissolved

or become metallic (i.e., Cu’) due to cycling.

Nevertheless, the change in chemical composition after ADT has no significant
detrimental effect on the catalytic activity of Pd-CeO2nr/Ccu-mes for the EOR. Even
though the polarization curve shifts to more positive potentials (effect of a less
influential bifunctional mechanism) and the j¢/j» ratio slightly decreases from 1.33 to
1.23, the peal j shows a 15 % increase (a positive electronic effect) as shown in Table
6.5. Therefore, the elements that promote the EOR at Pd-CeOz-nr/Ccu-mes remain after
the test, i.e.,, PdCu alloyed phases, Pd and/or Pd-oxides active sites [20], and

synergistic interactions between Ccumpsr2 and CeOz-nr.
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Figure 6.8 a) CVs and b) polarization curves of EOR before and after of ADT of Pd-
CeO2Nr/Ccu-mes. Electrolyte: N2-saturaded 0.5 mol L' KOH, and 0.5 mol L' KOH +
mol L EtOH, respectively. Scan rate: 20 mV s'..
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Figure 6.9 shows a) CVs and b) polarization curves of the EOR before and after

ADT of Pd-CeO2nr/Ccu@mpzi2. As in the previous case, a significant decrease in j after
cycling is noticeable. Moreover, the polarization curve after ADT shows a shift to
higher potentials (Eonset=0.33, compared to 0.25 V/RHE before the test) and a decrease
of 11.19 % in peak j (Table 6.5). Despite a slight increase in the j¢/jv ratio, it is evident
that the ADT had a detrimental effect on the chemical composition of Pd-CeO--

NR/Ceumpsiz and thus on its catalytic activity.

10 T T T T T T A ' " ' j
) Pd-ceOZ-NRICCu(dmpz}LZ ] b) 140 Pd-ceoz'NRlcCU(deZ)Lz
51 1201 __Before ADT
1004 —— After ADT
o 0- ] o
80 -
5 5
< < 60
£ O 1 €
= = 401
-10- 4
— Before ADT , 201
_15] —After ADT | 0- —
. . : : ; - -20-+— . . T T : ‘
00 02 04 06 08 10 1.2 00 02 04 06 08 10 1.2
E/V vs. RHE E/V vs. RHE

Figure 6.9 a) CVs and b) polarization curves of EOR before and after of ADT of Pd-
CeO2Nr/Ccu@mpzi2. Electrolyte: N2-saturaded 0.5 mol L' KOH, and 0.5 mol L' KOH
+mol L EtOH, respectively. Scan rate: 20 mV s..

Table 6.6 depicts a comparison of electrochemical parameters of the EOR
obtained from Pd-CeO2nr/Ccu@mprrz, before ADT with those of Pd-based
nanocatalysts reported in the literature. As it can be observed, the nanocatalyst
studied in this work shows enhanced values than those presented in the literature,

more specifically in the peak j value.
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Table 6.6 Electrochemical parameters of the EOR at Pd-based nanocatalysts.

Nanocatalyst Eonset j Electrolyte Ref
V) (mA cm??)
Pd-CeO2/C 0.26 65.5 0.5mol L* KOH+2  [4]
mol L-EtOH
PdseSnis/C 0.42 62.7 ImolL? NaOH +  [21]
1 mol L-EtOH
Pd/NWA 0.30 73.8 1 mol L KOH + [22]
1 mol L-'EtOH
PdANiP/C 0.31 75.00 0.5mol L'NaOH+  [23]
1 mol L-1EtOH
Pd-CeO2nr/Ceu@mpyrz - 0.25 109.60 05mol LT KOH+  This Work
0.5 mol L-'EtOH

Figure 6.8 shows that the percentage of ethanol consumed during a 4 h test is:
42, 43, and 37 % for Pd-CeO2nr/C, Pd-CeO2nr/Ccu-mesand Pd-CeO2-Nr/Ccudmpzrz. The
main reaction product has determined to be the C2HsOx, of which the percentage
produced is shown in Table 6.7. Overall, the values reported in Figure 6.10 and Table
6.7 demonstrate a poorer performance of the nanocatalysts in this Chapter compared
to those in Chapter 5 (Figure 5.21 and 5.12), which can be correlated to the lower
catalytic activity of the former for the EOR. Acetaldehyde (CHsCHO) and carbonate
ion COs2 have not been detected. Therefore, as mentioned before, it is proposed as

future work to complement the characterization with other techniques.
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Figure 6.8 Ethanol consumed during 4 h at the nanocatalysts. Polarization
potential: 0.8 V/RHE.

Table 6.7 Percentage of acetate ion produced during electrolysis for 4 h at 0.8
V/RHE on the nanocatalysts.

Nanocatalyst Acetate ion produced /%
Pd-CeO2nr/C 30
Pd-CeO2nr /Ccu-mes 31
Pd-CeO2nr /Ceudmpzi2 28

Figure 6.9 depicts the individual polarization curves of Pd-CeOzxz/C, Pd-CeO»-
NR/Ccumes, and Pd-CeOznr/Ceudmpzrz showing the behavior of a) the anode potential
(Ea), and b) the cathode potential (Ec) in fuel cell configurations (i.e., the plots show
the potential difference between anode or cathode and the reference electrode as
each fuel cell is polarized over a given j window). Clearly, Pd-CeO2nr/Ccu(dmpzi2 has
an improved catalytic activity, with an OCP of 0.47 V/RHE and a smaller
overpotential over the whole polarization curve compared to Pd-CeO2xr/C and Pd-
CeO2nr/Ccu-mes.
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Meanwhile, up to ca. 0.15 mAcm?, Pd-CeOz2nr/Ccu@mpsyrz and Pd-CeOz-nr/C

show a similar high performance as cathodes (OCP of 0.98 and 1.00 V/RHE,
respectively). However, the former has a significant potential drop at higher j values,
increasing the cathode overpotential. On the other hand, Pd-CeOz-nr/Ccu-mes shows a
poorer performance than Pd-CeO:nr/C. Therefore, the cathode overpotential over

the scan is lower at the latter.
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Figure 6.9 In dividual polarization curves of the nanocatalysts showing the

behavior of a) the anode potential, Es, and b) the cathode potential, E..

The Ecn vs. j polarization curves of AEM-DEFCs equipped with the
nanocatalysts as anodes and cathodes are shown in Figure 6.10 a). Pd-CeO.-
Nr/Ceu@mpz2 generates the highest open circuit voltage (OCV) 0.54 V, compared to
Pd-CeO2nr/C and Pd-CeO:zng/Ccu-mes (Table 6.8). Up to 0.35 mA cm? in the
polarization curves, Pd-CeOznr/Ccudmpzi2 outperforms the two other nanocatalysts.
The Ecen values of the AEM-DEFC having Pd-CeO:z-nr/Ccudmpsiz are higher compared
to the other nanocatalysts at each j. Ecen at 0.25 mA cm?is 0.20, 0.15 and 0.10 V/RHE
for Pd-CeO:2nr/Ceudmpzrz, Pd-CeO2nr/Ceumes and Pd-CeOznr/C, respectively (see
Table 6.8).
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Table 6.8 OCV, Ecet and Peen values of Pd-CeO2nr/C, Pd-CeO2nr /Ccumesand Pd-

CeO2nr/Ceu@mpaLa.
Nanocatalyst OCV  Ecerat 0.25 mA cm? Peen (mW cm?)
(V) (V/RHE)
Pd-CeO:2~r/C 0.35 0.10 0.05
Pd-CeO2Nr/Ccu-mes 0.25 0.15 0.025
Pd-CeO:Nr/Ceudmpnra  0.54 0.20 0.020

The maximum Pen has been obtained with Pd-CeO2nr/Ccu@mpzrz as anode and
cathode (0.020 mW cm?, Figure 6.10 b and Table 6.8). Pd-CeOz-nr/Ccumes and Pd-

CeO2nr/C show a similar poor performance.
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Figure 6.10 a) Polarization curves and b) power density curves of the AEM-DEFC
equipped with the nanocatalysts as anodes and cathodes. Fuel: 0.5 mol L* EtOH +
0.5 mol L' KOH. AEM: Fumatech® FAA. Feed at the cathode: Oz + 0.5 mol L™
KOH.
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6.3 Conclusions

The synthesis of Pd-CeO:nr nanocatalysts supported on Ccumes and Ccumpzi2
was successfully achieved, promoting the formation of Cu sites on its surface. The

Cu atoms from functionalization promoted the formation of PdCu alloyed phases.

Pd-CeO:2nr nanocatalysts supported on carbon functionalized with Cu
organometallic compounds show improved catalytic activity for EOR in terms of
Eonset, j, electrochemical stability compared to Pd-CeO:ng/C in half cell. The
improvement is attributed to the synergy between CeO: and Pd leading to the
formation of active PdO catalyzing the reaction due to the oxygen vacancies
generated by CeO:, as well as promoted by the bifunctional mechanism. On the
other hand, the alloying phases between Pd and Cu promote for the combination
between bifunctional mechanism and the electronic effect improving the EOR

kinetics.

Pd-CeO2nr/Ceu-mes showed a higher performance in terms of ethanol
consumption and production of acetate ion. It also outperformed the other
nanocatalysts when evaluating the Ea polarization curve. In a complete AEM-DEFC,
Pd-CeO2nr/Ccu@mpziz generated the highest OCV and Pen values. The results
demonstrated that the functionalization using such Cu organometallic compound
generated surface sites that formed PdCu alloyed phases that promoted the

electrochemical reactions in alkaline media.
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