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RESUMEN

En los ultimos afios se ha incrementado el interés por el desarrollo de nuevos
sistemas energéticos, alternativos al uso de combustibles fosiles, respetuosos con el
medio ambiente y sostenibles. Un ejemplo de este tipo de tecnologias son las pilas de
combustible de etanol directo (DEFC), las cuales permiten la obtencidn de energia a
partir de la oxidacion electroquimica del etanol y cuya principal limitacion radica en la
busqueda de catalizadores con una relacién eficiencia catalitica/precio elevada. En este
contexto, los catalizadores de Pt-Sn se han posicionado como firmes candidatos para la
oxidacion de etanol de forma eficiente. Sin embargo, para un desarrollo 6ptimo que los
haga competentes en el mercado, es imprescindible una investigacion y desarrollo méas

exhaustivo de los mismos.

De esta forma, el objetivo principal de esta Tesis Doctoral se centra en el estudio
fundamental de la influencia de la estructura superficial de los catalizadores de Pt-Sn en
el mecanismo para la reaccion de oxidacion de etanol (ROE) y la oxidacion de
mondxido de carbono adsorbido (principal veneno catalitico durante la ROE), junto a la
sintesis y caracterizaciéon de nanoparticulas de Pt-Sn soportadas sobre materiales

carbonosos, altamente eficientes para la ROE.

Para el estudio de la influencia de la estructura superficial del catalizador en las
reacciones mencionadas se emplearon monocristales de Pt con geometria superficial
bien definida (Pt (111), Pt (100) y Pt (110)), los cuales se decoraron con adatomos de
Sn. Con ello, no sélo se comprobd la alta dependencia de la ROE y la reaccion de
oxidacién de monoxido de carbono adsorbido con la estructura superficial del electrodo,
sino también la mejora en la actividad de los catalizadores en presencia de Sn. Estos
experimentos permitieron realizar un estudio acerca de la geometria con la que se
adsorben los adatomos de Sn dependiendo de la estructura superficial de los electrodos
de Pt, asi como la variacion de la actividad del electrodo con el recubrimiento de Sn. De
esta manera fue posible establecer el valor de recubrimiento de Sn éptimo con el cual la
actividad del electrodo de Pt para la ROE es méaxima. ElI empleo de la espectrometria de
masas diferencial electroquimica (DEMS) permitid, a su vez, investigar diferencias en
el mecanismo para la ROE con la estructura superficial del electrodo de Pt, asi como

estudiar la influencia de Sn en el propio mecanismo.



Por lo tanto, el estudio con monocristales de Pt ayudé a comprender el papel de
la estructura superficial en la electroactividad de los catalizadores de Pt-Sn para la ROE.
Sin embargo, desde un punto de vista aplicado, el uso y comercializacion de este tipo de
electrodos para pilas de combustible resulta del todo inviable, ya que se precisa que
muestren la maxima actividad posible a un coste apropiado. Esto se puede conseguir
mediante el aumento de la relacién area/masa del electrodo preparando catalizadores
con tamafo de particulas muy pequefio. Con tal fin, durante la presente Tesis Doctoral,
se sintetizaron nanoparticulas de Pt-Sn soportadas sobre diferentes materiales

carbonosos aplicando el método de reduccion con acido formico (FAM).

Para la caracterizacion fisicoquimica de los catalizadores se emplearon diversas
técnicas, las cuales permitieron determinar el tamafio de cristalita, el parametro de red,
la dispersion de las particulas sobre el soporte carbonoso, asi como la composicién total
del catalizador y su composicion en la superficie. Se utilizaron varios soportes
carbonosos y relaciones atdmicas de Pt-Sn diferentes con el fin de estudiar la influencia
tanto de la naturaleza del soporte como de la cantidad de Sn en el catalizador, en la
reaccion de oxidacién de mondxido de carbono adsorbido y la ROE. La actividad
catalitica de los materiales sintetizados se estudié mediante técnicas electroquimicas
convencionales, como la voltamperometria ciclica y la cronoamperometria. Por otro
lado, los cambios en el mecanismo de dichas reacciones promovidos por el uso de
diferentes soportes carbonosos y diferentes relaciones atomicas Pt-Sn, se investigaron a
partir de técnicas espectroelectroquimicas in situ como la espectroscopia infrarroja por
transformada de Fourier o la técnica de DEMS, mencionada anteriormente.

Por ultimo, se aprovecharon los conocimientos adquiridos sobre la influencia de la
estructura superficial de los electrodos de Pt-Sn y sobre la preparacion de nanoparticulas
de Pt-Sn soportadas sobre materiales carbonosos, para sintetizar particulas de Pt-Sn con
control de la estructura superficial (nanoparticulas cubicas de Pt-Sn), altamente

eficientes para la ROE.



SUMMARY

In the last few years, the interest in developing new and more environmentally
friendly energy systems as an alternative to the use of fossil fuels has drastically
increased. Direct ethanol fuel cells (DEFCs) represent a clear example, since these cells
can provide energy from the electrochemical oxidation of an abundant material as
ethanol. The main problem lies on finding a catalyst with a high catalytic efficiency/cost
ratio. In this sense, Pt-Sn catalysts have been positioned as strong candidates for the
efficient oxidation of ethanol. However, for an optimum development in order to make
them commercially competitive, an exhaustive research about the behavior of these

catalysts for the oxidation of ethanol is necessary.

In this sense, the objective of this Doctoral Thesis is the fundamental study of the
influence of Pt-Sn catalysts surface structure on the ethanol (EOR) and adsorbed carbon
monoxide (main catalytic poison during the EOR) oxidation reactions, as well as the
synthesis and characterization of highly efficient Pt-Sn nanoparticles supported on

carbonaceous materials.

Well-defined Pt single crystals (Pt (111), Pt (100) and Pt (110)) decorated with Sn
adatoms were employed to investigate the influence of the surface catalyst structure on
the reactions previously mentioned. The use of Sn modified Pt single crystals allowed to
demonstrate, not only the high dependence of the EOR and the adsorbed carbon
monoxide oxidation reaction mechanisms on the surface catalyst structure, but also the
improvement in the electrocatalytic activity by adding Sn adatoms. The geometry of the
adsorption of Sn adatoms on Pt depending on Pt surface structure, as well as the
difference in the electroactivity of the catalyst with Sn coverage, were also studied by
using these electrodes. The optimum Sn coverage (value that exhibits the highest
activity for EOR) was established. Differences in the mechanism toward the EOR and
the influence of surface adatoms on the mechanism itself were elucidated applying

differential electrochemical mass spectrometry (DEMS).

Although the role of Pt surface structure in the electrocatalytic activity of Pt-Sn
catalysts toward EOR was investigated by the use of well-defined Pt single crystals,
from a practical point of view, the use and commercialization of this type of electrodes
is totally unrealistic, since catalysts with high catalytic efficiency but an appropriate
cost are preferred. To fulfill this problem, the synthesis of nanocrystals with small sizes,



to obtain large specific areas, has received substantial research interest over the past
decades. In this sense, during this Doctoral Thesis, Pt-Sn nanoparticles supported on
different carbon materials were synthesized by the formic acid reduction method
(FAM).

A series of techniques were employed for the physicochemical characterization of
the synthesized catalysts in order to determine the crystallite size and the lattice
parameter, to check the correct dispersion of the particles on the carbon support, as well
as to elucidate the total and the surface catalyst composition. Different Pt-Sn atomic
ratios and carbon supports were employed with the purpose of studying the influence of
both, the nature of the support and the amount of Sn on the catalyst, for the adsorbed
carbon monoxide oxidation reaction and the EOR. Conventional electrochemical
techniques, such as cyclic voltammetry and chronoamperometry, were used to analyze
the electrocatalytic activity of the synthesized materials. On the other hand,
spectroclectrochemical in situ techniques were applied in order to establish the changes
in the mechanism promoted by the employment of different carbon supports and Pt-Sn

atomic ratios.

Finally, the knowledge gained about the influence of the surface structure of the
Pt-Sn electrodes on the activity toward the EOR and the Pt-Sn nanoparticles synthesis
supported on carbon, was exploited to synthesize highly efficient shape-controlled Pt-Sn

nanoparticles (cubic Pt-Sn nanoparticles).
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Justificacion

Debido a la fuerte demanda energética y los graves problemas ocasionados en la
naturaleza por el uso de combustibles fdsiles, en las Ultimas décadas se ha hecho
mucho hincapié en la busqueda de tecnologias alternativas para la obtencién de
energia. Entre ellas, las pilas de combustible son dispositivos que aprovechan el
intercambio electronico producido en reacciones electroquimicas con este fin. Para que
estas reacciones electroquimicas presenten una cinética apropiada es necesario,
ademas, el uso de materiales conocidos como catalizadores integrados en dichos

dispositivos.

Una de las ventajas de estas pilas que promueve su uso, es su elevada eficiencia
energética [Behret, 1996]. Como se puede observar en la Figura 1, la eficiencia que se
obtiene con este tipo de tecnologias es mayor que la que se puede conseguir con el uso
de sistemas dependientes de la gasolina. Esto es debido a que en las pilas tiene lugar
una conversién directa del combustible en energia, mientras que mediante el uso de
combustibles fdsiles, se requiere de un proceso de combustion previo que convierta el
combustible primero en calor (proceso limitado por el ciclo de Carnot) y
posteriormente en energia mecanica. Ademas, durante el proceso de combustion se
generan gases nocivos, como NOx y SOy, que no se producen mediante el uso de pilas

de combustible.
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Figura 1. Comparacion de la eficiencia energética de diferentes sistemas energéticos. Adaptado
de [Behret, 1996]




Justificacion

Concretamente, las pilas de combustible de etanol directo (DEFC) son abastecidas
con etanol como combustible para la obtencidn de energia eléctrica. Una de las grandes
ventajas del empleo de etanol es que este alcohol puede obtenerse mediante un proceso
sencillo de destilacion a partir de la biomasa (origen renovable) en grandes cantidades
para formar el denominado “bioetanol”. Ademads, durante la oxidacion completa de
etanol a dioxido de carbono en el interior de la pila se intercambian un elevado numero
de electrones (12 €7), lo que se traduce en la obtencion de una gran energia especifica
(8.01 kWh kg™") [Demirci, 2007; Li, 2010].

No obstante, uno de los principales inconvenientes que limita el desarrollo de este
tipo de dispositivos y que impide en gran medida su comercializacion, es el material
empleado como catalizador de la reaccidn de oxidacion de etanol (ROE). El metal que
ha resultado ser, hasta la fecha, el mas eficiente como electrocatalizador para la ROE es
el Pt. Sin embargo, el uso de este metal presenta los siguientes problemas [Souza, 2002;
Iwasita, 1994]:

¢ El Pt es un metal noble de elevado coste econédmico debido a su escasez en la

naturaleza.

¢ La ruptura del enlace C-C de la molécula de etanol no se produce de forma
eficiente sobre Pt.

¢ Cuando se consigue la ruptura del enlace C-C se forman intermediarios Ciy,
como el monoxido de carbono, que se adsorben fuertemente sobre los sitios

activos de Pt inactivando el electrocatalizador en un corto periodo de tiempo.

¢ Los sobrepotenciales necesarios para la oxidacion de estos intermedios sobre Pt

son altos.

La solucion radica en el estudio de nuevos catalizadores para su uso en pilas tipo
DEFC. En este sentido, en las Gltimas déecadas, numerosos trabajos han demostrado que
la combinacion de Pt con metales de transicion (Ru, Rh, Ni o Au) [laniello, 1999;
Moraes, 2016; Wang, 2016; Erini, 2014] o metales del “bloque p” (como el Sn) [Rizo,
2017; Du, 2014; Erini, 2014], mejoran en gran medida la eficiencia catalitica de los
electrodos de Pt para la ROE. De todos los catalizadores bimetalicos basados en Pt, los
electrodos de Pt-Sn han resultado afianzarse como los mejores para la reaccion de

oxidacion de etanol.



Justificacion

Por otro lado, se ha demostrado que esta reaccion es fuertemente dependiente de
la estructura superficial del catalizador de Pt [Rizo, 2016; Lai, 2009; Colmati, 2009],
por lo que dependiendo de la geometria de la superficie expuesta, el mecanismo que
tiene lugar durante la reaccion, y por lo tanto, la actividad electrocatalitica de Pt, es
diferente.

En base a los aspectos comentados anteriormente, esta Tesis Doctoral se centra en
el estudio de la influencia de la estructura superficial de los catalizadores de Pt-Sn sobre
la actividad para la ROE, empleando superficies monocristalinas, nanoparticulas sin
estructura controlada soportadas sobre diferentes materiales carbonosos 'y
nanoparticulas cubicas soportadas. Se analiza también el efecto del soporte carbonoso y
de la relacion Pt:Sn en el catalizador sobre el mecanismo y eficiencia de los materiales
sintetizados.




Justificacion
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1.INTRODUCCION






1.1 Pilas de combustible de etanol directo (DEFCs)

William Robert Grove fue uno de los pioneros en el estudio de la tecnologia de las
pilas de combustible asi como el inventor de la primera pila en 1839, aunque para su
impulso definitivo hubo que esperar hasta los afios 1960, cuando la NASA empled este
tipo de dispositivos en las expediciones Gemini y Apollo [Alonso-Vante, 2003;
Carrette, 2001]. En términos generales, una pila de combustible es un dispositivo que
permite la conversion de la energia quimica, contenida en un combustible, en energia
eléctrica, a partir del abastecimiento continuo de combustible. Esta produccion de
electricidad se lleva a cabo mediante un proceso electroquimico, por lo que, a diferencia
de otros dispositivos que necesitan de un proceso de combustion para llevarlo a cabo,
las pilas de combustible no estan limitadas por el ciclo de Carnot, haciendo que su
eficiencia sea considerablemente més alta [Vielstich, 2003].

Usualmente las pilas de combustible se clasifican en funcion al tipo de electrolito
con el cual operan. Asi, entre los diferentes tipos de pilas de combustible se encuentran
las pilas de carbonato fundido (MCFCs), las pilas de 6xido sélido (SOFCs), las pilas de
acido fosférico (PAFCs), las pilas alcalinas (AFCs) y las pilas de membrana polimérica
(PEFMCs) [Arico, 2001].

Las PEFMCs, en particular, emplean una membrana de un polimero sélido
conductor de protones como electrolito, usualmente formado por un ionémero
(generalmente, el polimero perfluorosulfonado conocido como Nafion®), con alta
conductividad iénica y un buen aislante eléctrico. La gran ventaja en el uso de este tipo
de dispositivos es la baja temperatura a la cual operan, ya que, a diferencia del resto de
pilas mencionadas anteriormente, estas permiten obtener energia eléctrica a
temperaturas proximas a la ambiente. Cominmente, las PEMFCs operan mediante el
abastecimiento de hidrégeno por el &nodo y oxigeno en el catodo, teniendo lugares las

siguientes reacciones en cada uno de los polos de la pila:
Anodo: H, — 2e + 2H*
Catodo: %02 + 26" + 2H" — H20 (1.1)

Reaccion global: Hz + % O2 — H20



1. Introduccion

La oxidacion del hidrégeno suministrado tiene como producto la generacion de
protones que atraviesan la membrana polimérica, mientras que los electrones
producidos durante la reaccion electroquimica circulan a través del circuito externo de

la pila, permitiendo el abastecimiento de energia eléctrica (Figura 1.1).

o Catodo
(=) Membrana +)

Figura 1.1. Componentes y funcionamiento de una PEMFC

Sin embargo, el uso de hidrégeno como combustible conlleva una serie de

desventajas [Kreuer, 2001]:

+ El hidrégeno es un gas, lo cual dificulta su almacenamiento y distribucion.

+ El hidrogeno no se puede extraer de forma directa de la naturaleza y requiere de
un proceso previo de produccion.

¢ La densidad energética volumétrica no es demasiado elevada (durante su

oxidacion Unicamente se obtienen 2 electrones por mol).

Es por ello que se ha planteado el uso de alcoholes como alternativa al empleo de
hidrogeno molecular. De esta forma las PEMFCs evolucionaron a las denominadas pilas
de combustible de alcohol directo (DAFCSs), las cuales se diferencian de las anteriores
en el uso de alcohol como combustible, en lugar de hidrogeno. Entre los alcoholes mas
empleados, debido a su facil electrooxidacion, se encuentran el metanol y el etanol,
dando lugar a las denominadas pilas de metanol directo (DMFCs) y de etanol directo

(DEFCs), respectivamente. Aunque la potencia que se obtiene en estas ultimas es



menor, sin embargo, una serie de ventajas relacionadas con el uso de etanol como
combustible en lugar de metanol, hacen que el desarrollo de las pilas DEFCs despierte
un gran interés en la comunidad cientifica [Antolini, 2007] . Estas ventajas son:

¢ El etanol es menos toxico que el metanol.

¢ El etanol es menos inflamable que el metanol.

¢ Es posible la obtencion de etanol de forma relativamente facil y sostenible a
partir de la biomasa, mediante procesos de fermentacion de azucar proveniente
de cultivos de maiz, cafia de azlcar, etc., 0 a partir de residuos agricolas y
forestales.

¢ La densidad energética volumétrica que se obtiene a partir de etanol (12
electrones por mol de etanol) es mayor que la obtenida a partir de la oxidacion
de metanol (6 electrones por mol de metanol).

Las reacciones que tienen lugar en una pila de etanol son:

Anodo: CH3CH20H + 3H20 = 2CO, + 12H* + 12¢°

Cétodo: 302 + 12H" + 12e” > 6H20 (1.2)
Reaccion global: CH3CH20H + 302 = 2CO2+ 3H20

El uso de catalizadores es imprescindible en el desarrollo de las DEFCs, ya que las
reacciones electroquimicas que hacen posible el funcionamiento de este tipo de
dispositivos tienen una cinética lenta. EI metal mas empleado, debido a su alta eficiencia
catalitica tanto como anodo como catodo, es el platino [Rizo, 2016]. Sin embargo, este
metal es muy caro y la ruptura del enlace C-C de la molécula de etanol es dificil sobre el
mismo. Por otro lado, la disociacion de dicho enlace, a su vez, conlleva la formacion de
intermedios que se adsorben fuertemente sobre la superficie del catalizador
inactivandolo rapidamente y estos intermediarios necesitan de altos sobrepotenciales
para ser oxidados [Iwasita, 1994]. Este es el principal problema que hace que las DEFCs
sean poco competitivas en el mercado, cuya posible solucion radica en la
elaboracion de catalizadores basados en Pt, como los catalizadores de Pt-Sn, los cuales
han demostrado ser los candidatos mas firmes como catalizadores bimetalicos para la

oxidacion del etanol.



1.2 Mecanismo general de la ROE sobre Pt

El Pt es el metal méas eficiente como catalizador para la ROE en pilas de
combustible. Sin embargo, la relacién actividad catalitica/precio de este metal no es lo
suficientemente satisfactoria, ya que su coste es muy alto (28 €/g aproximadamente),
representando por si solo un 54% del coste total de una pila de combustible [Teng,
2013].

Para mejorar la eficiencia catalitica de los electrodos de Pt es imprescindible
conocer el mecanismo a través del cual transcurre la ROE sobre el mismo. En este
sentido, numerosos estudios han tratado de establecer la sucesidon de reacciones que
tienen lugar durante la ROE sobre Pt, asi como conocer la naturaleza de los
intermediarios y productos que intervienen. El primer trabajo acerca del mecanismo de
la ROE sobre Pt se remonta a la década de 1950 [Srinivasan, 2013], en el cual se
postulé por primera vez un mecanismo general de doble via para la ROE sobre

electrocatalizadores de Pt:

La via (1.3) describe la oxidacion incompleta de etanol para dar acetaldehido y
su posterior oxidacion a acido acético. Esta via conlleva el intercambio de
Unicamente 2 electrones en cada etapa, sin que tenga lugar la ruptura del enlace
C-C de la molécula de etanol.

La via (1.4), por otro lado, contempla la ruptura del enlace C-C de la molécula
de etanol y la oxidacién completa de etanol a CO2, en una reaccién que

involucra un total de 12 electrones intercambiados.

2e’
CH3CHO —p CH3CHOOH (1.3)
2e”

CH_CH_OH
272

12e
co (1.4)

Esquema 1.1. Mecanismo general de la ROE sobre Pt



A priori, desde un punto de vista energético, la via (1.4) resulta mas interesante
debido a que permite obtener un rendimiento energético mayor (12 electrones) que por
medio de la oxidacion incompleta de etanol en la via (1.3) (4 electrones). Sin embargo,
la via (1.4) implica la formacion de monoéxido de carbono adsorbido (COads), cOmo
principal veneno catalitico, ademas de intermedios hidrocarbonados adsorbidos de un
carbono (CHx) que contribuyen a la répido envenenamiento de la superficie
electrocatalitica de Pt y cuya oxidacion requiere de la aplicacion de altos potenciales
[Iwasita, 1994] .

La combinacion de métodos electroquimicos tradicionales, como la
voltamperometria ciclica (CV), con métodos espectroscopicos in situ, como la
espectrocopia infrarroja por transformada de Fourier (FTIR) y la espectrometria de
masas diferencial electroquimica (DEMS), permite investigar la naturaleza del gran
namero de etapas que transcurren durante la ROE, para las cuales se han descrito mas
de 40 posibles intermedios volatiles y adsorbidos [Wang, 2008].

A finales de la década de 1980, Weaver y colaboradores [Leung, 1988; Leung,
1989; Gao, 1989] emplearon la técnica de espectroscopia FTIR in situ para estudiar la
ROE sobre superficies de Pt en medio acido, demostrando que la via (1.3) prevalecia
sobre la via (1.4), siendo el acido acético y el acetaldehido los productos mayoritarios
obtenidos durante la reaccion, mientras que la produccion de CO- era minoritaria. Estos
trabajos permitieron, por primera vez la cuantificacion de los productos durante la ROE,
proporcionando valores del coeficiente de absorcion efectiva (gefr) para el CO-, el &cido
acético y el acetaldehido, siendo éstos de 3,5 x 10% 5,8 x 10%y 2,2 x 10° M t.cm?,
respetivamente. Mediante las intensidades integradas de las bandas de IR
correspondientes a cada producto (Ai), fueron capaces de calcular el rendimiento para
cada producto de la oxidacion del etanol, asi como cuantificar la cantidad de cada
especie Qi (mol/cm?) dentro de la capa fina formada entre la superficie del electrodo y la
ventana oOptica, haciendo uso de los coeficientes de absorcidon efectiva previamente

calculados y de la siguiente ecuacion:
_ A
Q= (15)

Afos mas tarde, Pastor e Iwasita [lwasita, 1994], mediante el uso de etanol

marcado isotépicamente y el empleo de las técnicas DEMS y FTIR in situ, desarrollaron



una investigacion mas exhaustiva acerca del mecanismo a partir del cual tiene lugar la
ROE sobre Pt. Sus trabajos mostraron que, ademas del COads, Se adsorben otras especies
hidrocarbonadas durante la reaccion sobre la superficie de Pt, las cuales son dificiles de
oxidar a bajos potenciales, por lo que, al igual que el COags, contribuyen al
envenenamiento de los sitios activos de Pt. Encontraron especies adsorbidas que
permitieron confirmar que el etanol podia adsorberse tanto por el &tomo de carbono alfa

al grupo OH como por el oxigeno, por medio de las siguientes reacciones:

H
H
\(/ Pt(CHsCH20H) — Pt-OCH2CHs + H* + &= (L.6)
/ \CHi
(0}
H
Pt(CHsCH:0H) — Pt-CHOHCHs + H* + ¢ \C P (1.7)
- on
imr

C
H:HLWWW
Estas dos reacciones se consideran las etapas iniciales de la ROE sobre Pt,
contribuyendo ambas a la adsorcion total de la molécula de etanol, aproximadamente,
en la misma medida. Sin embargo, la unién por el oxigeno (Pt-OCH2CH3) es

relativamente estable, mientras que la unién por el carbono alfa (Pt-CHOHCH?3) da pie a

la rapida deshidrogenacion del alcohol para formar acetaldehido:
Pt-CHOHCH3 — Pt(HCOCH3s) + H* + e (1.8)
Pt(HCOCHs3) = Pt + HCOCHz3 (1.9)

O bien, el acetaldehido adsorbido puede oxidarse a &cido acético via OHags Sobre

Pt mediante las siguientes reacciones:
Pt +H20 — Pt-OH + H* + ¢ (1.10)

Pt(HCOCHSs) + Pt-OH — CH3COOH + H* + & + 2Pt (1.11)



Por otro lado, si hay sitios de Pt libres, el alcohol unido por el carbono alfa puede

desprotonarse y unirse a 2 atomos de Pt de acuerdo a la siguiente reaccion:
Pt-CHOHCH3s + Pt — Pt2-COHCH3s + H* + e~ (1.12)

Formando un nuevo adsorbato que no puede desorberse para dar acetaldehido,

teniendo lugar la ruptura del enlace C-C:
Pt>-COHCH3 — Pt-CH3 + Pt-CO + H* + e~ (1.13)

A potenciales menores de 0,2 V vs. ERH, en presencia de hidrégeno adsorbido, la
molécula de etanol adsorbida puede dar lugar también a la formacion de etano mediante

las siguientes reacciones:
Pt>-COHCH3s + 4Pt-H — CH3CHs + H20 + 6Pt (1.14)
Pt-HCOHCHs3 + 3Pt-H — CH3CHzs + H20 + 4Pt (1.15)

Mientras que las especie CHs adsorbidas, formadas en la reaccién (1.13), pueden

dar lugar, en el mismo rango de potenciales, a la formacién de metano:
Pt-CHs + Pt-H — CH4 + 2 Pt (1.16)

Por otro lado, a potenciales méas positivos, las especies CHz y CO adsorbidas
pueden oxidarse via OHagd, de forma anéloga a lo ocurrido en las reacciones (1.10) y

(1.11), dando lugar a la formacion de CO.:
Pt-CHzs + 2Pt-OH — CO2+ 5H* + 5e™ + 3Pt (1.17)
Pt-CO +Pt-OH — CO2 +H* +e +2Pt (1.18)

Recientemente, Florez y colaboradores recopilaron, en un sencillo esquema
(Esquema 1.2), la informacién descrita arriba sobre el mecanismo para la ROE sobre Pt
[Florez, 2016]:

Las reacciones (1.11), (1.17) y (1.18) siguen un mecanismo de Langmuir-
Hinshelwood, en el cual es necesario la presencia de especies oxigenadas, como OHags
proveniente de la hidrolisis de la molécula de agua, para iniciar la oxidacion. Por lo
tanto, la distribucion de los productos formados durante la reaccién dependen en gran

medida de la naturaleza del electrolito, que condiciona el pH y los aniones presentes en



la disolucién, o de la concentracion de etanol [Lai, 2010; Buso, 2013; Paulino 2015].
Con relacion a esto ultimo, Camara e lwasita [Cdmara, 2005] emplearon la técnica de
FTIR in situ para estudiar, de forma sistemaética, el efecto de la concentracion de etanol
en la distribucién de los productos obtenidos durante la ROE sobre Pt. Asi, observaron
que la ruptura del enlace C-C de la molécula de etanol era més significativa a bajas
concentraciones de etanol y que la formacion de acetaldehido era despreciable. Sin
embargo, para concentraciones de etanol elevadas, se inhibe la formacion de CO: y

acido acético, mientras que acetaldehido es el producto mayoritario.

1.6)

CH;CH,0H mg————= Pt(CH,CH,OH) _ e _ Pt-OCH,CH,
-H*

CH,CH, " \
A7)

(1.15) (1.24)]

* +0H,,
| H* |
Pt,-COHCH; Pt-CHOHCH; —— =

-~ CH, +Pt-CO

(1.12) +H,4(100) -H*

(1.9)
(1.16) Pt-CH, + Pt-CO Pt(HCOCH,) m———== HCOCH,

- *Hag (1.17) +0Ha+1.10]
*OMaa (1.18)

CH,COOH
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Esquema 1.2. Reacciones implicadas en la ROE sobre Pt en medio acido (adaptado de [Florez, 2016])

Por otro lado, como ya se ha mencionado, el pH del electrolito puede afectar en
gran medida en el mecanismo para la ROE. Koper y colaboradores [Lai, 2010; Vigier,
2004] estudiaron la electroactividad y el mecanismo de la ROE sobre Pt en medio
basico. En dichas experiencias demostraron que la actividad para la ROE sobre estos
electrodos aumenta significativamente cuando el pH del electrolito soporte es mayor de
10. Mediante el empleo de FTIR in situ fueron capaces de detectar nuevos intermedios y
productos en medio basico, y con ello, proponer un mecanismo general a pH > 11

(Esquema 1.3).

Por otro lado, Christensen y colaboradores [Christensen, 2012] estudiaron

también la ROE en medio alcalino mediante FTIR in situ y observaron que, a diferencia



de lo que ocurre en medio acido, en medio alcalino los intermediarios prefieren
interactuar con los sitios activos de Pt por medio del a&tomo de oxigeno antes que por el
atomo de carbono alfa al grupo OH de la molécula de etanol, siendo el ion acetato el
producto predominante de la reaccion. A su vez, postularon la formacion de la especie

Pt—CH,—C(=0)-0O-Pt como posible intermediario de la reaccion.

CH,CH,0" CH,CHOHO" ----- -+ CH,COO"
-7 . -7
- ~.‘-l| -

CH,CH,OH CH,CHO

; ;

! ‘CH,CHO

' P
CH,,+CO, """~ *2c0,, """ * 2C0,/HCO,/ CO2

Esquema 1.2: Reaccion para la ROE sobre Pt en medio bésico (adaptado de [Lai, 2010])

Sin embargo, como ya se ha mencionado, en la ROE sobre Pt intervienen un gran
numero de especies adsorbidas en procesos superficiales. Por lo tanto, el mecanismo no
solo se ve influenciado por el electrolito, sino también por la estructura superficial de Pt.
Asi pues, un estudio detallado de la influencia de la morfologia de la superficie de Pt en
la ROE resulta imprescindible para comprender, y por consiguiente, tratar de mejorar, la

eficiencia electrocatalica de estos electrodos.

1.3 Influencia de la estructura superficial de Pt en la ROE

En las ultimas décadas se han publicado numerosos trabajos que demuestran la
fuerte influencia de la estructura superficial del Pt en el mecanismo para la ROE. Esto
es debido a que esta reaccion transcurre con intermedios adsorbidos y estos intermedios
modifican los niveles energéticos de sus orbitales moleculares al interaccionar con la
superficie, variando las energias de activacion y posibilitando nuevas vias de reaccion.
Es por ello que resulta importante evaluar en profundidad la influencia de la morfologia
de la superficie de Pt en el mecanismo de la ROE desde un punto de vista fundamental,
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mediante el empleo de los denominados monocristales de Pt con geometria superficial
definida.

1.3.1 Estructura de los monocristales de Pt

La estructura cristalina del Pt es cibica centrada en las caras (fcc), como la que se

representa en la Figura 1.2.

Figura 1.2. Modelo de la celda unidad de una estructura tipo fcc

La orientacion geométrica de una superficie suele nombrarse mediante sus indices
de Miller, que se definen considerando como el plano que contiene esta superficie (o
cualquier plano paralelo) intercepta los principales ejes cristalograficos del solido. Este
conjunto de nimeros se utilizan para identificar de forma Unica ese plano o superficie.
Para una estructura cristalina fcc (como la del Pt), existen tres maneras diferentes de
disponer los atomos para obtener la minima energia superficial, las cuales corresponden
con los planos (100), (110) y (111). Estas superficies se denominan planos basales y
contienen un Unico tipo de simetria. Cada uno de estos planos se encuentra representado

en la Figura 1.3.
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Pt (100) Pt (110) Pt (111)

Figura 1.3. Celdilla unidad y modelo de esferas solidas para los planos base de la estructura fcc de Pt

Asi, si cortamos un cristal ideal de Pt por uno de sus planos de minima energia, se
consiguen los denominados planos basales. También es posible obtener superficies
planas casi paralelas a un plano basal particular, las cuales se denominan superficies
vecinales, con indices de Miller mayores. Cuando las estructuras ideales se componen
de terrazas planas separadas por escalones monoatdmicos se denominan superficies
escalonadas. El uso de electrodos con esta geometria permite conocer la influencia de
los defectos en las superficies planas ideales. Estos escalones tienen un menor indice de
coordinacion y son, generalmente, mas reactivos que los &tomos sobre una superficie sin
defectos. La razon de la mayor actividad en los defectos se debe a la alteracién
electronica en dichos sitios, ya que la banda “d” local se estrecha alcanzando energias
cercanas a las del nivel de Fermi. Esto resulta en una mayor energia de adsorcion para
muchos adsorbatos en los escalones, y en consecuencia, de acuerdo con la relacion
Bronsted-Polanyi [Massel, 1996], menores energias de activacion en las reacciones de

disociacién de las especies adsorbidas en dichos defectos.

1.3.2 Estudios de la ROE sobre monocristales de Pt

Los primeros estudios con monocristales de Pt datan de las décadas 60 y 70 del
siglo pasado [Will, 1965; Hubbard, 1978; Yeager, 1978; Yamamoto, 1978]. Sin
embargo, no fue hasta principio de los afios 80 cuando se desarrolld el método de

tratamiento a la llama como nuevo método para preparacion de estos electrodos



[Clavilier, 1980]. Dicho procedimiento permitio, por primera vez, obtener superficies
ordenadas y limpias con alta reproducibilidad de los resultados electroquimicos de
forma sencilla. Uno de los trabajos pioneros acerca del mecanismo de la ROE sobre
monocristales de Pt fue elaborado por Weaver y colaboradores [Chang, 1990]. En él
estudiaron la reaccion mediante FTIR in situ sobre los tres planos base de Pt y
descubrieron que, sobre Pt (111), la ROE sigue principalmente la via de 4 electrones
para formar acido acético. Sin embargo, sobre Pt (100) y (110) la formacién de acido
acetico se inhibe casi por completo en el rango de potenciales donde los venenos
quimisorbidos ain no se han oxidado a CO: y la via de oxidacion de 2 electrones a

acetaldehido es dominante en esas condiciones.

No obstante, el mecanismo para la ROE sobre Pt también depende del pH del
electrolito soporte, por lo que, en ese mismo afo, Leger y colaboradores [Morin, 1990]
estudiaron la influencia de la estructura de Pt en la ROE, tanto en medio &cido como en
medio basico, mediante voltamperometria ciclica. En medio alcalino encontraron las
mayores actividades para el Pt (110) y el (111), mientras que en medio &cido perclérico
el plano de Pt (110) mostraba mayores corrientes, aunque se envenenaba con mayor
rapidez que la superficie de Pt(111). También observaron una menor desactivacion de la
superficie en medio alcalino que en medio &cido, siendo el electrodo de Pt (100) el que
se envenenaba mas rapido por la adsorcién de intermedios cataliticos durante la

reaccion.

Sin embargo, no fue hasta 2009 cuando Feliu y colaboradores [Buso, 2009]
estudiaron en detalle las diferencias en el mecanismo entre medio &cido y alcalino para
la ROE sobre los tres planos de base mediante espectroscopia infrarroja. En medio acido
confirmaron que el principal producto de la oxidacion del etanol es el acido acético,
siendo el acetaldehido el segundo producto mayoritario, como ya describieron Weaver y
colaboradores anteriormente [Chang, 1990]. Sin embargo, un andlisis mas detallado de
los espectros IR permitié concluir que la oxidacion de etanol sobre superficies de Pt
(111) se produce casi exclusivamente siguiendo la via de oxidacion incompleta sin
ruptura del enlace C-C, aunque fue posible observar cierta cantidad de COads,
probablemente debido a la oxidacion de etanol en los defectos. Por otro lado, la
superficie de Pt (100) se desactiva rapidamente con COags a bajos potenciales, el cual se
oxida entre 0,65 y 0,80 V vs ERH liberando sitios activos del metal, permitiendo que la
molécula de etanol pueda oxidarse a acetaldehido y acido acético a partir de este



potencial. La superficie de Pt (110), por su parte, presenta la mayor actividad catalitica
para la ruptura del enlace C-C de la molécula de etanol en medio acido, dando lugar a la
formacion de COags, tanto proveniente de etanol como de acetaldehido, ya que la

oxidacion a acido acético estd mas impedida en esta superficie que en las otras dos.

Sin embargo, en medio alcalino, aunque la actividad es mayor que en medio
acido, la ruptura del enlace C-C no esta favorecida en ninguna de las superficies de Pty
la actividad del electrodo disminuye draméaticamente con el tiempo debido a la
formacion y polimerizacion de la molécula de acetaldehido, que se adsorbe sobre la

superficie del electrodo, bloqueando los sitios activos.

Mas alla de las estructuras planas ideales de Pt, la inclusién de defectos sobre la
superficie influye en gran medida en la reactividad del electrodo y, por lo tanto, en el
mecanismo de la ROE sobre Pt. De esta manera, con el fin de estudiar la reaccion sobre
superficies con defectos de forma controlada, Tarnowsky y colaboradores [Tarnowsky,
1997] emplearon superficies escalonadas con geometria de terraza (111) y escalones
(100). Mediante cromatografia ionica detectaron una gran cantidad de &cido acético
sobre Pt (111), responsable de un 30 % del total de la corriente de oxidacion de etanol.
Sin embargo, al aumentar la densidad de escalon con geometria (100) observaron una
disminucion de la cantidad de acido acético obtenido, demostrando asi que la via de 4
electrones se inhibe en superficies con alta densidad de sitios con bajo indice de

coordinacion.

Por otro lado, Koper y colaboradores [Lai, 2009], mediante el uso de superficies
con terrazas (111) y escalones (110), establecieron que la ruptura de C-C de la molécula
de etanol sobre los escalones (110) es lenta y que la formacion de acetaldehido es
mayoritaria; pero que la ruptura del enlace C-C de la molécula de acetaldehido, una vez
formado este intermedio, esta favorecida sobre escalones (110). Pero, al igual que
pasaba sobre superficies planas ideales, el pH del electrolito soporte tambien afecta en
gran medida al mecanismo para la ROE sobre planos escalonados. En este sentido, los
mismos autores demostraron que las especies tipo CHyad, formadas a partir de la ruptura
del enlace C-C de etanol y/o acetaldehido, se oxidan facilmente a COqa a 0,45 V en
medio &cido, independientemente de la estructura superficial de Pt, al contrario que en
medio alcalino. En los sitios (110), la oxidacion a COaq Se produce rapidamente a
potenciales menores de 0,10 V vs ERH, mientras que en terrazas de geometria (111) las

especies CHxad N0 se oxidan hasta 0,55 V vs ERH en medio alcalino.



Pero la actividad del electrodo de Pt no solo es posible modificarla mediante la
inclusion de defectos sobre los planos ideales de Pt, sino que también se ha comprobado
que la modificacion de estos planos mediante la deposicién de ciertos adatomos
metalicos a nivel de monocapa puede mejorar la eficiencia catalitica del electrodo
[Florez, 2016; El Shafei, 2010; Massong, 2001; Del Colle, 2008; Zheng 2008; Rizo,
2016; Figueiredo, 2014]. Desde un punto de vista fundamental, la adsorcion de
adatomos sobre monocristales de Pt permite una modificacion localizada de la
superficie con un control adecuado de la estructura, necesaria para el estudio de la
reactividad del material en la ROE, como ya se ha mencionado. En algunos casos se
pueden controlar también la ubicacion y geometria de las especies adsorbidas, logrando
una distribucién regular de los adatomos y permitiendo investigar los parametros

estructurales en gran detalle.

1.3.3 Modificacion de monocristales con adatomos: efecto en la actividad

electrocatalitica

En general, el efecto en la actividad electrocatalitica del segundo metal se ha

asociado a tres posibles causas principales:

Efecto ligando: se produce cuando el adatomo cambia el estado electronico de
los atomos vecinos obligando a que adopten posiciones diferentes a sus
posiciones en el equilibrio, y haciendo asi que moléculas que con Pt puro
quedaban fuertemente adsorbidas sobre el mismo, en presencia del adatomo se

enlacen mas debilmente.

Efecto bifuncional: tiene lugar en presencia de atomos hidréfilos que son
capaces de suministrar especies oxigenadas a sobrepotenciales menores que con
Pt puro, lo que permite la oxidacion de intermediarios adsorbidos sobre Pt a

potenciales mas negativos.

Efecto de tercer cuerpo: este efecto implica el bloqueo selectivo, por parte del
adatomo, de sitios de adsorcion de Pt. En muchos casos, algunos intermedios
requieren mas de un sitio activo de Pt para poder adsorberse, por lo que este
bloqueo selectivo puede impedir que ciertos intermedios se adsorban evitando

la inactivacion progresiva del metal noble durante la reaccion.



A pesar de que a lo largo de las ultimas décadas se han estudiado numerosos
metales que, en combinacion con el metal noble, muestran una mejora de su actividad
catalitica para la ROE, los catalizadores bimetalicos que han mostrado el mejor
comportamiento para esta reaccion han sido los catalizadores de Pt-Sn [Rizo 2016;
Asgardi, 2015; Wang 2016]. Es por ello que este trabajo se ha centrado en el estudio y

disefio de catalizadores con esta combinacion bimetéalica.

1.3.4 Modificacion de monocristales con adatomos de Sn

Para la modificacion de superficies de Pt con adatomos se han descrito diversos
métodos, entre los que destacan la modificacion mediante aplicacion de potencial
(UPD) y la modificacién por adsorcién irreversible (IRA), debido a que son
procedimientos féaciles de realizar y a su reproducibilidad. La presencia de adatomos
sobre la superficie del electrodo de Pt puede alterar sus propiedades electrénicas y
quimicas, y como consecuencia, es posible optimizar las propiedades cataliticas del

electrodo hacia una determinada reaccion.

En el caso del depdsito por UPD, los iones metalicos estan siempre en disolucion,
lo cual influye en el célculo preciso del recubrimiento de la superficie de Pt por el
adatomo, haciendo complicado el estudio de las propiedades de los electrodos
modificados con un segundo metal. Ademas, este procedimiento requiere la aplicacion
de un potencial de reduccion externo. En cambio, el método IRA presenta como ventaja
que la adsorcion del adatomo puede hacerse fuera de la celda electroquimica y no es
necesaria la aplicacién de potencial. Tras la adsorcion del adatomo, el electrodo se
transfiere a la celda electroquimica que contiene la disolucion de estudio (en la que el
metal no esta presente), y de esta manera el recubrimiento de Pt por parte del adatomo
se logra determinar con precision, de forma que los procesos superficiales y las

propiedades electrocataliticas del electrodo modificado puedan investigarse en detalle.

Las propiedades electroquimicas de las adcapas de Sn sobre Pt se han estudiado
en numerosas ocasiones sobre superficies policristalinas. Sin embargo, con el fin de
obtener una modificacion localizada y un control adecuado de la estructura del Pt, en los
ultimos afios se han disefiado experiencias que implican la modificacion de superficies

monocristalinas de Pt con addtomos de Sn.
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Stamenkovic y colaboradores estudiaron mediante FTIR in situ las propiedades
electrocataliticas para la adsorcion y oxidacion de CO sobre monocristales bimetalicos
(aleaciones) de PtsSn (110) y PtsSn (111) (Figura 1.4) [Stamenkovic 2003, 2005].

Pt,Sn(111)

(110)-(2x1)

Figura 1.4. Estructura monocristales de PtsSn(111) y Pt3sSn(110) [Stamenkovic 2005]

En dichos trabajos comprobaron que la oxidacién del COags comenzaba a
potenciales menores de 0,1 V (vs ERH), lo que demostraba la gran tolerancia al CO de
los catalizadores de Pt-Sn. Atribuyeron esa alta actividad catalitica a efectos
electronicos, a la geometria del plano cristalino expuesto a la disolucion y a la repulsién

intermolecular entre especies adsorbidas sobre las aleaciones de PtzSn (hkl).

Con respecto a la modificacion de monocristales de Pt con Sn utilizando UPD,
Massong y colaboradores investigaron las propiedades electroquimicas del Sn/Pt (111) a
potenciales menores de 0,8 V (vs ERH) y bajos recubrimientos de Sn [Massong, 2001].
Mediante voltamperometria ciclica observaron un pico redox reversible alrededor de 0,6
V (vs ERH) atribuido al par redox del adatomo de Sn sobre Pt (111), que Unicamente
involucraba la transferencia de un electrén, por lo que concluyeron que se trataba de un

proceso en el que intervienen especies hidroxilo adsorbidas.

Por otro lado, el Sn puede adsorberse sobre Pt aplicando el método IRA, es decir,
sin necesidad de aplicar un potencial externo. En este sentido, Zheng y colaboradores
analizaron los efectos geométricos y electronicos en la superficie de Pt debido a la
adsorcion espontanea de Sn sobre los tres planos base, en acido sulfdrico y perclérico
[Zheng, 2008]. De esta manera establecieron que el Sn se adsorbia preferencialmente

coordinado a 3 atomos de Pt en electrodos de Pt (111), mientras que el numero de



coordinacion era 4 para electrodos de Pt (100), como se puede observar en la Figura 1.5.

Sin embargo, no consiguieron modificar con Sn las superficies de Pt (110).

Sn/Pt(111) Sn/Pt(100)

Figura 1.5. Estructuras de superficies monocristalinas modificadas con Sn por método IRA. Las

esferas amarillas representan los atomos de Sn 'y las esferas azules los &tomos de Pt

Investigaron, ademas, la actividad de las superficies Pt (111) y (100) modificadas
con Sn para la ROE en medio acido perclorico y, aunque no observaron cambios en la
actividad sobre Pt (100) tras aplicar el IRA, si detectaron un importante aumento en las
corrientes de oxidacion de etanol a bajos potenciales tras la adsorcion irreversible del
adatomo sobre Pt (111).

El-Shafei y colaboradores, por su parte, demostraron que el Sn puede adsorberse
sobre Pt (110) empleando la técnica de adsorcién forzada, que consiste en la
introduccién del electrodo de Pt (110) en una disolucion que contiene Sn, seguida por la
reduccion del metal mediante la exposicion del electrodo himedo a una atmosfera
reductora de hidrégeno [El-Shafei, 2010]. Emplearon diferentes recubrimientos de Sn
sobre cada uno de los tres planos base y estudiaron su reactividad para la ROE en medio
de acido sulfarico. De este modo registraron un aumento en la actividad hacia esta
reaccion en todos los planos a bajos potenciales y, analizando la dependencia de las
corrientes de oxidacion de etanol con el recubrimiento de Sn, fueron capaces de
determinar el recubrimiento de Sn éptimo a partir del cual un aumento en la cantidad de
Sn sobre la superficie de Pt producia en una disminucion de las corrientes. Concluyeron

que el valor del recubrimiento 6ptimo dependia de la orientacion cristalografica de Pt.

En la presente Tesis Doctoral se amplia la informacion acerca del proceso de
adsorcion irreversible de Sn sobre los tres planos base en medio de 4cido perclorico. Se

demuestra que no es necesaria la aplicacion de la técnica de adsorcion forzada para la



modificacion con Sn de superficies de Pt (110) y que el enfriamiento del electrodo en
atmosfera de hidrogeno condiciona en gran medida que el Sn pueda adsorberse sobre
dicho plano. Ademas, se establece la geometria con la que el Sn se adsorbe sobre los
tres planos base de Pt y su influencia en la actividad catalitica para la oxidacion de la
molécula COags Sobre Pt para diferentes recubrimientos de Sn. Por otro lado también se
investiga la ROE, en las mismas condiciones, y se obtienen los recubrimientos de Sn
Optimos para la ROE en &cido perclorico. Por Gltimo, se estudia el mecanismo para la
ROE en Sn/Pt (111) y Sn/Pt (110) mediante el empleo de la técnica de DEMS.

1.4 Nanoparticulas de Pt-Sn como catalizadores para la ROE

La utilizacion de monocristales permite conocer con profundidad el papel de la
estructura superficial en electrocatéalisis, pero desde un punto de vista aplicado, el uso y
comercializacion de este tipo de electrodos para pilas de combustible resulta del todo
inviable. Para poder afrontar esto uUltimo, se necesitan electrodos con la maxima
actividad posible a un coste econdmico aceptable. Para ello, se debe aumentar la
relacién area/masa del electrodo, lo cual se consigue con la preparacion de catalizadores
con tamafio de particula muy pequefio (nanoparticulas). Asi, la utilizacion de estos
nanomateriales es de gran importancia en el desarrollo de las pilas de combustible de

membrana polimérica.

1.4.1 Materiales carbonosos como soporte

Para conseguir una buena dispersion de las nanoparticulas (NPs) metélicas es
preciso utilizar un soporte para el catalizador, que debe cumplir una serie de
propiedades. Entre ellas, tendria que presentar una estructura con un area superficial
elevada para facilitar la dispersion de las NPs. Ademas, debe poseer una alta
conductividad eléctrica, tamafio de poro adecuado, donde las moléculas involucradas en
la reaccion puedan difundir facilmente y reaccionar, y una resistencia apropiada a la
corrosion en el medio electrolitico. Los soportes carbonosos cumplen con todas estas
caracteristicas de forma bastante satisfactoria. La estructura y naturaleza quimica del
soporte carbonoso tiene gran influencia sobre las propiedades de los catalizadores

metalicos, como su morfologia, tamafio de particula, estabilidad y dispersion de las
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mismas. Por tanto, la optimizacion de los soportes carbonosos es muy importante en el

desarrollo de catalizadores para pilas de combustible.

Entre los soportes carbonosos empleados mas comunmente estan los negros de
carbono de elevada area superficial, los cuales poseen una estructura mesoporosa y
cierto carécter grafitico. EI Vulcan XC-72R es el mas utilizado, por su aceptable area
superficial y elevada conductividad eléctrica. No obstante, durante las Gltimas décadas
se ha hecho hincapié en el estudio de nuevos soportes carbonosos como las nanofibras y
los nanotubos [Serp, 2003; Sebastian, 2013], las nanoespirales [Jafri, 2010; Celorrio,
2010], los xerogeles [Alegre, 2011, 2013] o los materiales mesoporosos ordenados de

carbono [Calvillo, 2007] como los que se presentan en la Figura 1.6.

Figura 1.6. Micrografias electrénicas de diferentes soportes carbonosos: (a) nanotubos de carbono

(adaptado de [Serp, 2003]), (b) mesoporosos ordenados (adaptado de [Calvillo, 2007]), (c) xerogeles
(adaptado de [Alegre 2011] y (d) nanoespirales (adaptado de [Jafri, 2010])

Ademas, se ha demostrado, que el soporte carbonoso no es un material inerte, sino
que puede influir aumentando la densidad electrdnica del catalizador lo que disminuye
el nivel de Fermi, acelerando asi la transferencia de electrones entre el electrodo y el
electrolito, y creando una interaccion electronica metal-soporte. Esta interaccion tiene
lugar mediante una transferencia electronica desde el metal hacia los &tomos de oxigeno
superficiales del soporte carbonoso, mejorando la actividad electrocatalitica del
catalizador [Yu, 2007]. Con el fin de optimizar esta interaccion metal-soporte, en los
ultimos afios se han disefiado nuevas estrategias basadas en la funcionalizacion de las

superficies carbonosas para crear grupos oxigenados que la favorezcan.




1.4.1.1 Efectos de la funcionalizacién de los soportes carbonosos

La creacion de grupos oxigenados en la superficie del soporte carbonoso
condiciona el caracter acido/base del catalizador, su actividad electrocatalitica y la
capacidad de anclaje de las NPs del metal durante el proceso de sintesis del catalizador.
En concreto, estos grupos provocan la disminucion del caracter hidréfobo del material
carbonoso, permitiendo que el precursor metalico, disuelto en medio acuoso durante el
proceso de sintesis del catalizador, tenga una mayor accesibilidad al soporte,
favoreciendo asi el anclaje de la particula.

Entre los grupos oxigenados que se pueden encontrar en la superficie de un
soporte carbonoso los mas comunes son los grupos carboxilicos, fenoles, lactonas y

éteres, como se muestran en la Figura 1.7.

Acido carboxilico Fenol Anhidrido Quinona
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Figura 1.7. Principales grupos oxigenados en la superficie de loa materiales carbonosos

Los dos métodos mas ampliamente utilizados para favorecer la formacién de
grupos oxigenados superficiales son el tratamiento de oxidacién y el tratamiento
térmico. Para el primero de ellos se pueden utilizar atmdsferas gaseosas oxidantes,
como el Oz o el Os, oxidantes como el H20z, asi como acidos fuertes en fase liquida
como el HNOg, el H2SOg4, el H3POs, etc.

Existen numerosos articulos que exponen diferencias en la preparacion de
catalizadores de Pt/C tras la creacion de grupos oxigenados superficiales en el soporte

carbonoso, asi como en el tamafio y dispersion de las particulas metélicas. Algunos
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autores muestran la importancia de los grupos oxigenados superficiales para el anclaje
de las particulas y su buena dispersion [Aksoylu, 2001; Prado-Burguete, 1989];
mientras que otros, al contrario, afirman que la presencia de estos grupos no influyen en

estas propiedades [Fraga, 2002; Guerrero-Ruiz, 1998].

Con respecto a la ROE en el anodo de pilas tipo DEFC, en la presente Tesis
Doctoral se demuestra que estos grupos oxigenados favorecen la oxidacion de la
molécula a potenciales méas negativos, aunque es la via de oxidacion incompleta de la

molécula de etanol a acetaldehido y &cido acético la que resulta activada [Rizo, 2017].

1.4.1.2 Nanofibras de carbono (CNFs)

Los soportes carbonosos més empleados a lo largo de los afios han sido los negros
de carbono, ya que presentan un buen compromiso entre las propiedades derivadas de su
estructura porosa y su conductividad eléctrica. Sin embargo, recientemente el uso de

nanofibras de carbono (CNFs) como soporte de catalizador ha ido en aumento.

Las CNFs son un material filamentoso compuesto principalmente por carbono de
naturaleza grafitica, cuyas laminas grafénicas forman fibras huecas en su interior
(estructura tubular). Los grafenos pueden disponerse formando un determinado angulo
respecto al eje de las fibras, lo que las clasifica en tres tipos (Figura 1.8): platelet o
perpendiculares, fishbone o inclinadas y parallel o paralelas [Rodriguez, 1995].
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Figura 1.8. Simplificacion de los tipos de CNFs segun la disposicién de los planos grafénicos respecto

al eje de crecimiento

El interés creciente en este tipo de material carbonoso como soporte radica en su
alta conductividad eléctrica y térmica, su resistencia a la corrosion y su pequefio

contenido en microporos (sobre el 1 % mientras que Vulcan XC-72R presenta alrededor



de un 10 %), en los que la molécula de etanol no puede difundir hasta el metal y

reaccionar [Rodriguez, 1993].

Bessel y colaboradores demostraron que los catalizadores soportados sobre CNFs
presentaban una mayor tolerancia al CO adsorbido, lo que asociaron a una orientacion
determinada de las particulas metélicas que favorece la oxidacién de esta molécula
[Bessel, 2001]. Més adelante, Steigerwalt y colaboradores sintetizaron catalizadores de
Pt-Ru soportados sobre nanotubos de carbono de pared simple y multiple, junto a
nanofibras de grafito con diversas estructuras (platelet y fishbone) [Steigerwalt, 2001,
2002 y 2003], y comprobaron que la estructura de la nanofibra influia en gran medida
sobre la fase activa.

El uso de CNFs en catalizadores para la reaccion anddica en pilas de combustible
resulté ser ventajoso [Yuan, 2004; Tang, 2004; Gangeri, 2005; ismagilov, 2005], lo cual
se explicd en base a una buena dispersion de las particulas metalicas y una menor

pérdida en la transferencia de masa.

Afios mas tarde, se estudié con mayor detalle la influencia de la estructura de la
nanofibra en la actividad de los catalizadores. Zheng y colaboradores y Chou y
colaboradores demostraron que el tamafio de las particulas era menor para aquellos
catalizadores soportados sobre CNFs de planos perpendiculares (platelet), presentando
asi mayor area electroactiva, y por tanto, una mayor actividad electrocatalitica. Sin
embargo, las nanofibras de tipo paralelo (parallel) presentaban una mayor estabilidad, y
las de planos inclinados (fishbone) mostraban caracteristicas intermedias entre ambas
[Zheng 2007, Chou, 2008].

Calvillo y colaboradores [Calvillo, 2013] demostraron que las CNFs pueden ser
muy buenos soportes para catalizadores de la ROE debido a su alto contenido en poros
de gran tamafio, que permiten a la molécula de etanol entrar e interactuar con la fase
metalica activa. No obstante, Sebastian y colaboradores [Sebastian, 2013] comprobaron
que la temperatura de sintesis de las CNFs influye en gran medida en su estructura.
Cuanto maés elevada es la temperatura a la cual se realiza la sintesis, mejor es su
conductividad debido a una mayor estructura grafitica del material, aunque el volumen
de poros es menor. De este modo, la actividad de este soporte para la ROE se ve

reducida al aumentar la temperatura de sintesis, ya que, a pesar de que la conductividad



del soporte es alta, el tamafio general de los poros no es 6ptimo para que la molécula de

etanol pueda interactuar adecuadamente con el catalizador.

1.4.1.3  Sintesis de catalizadores de Pt-Sn soportados sobre materiales

carbonosos

Se han descritos varios procedimientos para la sintesis de catalizadores de Pt-Sn
soportados sobre materiales carbonosos. Todos ellos se basan en la impregnacion
simultanea de Pt y Sn en el soporte carbonoso seguida por la reduccion de los metales a
baja temperatura (< 100 °C) o temperatura intermedia (200-500 °C). El grado de

aleacion entre ambos metales dependera del método de sintesis empleado.

El método coloidal disefiado por Bonnemann y colaboradores [Bonnemann, 1990,
1994] permite la sintesis de catalizadores de Pt-Sn amorfos sin alear. La sintesis

consiste en el uso de hidrotriorganoboratos de alquilo como agentes reductores a 80 °C.

Por otro lado, utilizando el procedimiento del poliol los precursores metalicos se
mezclan en una disolucion de etilenglicol y se calientan lentamente bajo reflujo a 120°C
para descomponer el etilenglicol, logrando la reduccién del metal. Estas particulas
metalicas, una vez reducidas, se anclan al soporte carbonoso con éxito. Los
catalizadores de Pt-Sn sintetizados mediante este método presentan un tamafio de
particula alrededor de los 2 nm, con una dispersion de las particulas sobre el material

carbonoso bastante homogénea [Zhou, 2003, 2005].

Como variante del método del poliol para la sintesis de particulas de pequefio
tamano, se disefid mas tarde la sintesis de poliol asistida por microondas (MHP). En
ella, el calentamiento de la mezcla de los precursores en etilenglicol mediante el uso de
microondas permitié la obtencion de catalizadores con tamafios de particulas pequefios
y uniformes [Chen 2002; Liu, 2006].

El procedimiento de reduccién con borohidruro (BM), que usa como agente
reductor de las sales metalicas el ion borohidruro, también ha sido ampliamente
utilizado para la sintesis de nanoparticulas soportadas de Pt-Sn [Kim, 2008]. Este
método, a diferencia de los anteriores, requiere de la mezcla de los precursores con la

disolucién de borohidruro a temperatura ambiente sin tratamiento térmico. Se obtienen



tamanos de particula alrededor de los 5-6 nm, con una buena dispersion del material

metalico sobre el soporte carbonoso, de forma rapida, sencilla y barata.

Otra metodologia comunmente utilizada para la sintesis de catalizadores de Pt-Sn
soportados es el de reduccion con acido férmico (FAM) [Colmati; 2005, Rizo, 2016].
Sobre el soporte carbonoso disperso en acido férmico, se afiaden muy lentamente los
precursores metalicos disueltos en agua mientras se calienta la mezcla a 80 °C. Se
obtiene una buena dispersion del metal sobre el soporte carbonoso, asi como un tamafo

de particula entre los 4-5 nm, menores que con el BM.

Tanto los métodos del poliol y del poliol asistido por microondas, como los del
acido formico y el del borohidruro, permiten la obtencién de particulas de Pt-Sn
parcialmente aleadas, aunque parte del Sn estd presente como SnOx. Sin embargo,
dependiendo de la metodologia asi como de la relacion atomica Pt-Sn, el grado de
aleacion que se alcanza es diferente. Como puede observarse en la Figura 1.9, el
parametro de red de los catalizadores de Pt-Sn, independientemente del método de
sintesis, es mayor que el de los catalizadores de Pt puro y aumenta con la cantidad de
Sn, debido a la inclusion de Sn en la red cristalina de Pt. Cuanto mayor es la cantidad de
Sn en el catalizador, mayor es el pardmetro de red, produciéndose este aumento de
forma lineal. Asi, la pendiente de la representacion del parametro de red frente al
porcentaje de Sn en el catalizador es mayor para los catalizadores de Pt-Sn sintetizados
mediante FAM, lo que se traduce en la obtenciéon de un mayor grado de aleacion
mediante el uso de este método de sintesis comparado con los otros tres [Antolini,
2011].

0,400
v
L
Yy
E 0,398 p {
~ .
'g v
= 0,396 ’ Y
o . E
2
] o/
g 0,394 44
- . « FAM
z :
& X o Poliol
0,392+ 4 MHP
L v BM
0,390 . ] T T

o

T T
10 20 30 40 50 60 70
Porcentaje atémico de Sn

Figura 1.9. Dependencia del pardmetro de red de catalizadores de Pt-Sn con el porcentaje de Sn

sintetizados con diferentes métodos (adaptado de [Antolini, 2011])
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1.5 Sintesis de catalizadores bimetalicos con control de la estructura

superficial

Como se ha mencionado en el apartado anterior, la sintesis de catalizadores con
tamano de particula pequefio permite maximizar el area especifica expuesta para la ROE
aumentando la relaciéon area/masa del electrodo, lo cual permite obtener catalizadores
maés eficientes. Sin embargo, como también se ha comentado, la estructura superficial
influye en gran medida en la actividad del electrodo hacia la reaccion de oxidacion de
etanol. De este modo, si fuera posible combinar ambos aspectos, es decir, sintetizar
nanoparticulas de Pt-Sn controlando su morfologia, seria factible obtener catalizadores

altamente eficientes para la ROE disminuyendo asi su coste.

De manera analoga a los planos basales representados en la Figura 1.3, es posible
la sintesis de nanocristales poliédricos formados por caras con la geometria propia de
dichos planos base. Asi, como se puede observar en la Figura 1.10, si estos poliedros
estdn formados predominantemente por caras de geometria (100) las particulas seran
cubicas, si estan formadas por caras (111) conformaran un octaedro, mientras que Si sus

caras son predominantemente (110) conformaran un dodecaedro rémbico.

Pt (111) Pt (100) Pt (110)

Figura 1.10. Representacién de nanocristales poliédricos de Pt en funcion al plano del metal

expuesto

El trabajo pionero en la sintesis de NPs de Pt con control de la geometria
superficial data de 1996, elaborado por el Ahmadi y colaboradores [Ahmadi 1996]. En
dicho trabajo se empled por primera vez un compuesto organico (capping material) que

permitia la obtencién de particulas de Pt con forma predominantemente cubica o
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tetragonal, en funcidén a la relacion entre la cantidad de este compuesto organico y la
cantidad de precursor de Pt que se utilizase. Después de este trabajo se sucedieron un
gran numero de metodologias con el fin de sintetizar NPs de Pt con morfologia

controlada. La tabla 1.1 recopila las diferentes sintesis de este tipo de NPs de Pt

recogidas de la bibliografia.

Tabla 1.1. Resumen de las diferentes metodologias de sintesis de nanoparticulas de Pt con forma

definida (adaptado de [Solla , 2013])

Precursor® Reductor® | Surfactante® Aditivo? Condiciones® Referencias
H,PtCl, EG PVP AgNO, RF a 160°C [Long, 2010]
K,PtClg H, PAA A [Ahmadi, 1996; Petroski, 1998; Wang, 1997]
H,PEClg EG pvp AgNO, RF [Song, 2005]

3 baresa
Pt{acac), H, OLA 70+C [Ren, 2007]
PY| Acido olei
acac), "v‘:)‘::'“ Fe(CO)s 200-C [Wang, 2007; Wang, 2008]
K;Ptcl, NaBH, CTAB so°C, c:"'m' [Lee, 2006]
p!
Pt{acac] HDD y Co RF 180-C en .
acac), G; oLA C0,(CO); bch [Lim, 2010]
Ptcl, DHN CTAB NaOH uv [Kundy, 2010]
H,PtClg EG pVP AgNO, RF a 160°C [Long, 2010]
’ K;Ptcl H, PAA TA [Ahmadi, 1996; Petroski, 1998; Wang, 1997]
H,PtClg EG PVP ABNO, RF [Song, 2005]
K;PtCl H
ae : PAA TA [Ahmadi, 1996; Petroski, 1998; Wang, 1997]
PAA L
H,PtClg H, pvp TA [Teranishi, 2000 ]
H,PtClg H, PVP TA [King, 2006]
TA,
K,PtClg H, PVP diferentes [Yu, 2006]
pHs
HaPtClg EG PVP AENO; RF [Song, 2005]
50-C, control
K,PtCl, NaBH, cTAB ';:“ e [Lee, 2006]
H,PtClg ED PAAM TA [Subharamannia, 2008]
H,PtClg EG pVP RFa 110:C [Chen, 2005]
Pt{acac), DPE como " .
HDD ACA, HDA N 160-210-C [Maksimuk, 2007; Teng, 2005; Maksimuk, 2006]
disolvente
H,PtCl NaNO,
e EG PVP aNGs RF a 160:C [Herricks, 2004]
K;Pecly NaBH, CTAB CHCl, TA [Song, 2007]
PH{NH),/(NO,) H, MCM-41 ]
2 300-320-C [Liu, 2000]
HaPECls EG pve FeCl,/FeCl, | RFa110:C [Chen, 2004]
Ptcl,
DHN CTAB NaOH uv [Kundu, 2010]
Pt{CH;C00), AgGR AgNT RF a 100-C [Sun, 2003]
Fil t
ptcl, N;H, flamentos | g5g.350:c [Mayers, 2003]
de Se
Pt{acac), PDLLA CHCl, 200-350-C [Luo, 2004]

@ pt(acac)y = acetilacetonato de platino; bEG = etilenglicol; ED = electrodeposicion; HDD = 1,2-hexadecanodiol; GR =

reemplazamiento galvanico; PDLLA = poli(d,I-lactida); DHN = 2,7-dihidroxinafthaleno; Cpvp = poli(vinilpirrolidona); PAA =

policrilato sédico; OLA = oleilamina; ACA = 4cido 1-Adamantanocarboxilico; HDA = 1-hexadecilamina; CTAB = bromuro de

cetiltrimetilamonio; d pAAM =molde de membrana anddica de al(mina porosa; AA = 4cido ascorbico; NT = nanotubos; NC =

nanocubos; TA = Temperatura ambiente; RF = reflujo; DPE = difeniléter; UV = fotoirradiacion UV.




En los dltimos afios, la combinacion oleilamina/acido oleico ha sido ampliamente
estudiada con gran éxito para la obtencién de NPs de Pt con morfologia definida. Dicha
mezcla puede jugar el papel tanto de surfactante como de disolvente y/o reductor
durante la reaccion, permitiendo obtener NPs con morfologias y tamafios diversos en
funcién a la relacion entre los diferentes compuestos utilizados durante la sintesis, asi
como a la temperatura de la reaccién. Sin embargo, en presencia de agentes reductores
fuertes, como el CO gaseoso o los carbonilos metélicos, esta mezcla deja de actuar

como reductor y limita su papel al de surfactante de la reaccion.

Por otro lado, estos métodos de sintesis no solo se limitan a la sintesis de NPs de
Pt, sino que también es posible la sintesis de catalizadores bimetalicos con morfologia
controlada [Zhang, 2009; Xu, 2009; Choi, 2013; Cui, 2013; Wu, 2010], los cuales no
solo incluyen las ventajas propias de NPs con area superficial elevada y morfologias
que confieren una alta electroactividad, sino que también incluyen la influencia del
segundo metal que favorece la oxidacion de pequefias moléculas organicas mediante los

efectos comentados en la Seccién 1.3.3.

1.6 Presentacion de la Tesis Doctoral

En esta Tesis Doctoral se estudia en detalle la reaccion de electrooxidacion de
etanol sobre catalizadores de Pt-Sn. Las investigaciones realizadas abarcan desde la
influencia de la estructura superficial de Pt modificado con Sn para la ROE, con un
punto de vista fundamental, hasta la sintesis de catalizadores de Pt-Sn soportados sobre
materiales carbonosos, con el fin de desarrollar un estudio méas orientado a su uso en
pilas de combustible tipo DEFC. Para finalizar, se combinan los conocimientos
adquiridos respecto a la influencia de la morfologia superficial de los catalizadores de
Pt-Sn, asi como a la sintesis de nanoparticulas de Pt-Sn, para el disefio de catalizadores
novedosos con estructura superficial controlada de Pt-Sn altamente eficientes para la
ROE.

Cabe sefialar que algunos de estos estudios se han realizado en colaboracion con
otros grupos de investigacion, por una parte porque las dos directoras de esta Tesis
Doctoral pertenecen a dos centros diferentes (el Instituto Universitario de Materiales y
Nanotecnologia de la Universidad de la Laguna y el Instituto de Carboquimica del

Consejo Superior de Investigaciones Cientificas) que trabajan de forma coordinada



desde hace afos; y por otra, a través de las estancias financiadas por el Ministerio de
Educacion, Cultura y Deporte, las cuales se realizaron en el Grupo Catalisis y Quimica
de Superficies de la Universidad de Leiden (Holanda) asi como en la Facultad de

Quimica y Bioquimica de la Universidad de Cornell (Estados Unidos).

Esta Tesis Doctoral se presenta la modalidad por compendio de publicaciones. En
primer lugar se exponen tres trabajos sucesivos, en los que se aborda tanto el efecto del
soporte carbonoso sobre la ROE vy la reaccion oxidacion del COaq, mediante el uso de
nanoparticulas de Pt soportadas sobre distintos materiales carbonosos; como la
influencia de la relacién de Pt-Sn en la electroactividad y el mecanismo de dichas
reacciones. A continuacion, se aborda el estudio fundamental de la ROE sobre
monocristales de Pt con estructura superficial controlada ((111), (100) y (110))
modificados con Sn. Para finalizar, se desarrolla un trabajo de sintesis de catalizadores
de Pt-Sn consistentes en nanoparticulas cubicas de Pt-Sn altamente eficiente y estables
para la ROE, combinando asi los conocimientos adquiridos en las dos partes
mencionadas anteriormente. Este Ultimo trabajo esta redactado (se incluye borrador en
los anexos) pero aun no ha sido enviado, quedando por tanto algunos resultados adin por

publicar.

A continuacion se detallan los datos de cada una de las publicaciones, indicando
el cuartil de la revista en que se ha publicado y el indice de impacto de cada una de

ellas.

1.6.1 Estudio de la ROE y la reaccion de oxidacion de CO en

catalizadores de Pt-Sn soportados sobre materiales carbonosos.

A Rubén Rizo, David Sebastian, Maria Jesus Lazaro, Elena Pastor. On the design
of Pt-Sn efficient catalyst for carbon monoxide and ethanol oxidation in acid and
alkaline media. Applied Catalysis B: Environmental 200, 246-254 (2017). indice de
impacto segun el Journal Citation Reports: 8.328 (2015).



) Total de revistas en la Posicion en la Cuartil de la
Categoria ) ) )
categoria categoria categoria
Catalisis 47 10 Q1
B. Rubén Rizo, Maria Jesus Léazaro, Elena Pastor, Gonzalo Garcia.

Spectroelectrochemical Study of Carbon Monoxide and Ethanol Oxidation on Pt/C,
PtSn (3:1)/C and PtSn(1:1)/C Catalysts. Molecules, 21, 1225 (2016). indice de impacto

segun el Journal Citation Reports: 2.749 (2015).

] Total de revistas Posicion en la Cuartil de la
Categoria i i i
en la categoria categoria categoria
Quimica organica 169 79 Q2
C. Rubén Rizo, David Sebastian, Maria Jesus Lazaro, Elena Pastor. “Influence of

the nature of the carbon support on the activity of Pt/C catalysts for ethanol and carbon
monoxide oxidation”. Journal of Catalysis 348, 22-28 (2017). indice de impacto segun
el Journal Citation Reports: 7.354 (2015).

; Total de revistas en Posicion en la Cuartil de la
Categoria ] ] ]
la categoria categoria categoria
Fisicoquimica y
o . 149 7 Q1
quimica teorica

1.6.2. Estudio de la ROE sobre Sn/Pt(111), Sn/Pt(100) y Sn/Pt(110).

A Rubén Rizo, Maria Jesus Léazaro, Elena Pastor, Marc Koper. “Ethanol
Oxidation on Sn-modified Pt Single-Crystal Electrodes: New Mechanistic Insights from
On-line Electrochemical Mass Spectrometry”. ChemElectroChem, 3, 2196-2201 (2016).
Indice de impacto segtn el Journal Citation Reports: 3.506 (2015).
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) Total de revistas | Posicion en la Cuartil de la
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en la categoria categoria categoria
Electroquimica 30 7 Q1
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2. Objetivos

El objetivo central de esta Tesis Doctoral es el estudio detallado de la reaccion de
oxidacion de etanol (ROE) sobre catalizadores de Pt-Sn, tanto desde un punto de vista
aplicado (mediante la sintesis y el estudio de la ROE en nanoparticulas de Pt-Sn
soportadas sobre diferentes materiales carbonosos para su utilizacién en pilas de
combustible); como con un enfoque méas fundamental (realizando el anélisis de la
influencia de la estructura superficial en la reaccion, utilizando monocristales de Pt

modificados con Sn o nanoparticulas de Pt-Sn con estructura superficial ordenada).

Los objetivos especificos establecidos para su consecucion han sido:

¢ La sintesis de nanoparticulas de Pt y Pt-Sn soportadas sobre diferentes
materiales carbonosos (nanofibras de carbono, Vulcan XC-72R y Vulcan

sometido a un tratamiento oxidativo, nombrado como Vulcan NSTa0.5).

¢ La modificacion de superficies monocristalinas de Pt con adatomos de Sn
(denominadas Sn/Pt (111), Sn/Pt (100) y Sn/Pt (100)).

¢ La sintesis de nanoparticulas de Pt-Sn con estructura superficial bien definida
consistentes en nanoparticulas cubicas de Pt-Sn.

¢ La caracterizacion fisicoquimica de todos los materiales sintetizados mediante
microscopia de transmision electrénica (TEM), espectroscopia electrénica de
pérdida de electrones (EELS), difraccion de rayos X (XRD), espectroscopia
fotoelectronica de rayos X (XPS), espectroscopia fotoelectronica de dispersion
de rayos X (EDX), desorcion a temperatura programada (TPD) e isotermas de

adsorcion-desorcion de No.

¢ El estudio, mediante técnicas electroquimicas, como la VC y la
cronoamperometria, de la influencia de la estructura superficial, la relacion
atdmica Pt-Sn y el soporte carbonoso en la actividad catalitica del electrodo para
la ROE.

¢ El estudio, mediante métodos espectroelectroguimicas in situ, como las técnicas
DEMS y FTIR, de la influencia de la estructura superficial, la relacion atomica

Pt-Sn y el soporte carbonoso en el mecanismo para la ROE.
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En este capitulo se aporta informacion acerca de los reactivos y las disoluciones
empleadas durante la Tesis Doctoral. Ademas, se describen las diferentes técnicas de

caracterizacion empleadas y los fundamentos teoricos de cada una de ellas.

3.1 Reactivosy disoluciones

Los reactivos y gases utilizados para la realizacion de la presente Tesis Doctoral
estan recogidos en la tabla 3.1:

Tabla 3.1. Lista de reactivos y gases

Nombre Férmula Casa comercial Pureza
Acetil acetonato de platino Pt(acac)2 Sigma-Aldrich 97 %
Acido férmico CH20s Merck 98-100 % p.a.
Acido hexacloroplatinico H2PtCle Sigma-Aldrich 8%
Acido oleico (OA) Ci8H3402 Sigma-Aldrich 90 %
Acido perclorico HCIO4 Merck 60 % p.a.
Acido sulfdrico H2S04 Merck 95-97 %
Argon Ar Air Liquide 99,998 %
Carbonilo de Wolframio (V1) W(CO)s Sigma-Aldrich 99,99 %
Cloruro de niquel (I1) hexahidratado NiCl2.5H20 Sigma-Aldrich > 98 % p.a.
Cloruro de Sn (I1) pentahidratado SnCl2.5H20 Sigma-Aldrich > 98 % p.a.
Etanol C2H602 Merck 99,9 %
Hexano CeHas Scharlau 96 %
Hidroéxido sédico NaOH Sigma-Aldrich 99,99 %
Mondxido de carbono CO Air Liquide 99,997 %
Nafion® Sigma-Aldrich 5%
Oleilamina (OAmM) CisHs7N Sigma-Aldrich 70 %
Permanganato de potasio KMnO4 Panreac 99,0 %
Sulfato de estafio (11) SnSO4 Sigma-Aldrich 98 %

Para la preparacion de todas las disoluciones se utilizé agua ultrapura obtenida de

un sistema Milli-Q® Advantage A10 (Merck Millipore) con una resistencia de
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18.2 MQ cm y 2 ppb de materia organica total. Las disoluciones empleadas se recopilan
en la Tabla 3.2.

Tabla 3.2. Lista de disoluciones empleadas

Disolucién

Acido sulfdrico 0,5 M
Electrolitos soporte

Acido perclérico 0,1 M

Hidréxido sédico 0,1 M

Experimentos ROE Acido sulfarico 0,5 M + etanol 1M

Modificacion de monocristales de Pt con .
Cloruro de Sn (1) pentahidratado 10mM +

adatomos de Sn acido perclérico 0.1M

3.2 Modificacion de monocristales de Pt con adatomos de Sn

mediante el método de adsorcioén irreversible

La modificacion de superficies monocristalinas de Pt con adatomos de Sn se llevd
a cabo mediante inmersion del electrodo en una disolucion 10 mM del precursor de Sn
(cloruro de Sn (1) pentahidratado) disuelto en acido perclérico 0,1 M. La inmersion se
realiz6 sin control del potencial aplicado sobre el electrodo de trabajo y el tiempo de
inmersion oscil6é entre 2-15 min, dependiendo del recubrimiento de Sn que se quisiera
alcanzar sobre la superficie de Pt, siendo maximo el recubrimiento a los 15 min de

inmersion.

El valor del recubrimiento se calcul6 en base a la supresion de la carga de
adsorcion/desorcion de hidrogeno asociada a la adsorcion del adatomo (ecuacién 3.1),

donde @F, and QF,.; corresponden a las cargas de adsorcién de hidrégeno en

ausencia y en presencia del adatomo adsorbido, respectivamente [Rizo, 2016; El-Shafei,
2010]:

Eud = [O;’It - Qﬁs,md)/oﬁt (31)
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3.3 Sintesis de nanoparticulas de Pt-Sn soportadas sobre materiales

carbonosos

En esta Tesis Doctoral se estudia tanto la influencia de la composicion y la
morfologia de las particulas de Pt-Sn como la influencia del soporte carbonoso
empleando para ello catalizadores de Pt-Sn para la reaccion ROE soportados sobre
materiales carbonosos. En esta Seccidn 3.3 se describen los procesos de sintesis de cada

uno de los soportes carbonosos asi como de los catalizadores empleados.

3.3.1 Sintesis de soportes carbonosos

Los soportes carbonosos empleados fueron preparados en el Departamento de

Energia y Medio Ambiente del Instituto de Carboquimica (ICB-CSIC) en Zaragoza.

33.1.1 Nanofibras de carbono (CNF)

Las nanofibras de carbono se sintetizaron por descomposicion catalitica de
metano sobre catalizadores de Ni (NiCuAl>O3) a 750 °C. El precursor catalitico se
redujo previamente en atmoésfera de hidrogeno puro a 550 °C durante 1 h. A
continuacion, el sistema se calentd hasta 750 °C en atmosfera inerte (N2), y
posteriormente, se introdujo metano puro en reactor de lecho fijo a escala banco (10 L
gl h) durante 10 h.

El reactor empledo es de tipo tubular (Figura 3.1), construido en cuarzo, de 16
mm de didmetro interno y 650 mm de longitud [Sebastian, 2011]. La planta consta de
un controlador de flujo maésico Bronkhorst para cada gas, un controlador de
temperatura, que suministra la potencia al horno eléctrico, y al que va conectado un
termopar de tipo K que se introduce en el reactor, un medidor de presion a la entrada y
el resto de accesorios necesarios para su correcto funcionamiento. Los gases a la salida
del reactor son analizados por cromatografia de gases con un micro-GC VARIAN CP
4900.
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Figura 3.1. Esquema del reactor para la obtencién de CNF (reproducido de [Sebastian, 2011])

3.3.1.2 Vulcan funcionalizado

Se funcionaliz6 el negro de carbono Vulcan XC-72R®, suministrado por la
empresa CABOT, en fase liquida utilizando una mezcla de acido nitrico y sulfarico
concentrados HNO3-H,SO,4 1:1 (v/v) como agentes oxidantes. Esta mezcla se mantuvo
bajo reflujo y agitacion magnética durante 30 min a temperatura ambiente. La
nomenclatura empleada para nombrar dicho soporte carbonoso funcionalizado fue
Vulcan NSTa0.5.

3.3.2 Sintesis de nanoparticulas de Pt y Pt-Sn, sin control estructural,

soportadas sobre materiales carbonosos

Para la sintesis de catalizadores poliorientados de Pt-Sn soportados sobre carbono
se empled el método de reduccién con acido férmico (FAM) [Ernesto, 1997]. Con esta
finalidad se mezclé previamente el material carbonoso utilizado como soporte del
catalizador, con una disolucion de &cido formico 2 M (1 mL por gramo de material
carbonoso), y se introdujo la mezcla en un bafio de ultrasonidos durante 30 min. A
continuacion, se calentd la mezcla hasta 80 °C y una vez caliente, se adicion0, bajo
agitacion vigorosa y muy lentamente (1 mL cada 5 min), la cantidad adecuada

(previamente calculada en funcién a la composicion de Pt-Sn que se desee alcanzar) de
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los precursores metalicos (H2PtCls y SnSOa, Sigma-Aldrich) disueltos en 20 mL de
agua ultrapura. La cantidad de precursor afiadida correspondia a la necesaria para

preparar un catalizador con un 20 % en peso de metal.

3.3.3 Sintesis de nanoparticulas cubicas de Pt-Sn soportadas sobre

materiales carbonosos

Para preparar este catalizador se emple6 un método similar al descrito por Zhang
y colaboradores [Zhang, 2009]. Se afiadieron 0,032 mmoles de Pt(acac)z, 8,0 mL de
OAm y 2,0 mL de OA dentro de un matraz de tres bocas equipado con un condensador
tipo Liebig. Posteriormente, el matraz se calentd hasta 130 °C bajo agitacion y
atmosfera de Ar. A esta temperatura se afiadié 0,108 mmol de W(COQ)s rapidamente
dentro del matraz. A continuacién, una disolucion del precursor de Sn, preparada
disolviendo 0,032 mmol de SnCl, 5H20 en 4,0 mL de OAm y 1,0 mL de OA, se inyecto
lentamente dentro del matraz y se aumentd la temperatura hasta 230 °C, manteniendo la

mezcla en agitacion a esta temperatura durante 30 min.

Salida Ar x

Condensador

. Entrada Ar

Placa calefactora con

control de temperatura
y agitacion

Figura 3.2. Esquema experimental para la sintesis de nanoparticulas cubicas de Pt-Sn

Una vez que el producto se enfrié a temperatura ambiente, los hanocubos de Pt-Sn
se lavaron dos veces con una mezcla hexano/etanol (2:1) y se dispersaron en hexano. La
suspension en hexano se afiadio sobre el soporte carbonoso (Vulcan XC-72R),

dispersado previamente en hexano, y la mezcla final se introdujo en un bafio de
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ultrasonido durante 3 h y se dejé reposar durante toda la noche. Al dia siguiente se
afiadié etanol a la suspension de Pt-Sn/C disuelta en hexano y se centrifugd para
favorecer la precipitacion del sélido. El solido obtenido se disperso en acido acético y se
calentd a 60 °C durante 6 h bajo agitacion. Finalmente, el catalizador se lavo con
abundante cantidad de etanol varias veces, se filtrd y se dejo secar en un horno a 70 °C
toda una noche.

3.4 Caracterizacion fisicoquimica

A continuacién se presentan todas las técnicas de caracterizacion fisicoquimica
empleadas durante la Tesis Doctoral. La caracterizacion fisicoquimica de los soportes
carbonosos se realiz6 en el Instituto de Carboquimica en Zaragoza, mientras que la
caracterizacion de los catalizadores de Pt y Pt-Sn se realizd6 mediante el uso de las
técnicas de analisis disponibles en el Servicio General de Apoyo a la Investigacion de la
ULL (SEGAI), a excepcion de las imagenes de microscopia de transmision de alta
resolucion de las particulas cubicas de Pt-Sn, que se realizaron en el Centro de
Investigacion de Materiales de la Universidad de Cornell (CCMR) en Estados Unidos.

3.4.1 Caracterizacion de los soportes carbonosos

Para la caracterizacion de los soportes carbonosos se emplearon las técnicas de
desorcion a temperatura programada (TPD) y las isotermas de adsorcion-desorcion de

nitrégeno.

34.1.1 Desorcion a temperatura programada (TPD)

La técnica de desorcion a temperatura programada (TPD) ofrece informacion
acerca de la cantidad de grupos oxigenados contenidos en la superficie de los materiales
carbonosos, su estabilidad térmica y su naturaleza [Figueiredo, 1999; Sebastian 2011;
Calvillo, 2008].

Mediante esta técnica se registran las curvas de desorcion de CO y CO, como

resultado de las emisiones causadas por la descomposicion de los grupos superficiales
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oxigenados en el soporte carbonoso. En funcion del grupo funcional presente en la
superficie del soporte carbonoso, la temperatura de descomposicion de los mismos es
diferente, lo que permite que, por medio de la deconvolucién de las curvas de desorcion,

sea posible estimar la composicion superficial del material estudiado.

Los experimentos se llevaron a cabo en un equipo Micromeritics Pulse Chemisorb
2700, en un reactor de lecho fijo con un flujo de 30 mL/min de He. La experiencia se
realiz6 hasta 1050 °C con una velocidad de calentamiento de 10 °C/min. El contenido de
CO y CO2 se analiz6 mediante cromatografia de gases tomando un muestreo de la
corriente gaseosa de salida en intervalos de 100 °C. Posteriormente, se
deconvolucionaron las curvas de CO y CO. mediante el empleo del programa comercial

Origin.

3.4.1.2 Isotermas de adsorcién-desorcion de N»

El andlisis exhaustivo de las isotermas de adsorcion permite adquirir informacion
sobre la estructura porosa de los soportes carbonosos empleados. Una correcta
interpretacion de la forma de estas curvas permite conocer el posible mecanismo de
adsorcion. EI modelo méas cominmente usado para la determinacion del area superficial
es el método BET (Brunauer, Emmett, Teller) [Brunauer, 1938; Sing, 2001] y es el que
ha sido el empleado en la presente Tesis Doctoral. Con este método se determina la
cantidad de nitrogeno necesario para formar una capa de espesor monomolecular sobre
la superficie del soporte carbonoso a -196 °C. El area del soporte carbonoso se calcula a

partir del &rea conocida ocupada por cada molécula de nitr6geno en esas condiciones.

Pero no solo es posible obtener el area superficial del soporte carbonoso, sino
también el volumen de poro asi como la distribucion de tamafios de poro mediante el
uso del modelo apropiado. En este trabajo el volumen de poro se calculé a partir del
método de un solo punto, la distribucion de tamarios de poro mediante la ecuacién BJH
(Barrett, Joyner y Halenda) [Barrett, 1951] en la isoterma de desorcién, y el area y

volumen de microporos mediante el método t-plot.

Las medidas de TPD se realizaron en el equipo para medidas volumétricas de

adsorcion modelo Micromeritics ASAP 2020.
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3.4.2 Caracterizacion de los catalizadores de Pt y Pt-Sn soportados sobre

materiales carbonosos

Para la caracterizacion de los catalizadores de Pt y Pt-Sn se emplearon las técnicas
de microanalisis por energia dispersiva de rayos X (EDX), difraccion de rayos X
(XRD), espectroscopia fotoelectronica de rayos X (XPS), microscopia electrénica de

transmision (TEM) y espectroscopia electronica de pérdida de energia (EELS).

3421 Energia dispersiva de rayos X (EDX) y espectroscopia

electronica de pérdidas de energia (EELS)

El andlisis EDX es un procedimiento estdndar para identificar y cuantificar la
composicion elemental de areas de muestras de tamafio micrométrico. El catalizador se
bombardea con un haz de electrones, el cual excita un electron de una capa interna
expulsandolo de su o6rbita y haciendo que uno de los electrones de un nivel energético
superior pueda ocupar el hueco liberado. Durante este proceso se emite un fotén de
rayos X que es detectado y clasificado en funcion de su energia, registrando todo el
espectro simultdneamente y permitiendo el analisis cualitativo de la composicion de la
muestra, ya que cada elemento de la tabla periddica emite en una longitud de onda
caracteristica. Se puede realizar tanto un analisis cualitativo como cuantitativo,
determinando la cantidad de cada elemento presente en la muestra en base al nimero de

fotones emitidos a cada energia. [Bertin, 1978].

Por su parte, se considera que EELS es una técnica complementaria a la de EDX.
Mientras que en EDX se destaca la identificacion de la composicion atomica de un
material, mediante EELS es posible, ademas, tener informacion acerca del enlace
quimico, las propiedades electronicas de las bandas de valencia y de conduccion, las
propiedades superficiales del material y las funciones de distribucion de pares de
elementos especificos [Ahn, 2006].

En este trabajo se determind la composicion de los catalizadores de Pt y Pt-Sn
soportados sobre carbono mediante el uso de un microanalizador de energias dispersivas
de rayos X Oxford Instruments Microanalysis Group 6699 ATW, acoplado a un

microscopio electronico de barrido Jeol JSM 6300. Los mapeos mediante la técnica
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EELS para las particulas cubicas de Pt-Sn se realizaron mediante el microscopio de
transmision FEI Titan Themis S/TEM operado a 300kV y equipado con un

espectrometro Gatan GIF Tridiem.

3.4.2.2 Difraccion de rayos X (XRD)

En la difraccion de rayos X se hace incidir un haz de estos rayos sobre un cristal
contenido en la muestra a analizar. Este cristal permite que el haz se escinda en varias
direcciones, en funcién a la agrupacién atémica en la celdilla unidad del mismo,
devolviendo, por difraccion, un patron de intensidades acorde a la estructura atobmica del

cristal, cuya interpretacion sigue la ley de Bragg [Surynarayana, 2013].

Esta técnica permite conocer al detalle la estructura, cristalinidad, espaciamiento
de red y tamafio de cristalita de las nanoparticulas metalicas soportadas sobre materiales
carbonosos. El tamafio promedio de cristalita de los catalizadores de Pt y Pt-Sn se
calculé a partir del ensanchamiento y posicion del pico (220), caracteristico de la
estructura cubica centrada en las caras (fcc) del Pt, y de la ecuacion de Scherrer
(ecuacion 3.2) [Perego, 1998]:

0.942
dp, = ——— 3.2
Pt Bzzorosfz3p (3:2)
donde dp, es el tamafio de cristal promedio, 4 es la longitud de onda de la radiacion, £,y
es la anchura de pico a media altura, obtenida del ajuste del pico a una funcion pseudo-
Voigt mediante el algoritmo de Marquardt [Marquart, 1963] y corregida la contribucion

del equipo, y 6,5 €s el valor del &ngulo de difraccién del pico.

Ademas, mediante el mismo pico es posible calcular el pardmetro de red (as)

mediante la ecuacion 3.3:

Y24
af['[‘ = — (33)

SQ‘HEEZ“

En este trabajo los difractogramas de rayos X se obtuvieron con un difractémetro

Panalytical X’Pert con un haz de Cu-Ko operando a 40 kV y 30 mA.
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3.4.2.3 Espectroscopia fotoelectronica de rayos X (XPS)

La espectroscopia fotoelectronica de rayos X (XPS) se basa en la excitacién de los
niveles energéticos mas internos de los 4&tomos mediante un haz de rayos X. Esta
excitacion provoca la emision de fotoelectrones que proporcionan informacién acerca
de la naturaleza de cada a&tomo emisor, pudiendo dilucidar asi el estado de oxidacién y
el entorno quimico de un atomo determinado basdndose en el denominado efecto
fotoeléctrico [Watts, 2003]. Dichos electrones son conducidos hasta un espectrometro
donde se analizan, permitiendo obtener el espectro fotoelectrénico de rayos X de la

muestra analizada, el cual relaciona la intensidad con la energia de enlace.

El espectrometro mide concretamente la energia cinética (Ec) del electron emitido,
aungue esta energia depende de la fuente de rayos X empleada para irradiar la muestra,
es decir, dicha energia cinética no es una propiedad intrinseca del material. Por ello, es
necesario definir la energia de enlace del electron fotoemitido (Eg) en términos del
elemento del cual procede y de su nivel energético mediante la siguiente ecuacion,

donde ¢s es la funcion trabajo del espectrometro y hv es la energia del foton incidente:
Eg=hv - Ec- ¢s (3.4)

La radiacion incidente empleada para la fotoexcitacion electrénica requiere
longitudes de onda propias de los rayos X, lo que implica una penetracion en el material
entre 1 y 10 um, con lo que se trata de una técnica que permite Unicamente el analisis
superficial de la muestra. Los electrones que son fotoemitidos y eyectados de las capas
internas de los &tomos recorren un camino medio de 0,5 a 4 nm, constituyendo los picos
caracteristicos del espectro. Por otra parte, aquellos que sufren choques inelasticos y se
dispersan, generan el denominado background del espectro, reproduciendo, de manera
bastante exacta, la estructura electronica del elemento en cuestion, siendo Unicamente
los electrones con una energia de enlace menor a la energia del foton irradiado los que

aparecen en dicho espectro [Watts, 2003].

En la presente Tesis Doctoral se empled un espectrometro Escalab 250 equipado
con un &nodo dual de Al-Mg y una radiacion monocromatica de Al Ka (hv = 1486.6
eV) con un tamafio de haz de 650 um. Los espectros se registraron en modo de energia

de analizador constante (CAE), con una energia de paso de 20 eV y una resolucion de
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energia alrededor de 0,1 eV. Se utiliz6 una cdmara de ultra alto vacio a una presion

menor de 9,0 x 10”° mbar.

3.4.2.4 Microscopia electronica de transmision (TEM)

En la microscopia electronica, se bombardea una muestra con un haz finamente
enfocado de electrones monocromaticos finamente enfocados. Estos electrones se
centran, a través de un complejo sistema de campos electromagnéticos que actiian como
lentes, hacia una region particular de la muestra. Los productos de la interaccion del haz
de electrones incidente con la muestra se detectan y transforman en una imagen [Carter,
2009].

Dependiendo de la fuerza de interaccion, los electrones se dispersan débil o
fuertemente por la muestra. Si la muestra es suficientemente delgada (hasta 200 nm de
espesor) y la trayectoria del haz cambia en menos de un grado, se dice que un electron
se transmite, dando lugar a la denominada microscopia electronica de transmision
(TEM).

La gran profundidad de enfoque de la microscopia electrénica en combinacion
con una muestra cristalina adecuada, orientada a lo largo del eje de incidencia, permiten
que sea posible conseguir dimensiones atémicas, obteniendo iméagenes TEM de alta
resolucion (HRTEM).

La microscopia electronica de barrido y transmision (STEM), por su parte,
funciona enfocando el haz de electrones en un punto estrecho que se escanea sobre la
muestra mientras se recogen las sefiales deseadas para formar una imagen [Yao, 2005].
En este modo se captan los electrones transmitidos, y en funcion de que éstos sean
dispersados por la muestra 0 no, es posible captar imagenes de campo 0scuro y campo
claro. Esta técnica se utiliza sobre todo junto al EDX para realizar analisis de la

presencia de elementos quimicos por zonas, puntuales, de linea y mapeados.

Por otro lado, en el modo de campo brillante (BF), las regiones de la muestra que
transmiten electrones aparecen brillantes mientras que las que se dispersan aparecen
oscuras. En el campo oscuro (DF), por su parte, este esquema de contraste se invierte.

Mediante el uso de un STEM con detector de campo oscuro anular de alto angulo
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(HAADF) (un detector STEM con un radio interior grande), se recogen los electrones
que no son dispersados por ley de Bragg. Como tales imagenes HAADF-STEM
muestran pocos o ningun efecto de difraccion, su intensidad es aproximadamente
proporcional a Z?, siendo Z el nimero atémico del &tomo. Cuanto mayor sea la Z del
atomo, mayor serd la pérdida de energia cuando un electron rebote de él. Los atomos
con Z altos aparecen brillantes ya que se dispersan mas fuertemente. Los 4&tomos con Z
bajos se dispersan débilmente y aparecen mas oscuros. Por lo tanto, usando este método
de contraste Z es posible detectar los cambios en la quimica en la escala sub-

nanomeétrica [Nan Yao, 2005]

El microscopio de transmision utilizado para observar los catalizadores de Pt y Pt-
Sn sin forma controlada, soportados sobre materiales carbonosos, fue un JEOL JEM

2100 de 200 kV con un cafidn de electrones de LaBg y una resolucion de 0,23 nm.

Por otro lado, las imagenes TEM de las nanoparticulas cubicas de Pt-Sn fueron
tomadas haciendo uso del equipo Tecnai F20 equipado con un detector de rayos X
Oxford X-Max de 80 mm? operando a 200 kV.

3.5 Caracterizacion por técnicas electroguimicas

Para los estudios electroquimicos realizados en este trabajo se emple6 una celda
electroquimica de tres electrodos conectada a un potenciostato. A continuacion se
describen detalladamente cada uno de los componentes utilizados para la realizacion de
dichas medidas y se describen aspectos tedricos que ayudan a comprender las
experiencias realizadas durante esta Tesis Doctoral.

3.5.1 Potenciostato

Se han utilizado los potenciostatos-galvanostatos AUTOLAB (Eco Chemie)
PGSTAT302 y PGSTAT30, que permiten controlar el potencial del electrodo de trabajo
con respecto al electrodo de referencia y medir la respuesta de corriente eléctrica que

circula por él.
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3.5.2 Celda electroquimica

La celda electroquimica consiste en una celda de vidrio con seis bocas
esmeriladas en las que se introdujeron el electrodo de trabajo, el electrodo de referencia,
el contraelectrodo, el burbujeador de gases, el tubo de salida de disolucion, asi como

una trampa para la salida de gases (Figura 3.3).

‘
Electrodo

de referencia

\

—— Burbujeador de

! gases

[ B =3
Salida ‘ i R
disolucién :

/'. A 4
Electrodo —

LS
de trabajo ’ Contraelectrodo

Figura 3.3. Celda electroquimica de seis bocas

Como electrodo de referencia se empled un electro reversible de hidrégeno
(ERH), el cual esta constituido por un tubo de vidrio sellado por un extremo, con un
alambre de Pt en su interior y relleno de la disolucién de electrolito soporte. Antes de
cada experiencia se genera una burbuja de hidrégeno mediante electrolisis y el electrodo
se introduce en un capilar Luggin, permitiendo el contacto del electrodo con la
disolucion del electrolito soporte durante toda la experiencia. Todos los datos de
potencial presentados en este trabajo estan referidos a este electrodo de referencia.

Por otro lado, el material utilizado como contraelectrodo para los experimentos
con catalizadores soportados sobre materiales carbonosos fue carbén vitreo de elevada
area superficial, mientras que para los experimentos con monocristales de platino se

empled un hilo de Pt de alta pureza (99.999 %).

A continuacion se describen los diferentes electrodos de trabajo utilizados.
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3.5.2.1 Electrodos monocristalinos de Pt

Se emplearon electrodos monocristalinos de Pt(111), Pt(100) y Pt(100) preparados
por fusion y posterior cristalizacion lenta de un alambre de Pt de alta pureza que,
después de un enfriamiento cuidadoso, se corté y pulié siguiendo el procedimiento
descrito por Clavilier en la década de los 80 [Clavilier, 1980]. Tras el pulido se obtiene
una superficie con calidad "acabado a espejo”. A continuacion, el cristal se recuece en
una llama de combustible-aire durante aproximadamente 20 min, con el fin de
reorganizar la capa externa de atomos que resulta muy afectada tras el proceso de

pulido.

Ademas, los electrodos monocristalinos deben descontaminarse antes de cada
experimento electroquimico. Para ello se emple6 el método de recocido a la llama. La
temperatura alcanzada en este proceso es suficientemente alta como para oxidar todas
las especies adsorbidas sobre el electrodo, produciendo al mismo tiempo la
reorganizacion de los &tomos en la superficie. Después, el cristal se traslada a un balén
donde se hace fluir una mezcla reductora hidrdégeno/argon (1:3), se deja enfriar en esta
atmosfera y se sumerge en agua ultrapura, dentro del mismo balon, con el fin de
proteger con la gota de agua el electrodo durante su traslado hasta la celda

electroquimica.

35.2.2 Electrodos soportados sobre materiales carbonosos

Para preparar los catalizadores soportados sobre materiales carbonosos como
electrodos de trabajo se utilizo la técnica de electrodo de capa ultrafina [Schmidt, 1998],
que consiste en la preparacion de una alicuota (20 pL) de una mezcla homogénea de 2,0
mg del catalizador, 500 pL de agua Milli-Q y 15 pL de Nafion®, que posteriormente se

deposita sobre un disco de carbén vitreo pulido y se deja secar en atmasfera inerte.
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3.5.3 Aspectos teodricos de las técnicas electroquimicas aplicadas
3.5.3.1 Voltamperometria ciclica (VC)

Esta técnica es probablemente la méas utilizada para la caracterizacion
electroquimica de cualquier tipo de material. Se basa en la aplicacion de un barrido de
potencial al electrodo de trabajo, registrando el cambio de corriente experimentado tras
el potencial aplicado. El barrido se realiza normalmente entre dos potenciales y cuando
se alcanza el potencial final la direccion de escaneado se invierte hacia el potencial
inicial.

Cuando el barrido se inicia hacia potenciales positivos (0 <t < 1), la variacion del

potencial con el tiempo se expresa mediante la siguiente ecuacion:

E=Ei+ut (3.5)
y para el barrido negativo (t > 1):

E=Ei+vt—vt (3.6)

donde E; es el potencial inicial, v la velocidad de barrido de potencial (dE/dt), t el

tiempo transcurrido y T el tiempo de inversion del potencial.

La Figura 3.4(a) muestra la representacion E-t, aunque la forma més comin de
representar los resultados de voltamperometria ciclica (VC) es en forma de curvas i-E,
Ilamadas voltamperogramas ciclicos (Figura 3.4(b)). En un experimento VC, se pueden
registrar una o varias exploraciones consecutivas, dependiendo de la informacion

requerida.

E (<) — /

(a) (b)

Figura 3.4. Representacion de las curvas (a) E-t, (b) I-E [Bard, 1980]
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A medida que aumenta la velocidad de barrido disminuye la influencia de los
procesos controlados por el transporte de materia que condicionan las respuestas
estacionarias del sistema y se ponen de manifiesto los procesos controlados por

transferencia de carga [Bard, 1980].

3.5.3.2 Cronoamperometria

La cronoamperometria evalla como varia la corriente eléctrica en funcion del
tiempo, a un valor de potencial fijo, tras la aplicacion de un salto de potencial sobre el
sistema. El salto de potencial, normalmente, se aplica desde un potencial inicial (E;), en
el cual no existen corrientes faradaicas, hasta otro potencial final (Ef) donde la corriente
que circula corresponde a un comportamiento difusional del sistema, descrito por la
ecuacion de Cottrell [Bard, 1980]:

1/2 .
iq(t) = ﬂ:ﬁzutiazu (3.7)
siendo i ,(t) la corriente limitada por difusion de la especie electroactiva involucrada en
la reaccion a un tiempo t, n el nimero de electrones intercambiados durante la reaccion,
Do el coeficiente de difusion de la especie electroactiva y € la concentracion de esta

especie en el seno de la disolucion.

Al potencial E; la concentracion en la superficie de la especie electroactiva es
cero, pero tras aplicar el salto de potencial hasta un potencial Es, la concentracion en la
superficie pasa a ser mayor que cero, obteniéndose una variacién de corriente en

funcién del tiempo (Figura 3.5).

E
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—_——. E I
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0 r 0 T !
(a) (B)

Figura 3.5. a) Representacion de la aplicacion de saltos de potencial en una serie de experimentos;

b) respuesta i-t correspondiente a la aplicacién de los diferentes saltos de potencial
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3.5.4 Aspectos experimentales de las técnicas electroquimicas aplicadas

Tras el montaje de la celda electroquimica descrita en el apartado 3.5.2, con el
correspondiente electrodo de referencia y contraelectrodo, el electrodo de trabajo se
introdujo en una disolucion del electrolito soporte desoxigenada previamente con gas
inerte para eliminar el oxigeno. Como electrolito soporte se emple6 tanto una disolucion
de hidréxido de sodio (NaOH) de concentracion 0,1 M (pH = 13) como una disolucién
de &cido sulfurico (H2SO4) de concentracion 0,5 M (pH = 0). El uso de electrolitos
soporte a diferentes pH permitié analizar la influencia del pH sobre las reacciones a

estudiar.

Previamente a cada experimento electroquimico con catalizadores soportados se
realiza un proceso de activacion electroquimica por VC, con el fin de oxidar posibles
impurezas en la superficie del catalizador. Este proceso consiste en la aplicacion de
sucesivos ciclos de potencial a 200 mV/s entre 0,05 V (potencial de inicio de la reaccion
de evolucion de hidrégeno), hasta un potencial donde no se produce pérdida del material
catalitico por disolucion del mismo o agregacién de las nanoparticulas, pero
suficientemente alto como para oxidar las impurezas presentes en la superficie del
catalizador. Este mismo rango de potenciales se utiliza para los experimentos de
electrooxidacién de etanol y mondxido de carbono.

3541 Estudio de la electrooxidacion del CO adsorbido sobre Pt

El estudio de la oxidacién del CO adsorbido sobre Pt nos da informacion acerca
de la tolerancia del catalizador a esta molécula, es decir, permite establecer qué
potencial es necesario aplicar al sistema para poder oxidar el veneno adsorbido sobre la
superficie. Para llevar a cabo los experimentos de oxidacion del CO se siguieron los

siguientes pasos:

¢ En primer lugar se burbujeé CO dentro de la celda electroquimica y se fijé un
potencial constante a un valor por debajo del potencial de inicio de su
oxidacion. En todos los experimentos de oxidacion del CO en esta Tesis
Doctoral se fijo un potencial de adsorcion Eag = 0.07 V, donde existe

Gnicamente hidrogeno adsorbido sobre Pt.
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¢ Se mantuvo este potencial el tiempo suficiente (10 min aproximadamente) con
CO en disolucion para asegurar el méximo recubrimiento de CO sobre la
superficie de Pt.

¢ Pasado este tiempo se desplaz6 el CO remanente en la disolucion con (unos 20-
30 min).

¢ Finalmente, se registrd la VC entre 0,05 V y 1,00 V a 20 mV/s. En el primer
barrido se registran las corrientes generadas por la oxidacion de la molécula
adsorbida de CO a CO2 y en los sucesivos barridos se recobra el perfil
voltamperomeétrico de la superficie antes de adsorber CO. De esta manera es
posible saber si se ha eliminado todo el CO de la disolucion. Sin embargo, a
veces se observan cambios con respecto al perfil inicial, los cuales no se deben
a restos de CO en la disolucion y pueden estar originados por alteraciones
superficiales en la morfologia y/o en la composicion del catalizador debido a la
fuerte adsorcion del CO sobre la superficie de Pt, por lo que es importante

repetir la experiencia.

3.54.2 Estudios de la ROE

Para estudiar la ROE sobre los diferentes catalizadores estudiados, se afiadié la
cantidad de etanol necesaria sobre el electrolito soporte, desoxigenado con anterioridad,
hasta conseguir una concentracion final 1 M de etanol.

Se introdujo la disolucion dentro de la celda electroquimica vy se realiz6 una VC
entre los rangos de potencial mencionados en el apartado 3.5.4 a una velocidad de
barrido de 20 mV/s, asi como una cronoamperometria, con un salto de potencial desde
un valor donde no hay corrientes de oxidacién de etanol (Ei = 0,05 V) a un potencial
similar al potencial de trabajo de una pila de combustible (E = 0,50 V). La VC se realiz6
con el fin de estudiar la electroactividad de los catalizadores para la ROE en términos de
corriente a tiempos cortos de reaccion, mientras que la cronoamperometria permitio
conocer como de rapido se desactiva el catalizador debido a la adsorcion de venenos

formados durante la ROE sobre el catalizador [Pastor, 1994].
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3.6 Caracterizacion por técnicas espectroelectroquimicas

3.6.1 Aspectos tedricos de las técnicas espectroelectroquimicas

En esta Tesis Doctoral se ha hecho uso de la espectroscopia de infrarrojo por
transformada de Fourier in situ (FTIRS) adaptada a estudios electroquimicos in situ y la
espectrometria de masas diferencial electroquimica (DEMS). Estas técnicas
espectroelectroquimicas, complementarias a la técnicas electroquimicas convencionales
ya descritas anteriormente, se utilizaron con el fin de investigar acerca de los
intermediarios y productos volatiles y adsorbidos formados durante la ROE,
permitiendo conocer importantes aspectos acerca del mecanismo de dicha reaccion

sobre catalizadores de Pt y Pt-Sn.

3.6.1.1 Espectroscopia de infrarrojo por transformada de Fourier in
situ (FTIR)

La espectroscopia vibracional infrarroja se basa en el analisis de la informacion
vibratoria contenida en un haz de IR que interactia con una muestra. Se aplica para
identificar especies generadas sobre la superficie de un electrodo o en la disolucion. En
particular, la espectroscopia infrarroja es una técnica muy Util para la caracterizacion
interfacial, ya que las energias tipicas de los modos vibracionales de las moléculas
adsorbidas en los procesos electroquimicos involucrados en las pilas de combustible
tipo DEFC, estan dentro de la region de longitud de onda del IR medio (4000-400 cm'Y).
Su aplicacion esta limitada por el tipo de especies IR implicadas, ya que so6lo las

transiciones de moléculas con un momento dipolar dinamico (p) son activas [Li, 2012].

El ndcleo del analisis de la informacion es la aplicacion de una operacion
matematica, en concreto la transformada de Fourier, a la sefial (interferograma) que
llega al detector. EI procesamiento de la sefial da como resultado un espectro que
representa la fraccion de radiacion IR absorbida (% A) o transmitida (% T) en funcion
de la energia vibratoria (expresada en términos de frecuencia o nimero de onda). Esta

energia vibratoria es caracteristica de cada enlace quimico, proporcionando asi la
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identificacion de las especies implicadas que tienen modos de vibracion activos en el
intervalo IR [Lindon, 2016].

Hay varias maneras de realizar experimentos FTIR, cada una basada en los
diferentes modos de interaccion del haz con la muestra (Figura 3.6) [Ashley, 1988]:

a) Transmision: el haz IR viaja en una trayectoria recta a traveés de la muestra.

b) Reflectancia difusa (DRIFT): la luz IR de una muestra se refleja y se transmite

con diferente intensidad dependiendo de las propiedades del material.

c) Reflectancia total atenuada (ATR): el haz esta orientado para que se refleje en

la interfaz entre el prisma y el medio donde se encuentra la muestra.

d) Reflexidon-absorcion (FTIRRA): el haz IR se refleja en el plano exterior de un
metal. Permite investigar capas delgadas de las moléculas de interés adsorbidas

sobre esa superficie.

b)ﬁ c)! d);\

Figura 3.6. Diferentes modos de experimentos FTIR: a) transmision, b) reflectancia difusa, c)

a)

reflectancia total atenuada y d) reflexion-absorcion

Con respecto a FTIRRAS, es posible realizar  experimentos
espectroelectroquimicos in situ utilizando modos de reflexion interna o externa. En el
modo de reflexién interna, la ventana IR se utiliza como sustrato para depositar una
pelicula metélica delgada que acta como electrodo de trabajo y la penetracion del haz
IR en la interfaz entre la superficie y la disolucion esta limitada a una fraccion de
micrén [Osawa, 1997; Ataka, 1998; Rodes, 2003; Wandlowski, 2004]. Las limitaciones
principales de este modo experimental estan relacionadas con la estabilidad de los
electrodos de pelicula delgada y el control de la estructura superficial [Wandlowski,
2004; Osawa, 1997].
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En la configuracion de reflexion externa, la superficie del electrodo se empuja
contra una ventana de infrarrojos con un indice de refraccion bajo, de tal manera que el
espesor de la capa de disolucion muestreada por la radiacion se reduce a unas micras
[Greenler, 1966]. La mayor desventaja en el método de reflexion externa radica en la
alta resistencia eléctrica en la disolucién comprendida en la capa delgada, debida a
condiciones de transporte de masa impedidas, y la interferencia producida por la
absorcion infrarroja del disolvente. Para evitar este problema, los espectros se toman
generalmente a dos potenciales y luego se restan para eliminar las contribuciones del
disolvente. Ademas, se registran varios espectros (entre 100 y 200) y se toma el
promedio total de todos ellos para minimizar las sefiales de ruido aleatorias y obtener el
espectro final. Los experimentos de reflexion externa son muy Utiles, ya que permiten la
deteccidn espectroscopica del consumo y/o la formacion de reactivos o intermedios,
permitiendo la deteccion de cantidades, incluso a niveles por debajo de una monocapa,
de especies en la interfase electrodo-electrolito. Ademas, esta configuracion también se
adapta al uso de electrodos monocristalinos o incluso nanoparticulas depositadas sobre

una superficie reflectante.

FTIRRAS se basa en el andlisis de la intensidad de la reflexion desde la superficie
metalica, en contacto con una disolucién, en funcién del nimero de onda de la radiacion
incidente. La absorcién de la radiacion ocurre por parte de las especies en la superficie
metalica y de las moléculas que coinciden en la trayectoria del haz [Greenler, 1966]. La
absorcién del haz por parte de las moléculas viene dada por la interaccion del campo

eléctrico del mismo y el momento dipolar dindmico de las moléculas.

La onda electromagnética incidente consta de dos componentes: paralela y
perpendicular a la superficie. En este sentido, el haz de luz infrarroja puede polarizarse
en un plano perpendicular a la superficie del electrodo (luz polarizada “s”) o en un
plano paralelo a la superficie (luz polarizada “p”’) (Figura 3.7). La regla de seleccién de
la superficie, que se aplica a las moléculas adsorbidas sobre ella, establece que solo las
vibraciones con un componente del momento dipolar dinamico alineado perpendicular
al plano de la superficie pueden interactuar con la luz polarizada “p”. Por lo tanto, la luz
polarizada “p” contendra informacion sobre las especies presentes tanto en la superficie

como en la capa delgada de disolucion entre el electrodo y la ventana, mientras que con
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[YP=2]
S

la polarizacion solo son visibles las bandas resultantes de las vibraciones de las

especies en disolucion.

a)

Figura 3.7. a) Reflexion de luz “s” (perpendicular) y b) “p” (paralela) sobre una superficie conductora

La variacion del potencial aplicado sobre el electrodo entre dos valores (E1 y Ez2)
produce cambios en las bandas de IR, proporcionando informacion sobre las especies
adsorbidas, productos intermedios generados y productos de desorcion de la superficie
del electrodo, asi como del sistema electrolitico circundante durante el proceso
catalitico. Normalmente, se selecciona un potencial constante (E1) como referencia y el
otro potencial (E2) se hace variar a lo largo del rango de interés. En la préactica, la sefial
infrarroja se mide como un cambio en la reflectividad de la superficie del electrodo
(AR), definido a partir de la reflectividad en presencia (R) y en ausencia (Ro) de la

especie que adsorbe la radiacion, segun la siguiente ecuacion [Hansen, 1968]:

A= (3.8)

En esta Tesis Doctoral se ha utilizado la técnica FTIRRAS en su configuracion de

reflexién externa.

3.6.1.2 Espectrometria de masas diferencial electroquimica (DEMS)

Mediante DEMS es posible la deteccion de los productos e intermedios volatiles y
gaseosos generados durante la reaccion electroquimica de estudio. Esta técnica acopla
un espectrometro de masas a una celda electroquimica, de manera que las especies
volatiles/gaseosas que se forman en el transcurso de la reaccion en la celda

electroquimica son captadas por el sistema de vacio y aceleradas hacia el espectrometro,
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donde las especies formadas se detectan en funcion a su relacion masa/carga. De esta
forma se puede relacionar la corriente ionica, originada por una determinada especie y
medida con el espectrometro, con la corriente faradaica obtenida en el potenciostato. Se
detectan asi las especies volatiles o gaseosas formadas durante una voltamperometria
ciclica a la vez que estan siendo generadas en la celda electroquimica, con una gran

sensibilidad y con un tiempo de respuesta corto.

El primer autor en sugerir la idea de conectar una celda electroquimica a un
espectrometro de masas fue Bruckenstein [Bruckenstein, 1971]. Sin embargo, no fue
hasta 1982 cuando Wolter y Heibaum desarrollaron el acoplamiento de las dos técnicas
por medio de un sistema de vacio empleando dos bombas turbomoleculares [Wolter,
1984]. En este sistema, la primera camara de vacio elimina la mayoria de gases que
entran en el sistema, mientras que el resto de los gases atraviesan la segunda camara

para llegar al detector.

Posteriormente surgioé la idea de depositar metales nobles sobre una membrana
hidréfoba de teflon, de tal forma que las especies generadas durante la reaccion llegan a
la camara de ionizacion, son detectadas y se eliminan rapidamente, permitiendo una

deteccidn de las especies de forma casi simultanea a su formacién [Wolter, 1984].

Sin embargo, la velocidad de barrido a la que se puede realizar la
voltamperometria ciclica para que no haya un desfase de tiempo entre la corriente
faradaica, registrada por el potenciostato, y la corriente i6nica, medida en el
espectrometro, viene limitada por el recorrido de las especies desde la membrana de
teflon en el electrodo de trabajo hasta el detector, que es caracteristico para cada sistema

de DEMS (al no ser un sistema comercial).

La intensidad de la sefial de masas ofrece detalles con respecto a las especies que
estdn formandose en la superficie del electrodo (siempre y cuando sean volatiles o
gaseosas), pudiendo considerarse las corrientes faradaicas obtenidas en la VC como la
respuesta global de todas las especies involucradas en la reaccién detectadas en el
espectrometro de masas. Mediante la seleccion de la relacion carga/masa apropiada de
las especies que se detectan en el espectrometro, es posible la obtencion de un
masograma ciclico (MSVC), el cual relaciona la intensidad idnica de asociada a las

masas generadas durante la reaccion frente al potencial.
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Para poder realizar un analisis cuantitativo adecuado de los resultados obtenidos a
partir del DEMS, se debe calibrar el equipo con respecto a la sustancia analizada,
teniendo en cuenta que existe una relacion entre la corriente ionica y la corriente
faradaica producida a partir de las reacciones electroquimicas que suceden en el
electrodo. Asi, la eficiencia hacia la produccion de CO. en la ROE sobre Pt y sus
aleaciones puede establecerse facilmente por esta técnica. Para ello es necesario
determinar la constante para este compuesto mediante un experimento de oxidacion del
CO adsorbido sobre Pt descrito anteriormente (Seccion 3.5.4.1). El Unico producto de la
reaccion es CO», y por lo tanto, es posible relacionar la corriente idnica para la sefial
registrada en el MSVC, correspondiente a la relacién masa-carga m/z = 22 ([CO2]"),
con la corriente faradaica en el VC, de acuerdo con la siguiente expresion:

Q%

KE 0: =2 - (3 . 9)
Qf

donde K®®: es la constante de calibracion, Qi®®: es la carga ionica obtenida al integrar la
sefial del CO2 (m/z = 22), Qi“° la carga faradaica generada al oxidar el CO aCO.y 2 es

el niUmero de electrones intercambiados en la oxidacion de una molécula de CO.

De esta forma, una vez tenemos el valor de K%z del experimento anterior, es
posible calcular la eficiencia de conversién de la molécula de etanol a CO» durante la

ROE mediante la ecuacion:

EED:_ E*QI co:

KO0 =Qff @3-10)

donde @f7 corresponde a la carga faradaica producida durante la ROE.
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3.6.2 Aspectos experimentales de las técnicas de caracterizacion

espectroelectroquimicas

3.6.2.1 In situ FTIRS

Esta técnica se empled en el estudio de la oxidacién del CO adsorbido y la ROE
sobre catalizadores de Pt y Pt-Sn soportados sobre materiales carbonosos. Los
experimentos se realizaron en un espectrofotdmetro de la marca Bruker, modelo Vector
22, equipado con una fuente laser He/Ne, un detector MCT (mercurio-cadmio-teluro) y
un polarizador constituido por una rejilla de 0,12 pum de ancho de aluminio sobre un
sustrato de talio (KRS-5), el cual permite trabajar con luz polarizada paralela “p” y
perpendicular “s” al plano de incidencia. Todos los experimentos se realizaron en medio
acido, empleando una disolucion 0,1 M de HCIO4, en vez de H2SOs, como electrolito
soporte, para evitar que las posibles bandas atribuidas a sulfatos adsorbidos sobre Pt en
el espectro IR, puedan interferir en la interpretacion de otras bandas obtenidas durante

los experimentos de ROE y oxidacion del CO adsorbido.

El banco dptico empleado para estas medidas consta de dos espejos de oro que
permiten la desviacion del haz IR de forma que la celda electroquimica quede situada
verticalmente sobre la cAmara de muestra del espectrometro de IR, manteniendo el
angulo de incidencia de la radiacion sobre la superficie del electrodo proximo al valor
Optimo (entorno a 85 ©). La plataforma que sustenta la celda se fija al soporte de los
espejos con el fin de evitar tener que ajustar la dptica en cada medida. Ademas, la
camara viene sellada con una tapa especialmente disefiada para evitar que entren vapor
de agua y diéxido de carbono, que puedan interferir en las medidas. La parte inferior de
la celda se sella con un prisma de CaF transparente a la radiacion IR, que permite

trabajar en el rango de nimero de onda entre 4000 y 1000 cm™.

La celda empleada incorpora también una boca de entrada y otra de salida de
disolucién, que permite su cambio bajo control de potencial. De esta forma es posible
estudiar la adsorcion irreversible de especies organicas durante la ROE. La celda
también dispone, como en una celda convencional, de bocas que permiten acoplar un
contraelectrodo, un capilar de luggin para el contacto del electrodo de referencia con el

electrolito soporte, asi como otra boca central mas gruesa donde se introduce el
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electrodo de trabajo. Este Gltimo consiste en un tubo de 5 cm de alto con la superficie
interna esmerilada, donde se introduce un émbolo que contiene el electrodo de trabajo.
De esta manera, presionando éste contra el prisma situado en la parte inferior de la
celda, es posible trabajar en configuracion de capa delgada. La Figura 3.8 muestra el

montaje de la celda y los espejos empleados en el equipo de FTIR.

Entrada de
disolucion

Espejos

Figura 3.8. Montaje de la celda y los espejos empleados en el equipo de FTIR

Los espectros IR corresponden al promedio resultante de 128 barridos de
frecuencia con una resolucion de 8 cm™. Para estudiar los cambios en la distribucion de
especies en la superficie del electrodo de trabajo con el potencial, en primer lugar, se
registra un espectro Ro a un potencial en el cual no tiene lugar la reaccion de interés.
Este espectro se empleara como referencia para normalizar los sucesivos espectros
obtenidos a distintos potenciales. A continuacion, se aplican saltos de potencial de 0,05
V adquiriendo en cada uno de ellos los correspondientes espectros IR, lo que permite
seguir la reaccion en el rango de potencial de estudio. Estos espectros se normalizan con
respecto al espectro Ro (R/Ro), obteniéndose como resultado una serie de bandas
positivas y negativas que corresponden a la formacion y consumo de especies en la
superficie del electrodo de trabajo, respectivamente. También pueden observarse bandas
bipolares generadas por la variacion de la frecuencia de vibracion de la especie con el
potencial aplicado, aunque en ocasiones aparecen bandas similares cuando tiene lugar el

consumo Yy produccion de especies muy proximas en nimero de onda.



3. Metodologia

3.6.2.2 DEMS

La configuracion de DEMS empleada en este trabajo ha sido desarrollada por el
Grupo de Ciencia de Superficies y Electrocatélisis de la Universidad de La Laguna. En
esta configuracion, la sonda de un espectrometro de masas comercial Omnistar Pfeiffer-
Vacuum (detector Prisma QMS 200) se adapta al electrodo de trabajo. Este ultimo
consistid en un disco de vidrio de carbono (7,0 mm de diametro exterior, SIGRADUR®
G) con una cavidad interna de 1,5 mm de didmetro, donde se colocé con precision una
membrana de PTFE (Goretex), permitiendo la deteccién de productos volatiles y
gaseosos e intermedios generados en las reacciones electroguimicas con excelente
sensibilidad (Figura 3.9). Se utilizé una célula electroquimica convencional y se adoptd
la configuracion de menisco que permitio la adquisicion simultanea de MSVCs y VCs

registrados a una velocidad de exploracion de 0,005 V s,

Espectrometro
de masas

RHE Contraelectrodo

/i Capilar de teflén
/ 0.3mm ID x 1.58 OD
Y Electrodo
de trabajo

Celda
Electroquimica

Capilar de teflon Vacio Membrana de teflén
0.3mm ID x 1.58 OD

Catalizador

soportado
o CH,0H
e HCOOH
®Co,

®co

Figura 3.9. Espectrémetro de masas comercial acoplado a una celda electroquimica y configuracién

del electrodo de trabajo
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En la actualidad existe un gran interés por la busqueda de nuevos sistemas
energéticos alternativos al uso de combustibles fosiles y basados en energias
renovables. Un claro ejemplo de este tipo de sistemas son las DEFC, que emplean
etanol como combustible, el cual puede obtenerse directamente a partir de la biomasa y
su oxidacion permite la obtencion de una gran cantidad de energia [Lamy, 2001; Leger,
2005]. Sin embargo, la principal limitacion de esta nueva tecnologia radica en el

desarrollo de catalizadores de bajo coste altamente eficientes para la ROE.

A pesar de que los catalizadores de Pt presentan una buena actividad para la ROE,
son muy caros y se inactivan muy rapido durante la reaccion [Souza, 2002; Iwasita,
1994], lo que hace necesario investigar sobre el desarrollo de nuevos catalizadores mas
baratos y eficientes. Para poder alcanzar este objetivo, la sintesis de nanoparticulas con
area superficial elevada, la combinacion de Pt con otros metales [Rizo, 2017; lanniello,
1999; Erini, 2014; Moraes, 2016], asi como el control de la estructura superficial del
metal noble, con el fin de exponer al etanol facetas altamente energéticas del cristal
[Figueiredo, 2015; Buso, 2016; Wei 2012], son tres aspectos importantes a tener en
cuenta. Sin embargo, la combinacién de estas tres propiedades no es para nada trivial.
En este sentido, aunque se ha demostrado que los catalizadores de Pt-Sn son los
catalizadores bimetalicos mas activos para la ROE y que esta reaccién es sumamente
sensible al plano cristalino del metal expuesto [Lai, 2009; Colmati, 2009; Buso, 2014;
Abd-El-Latif, 2010; Rizo, 2016], no es posible encontrar trabajos sobre la sintesis y
estudio de nanoparticulas de Pt-Sn para la ROE con forma controlada.

Con el fin de alcanzar este Ultimo objetivo, en este trabajo se abarca tanto el
estudio de la influencia de la estructura superficial del catalizador, utilizando
monocristales de Pt decorados con Sn, como la sintesis de nanoparticulas poliorientadas
de Pt-Sn para la ROE. Finalmente, la combinacion de ambos conocimientos adquiridos,
condujo a la preparacion de catalizadores de Pt-Sn con forma cubica, altamente

eficientes y estables para la ROE.

Los resultados obtenidos en esta Tesis Doctoral han dado lugar a una serie de
trabajos relacionados entre si (algunos de ellos ya publicados en revistas
internacionales, otros en fase de escritura/publicacion), cuya tematica se ha dividido en

tres grandes apartados.
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El primero de estos bloques abarca la sintesis de catalizadores de Pt-Sn soportados
sobre materiales carbonosos, dando lugar a la publicacion de tres articulos en el marco
de la colaboracion del Grupo de Ciencia de Superficies y Electrocatalisis de la
Universidad de la Laguna y el Grupo de Conversion de Combustibles del Instituto de
Carboquimica de la Agencia Estatal del Consejo Superior de Investigaciones Cientificas
(ICB-CSIC) en Zaragoza, establecida entre las directoras de la presente Tesis Doctoral.
Se estudia no sélo la influencia de la composicion de Pt-Sn en la ROE, sino también la

influencia del soporte carbonoso en el mecanismo de dichas reacciones.

El segundo de ellos lo conforma una publicacion correspondiente al estudio de la
ROE sobre monocristales de Pt decorados con Sn. Estos estudios fueron realizados en el
Grupo de Catalisis y Quimica de Superficies de la Universidad de Leiden (Holanda)
durante una de las estancias financiadas por el Ministerio de Economia, Industria y
Comepetitividad (MINECO) y permitieron conocer en detalle la influencia de la

estructura superficial del metal noble decorado con Sn en la ROE.

Para finalizar, se combinaron los conocimientos adquiridos en los estudios previos
con el fin de sintetizar y caracterizar nanoparticulas cubicas de Pt-Sn altamente activas
y estables para la ROE. Este Gltimo trabajo fue fruto de la colaboracion entre los Grupos
de la ULL y el ICB-CSIC con el Grupo de Electroquimica de Superficies de la
Universidad de Alicante y el Centro de Energia y Materiales de la Universidad de
Cornell (Estados Unidos), en el que se realizé la Gltima estancia contemplada en la beca
del MINECO.

A continuacion se expondran los logros mas relevantes de las investigaciones
realizadas en la presente Tesis Doctoral, que han dado lugar a las publicaciones que se

describen.
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4.1 Estudio de la reaccion de oxidacion de etanol y CO sobre

nanoparticulas de Pt y Pt-Sn soportadas sobre materiales carbonosos

4.1.1 Influencia del soporte carbonoso en la actividad de catalizadores de
Pt/C para la reaccion de oxidacion de etanol y monéxido de carbono

Ruben Rizo, David Sebastian, José Luis Rodriguez, Maria Jesus Léazaro, Elena
Pastor, “Influence of the nature of the carbon support on the activity of Pt/C
catalysts for ethanol and carbon monoxide oxidation”, Journal of Catalysis (2017)
348, p. 22-28

El estudio se centro en la electrooxidacion del etanol y el monéxido de carbono en
nanoparticulas de Pt soportadas sobre nanofibras de carbono, negro de carbén Vulcan
XC-7 y Vulcan tratado con nitrico y sulfdrico NSTa0.5. Independientemente del soporte
carbonoso empleado, se encontraron caracteristicas fisicoquimicas bastante similares,
incluyendo tamafio de particula y fases cristalinas. Mediante voltamperometria ciclica y
cronoamperometria se observd una mejora catalitica para la ROE del electrodo de Pt
sobre CNF que sobre Vulcan (Figura 4.1), siguiendo el siguiente orden:

Pt/VVulcan < Pt/Vulcan NSTa0.5 < Pt/CNF

El empleo de técnicas espectroelectroquimicas in situ, FTIRS y DEMS, permitio
identificar los productos e intermedios generados en la reaccion, tanto adsorbidos sobre
el catalizador como en disolucion. El catalizador soportado sobre CNF presentd una
mayor tolerancia al monoxido de carbono adsorbido en comparacion con Pt/Vulcan, con
una numerosa cantidad de sitios activos de Pt disponibles durante la ROE, lo que se

traduce en una mejora en la actividad electroquimica.
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4.1.2 Estudios espectroelectroquimicos para la reaccion de oxidacién de
mondxido de carbono y etanol sobre catalizadores de Pt/C, Pt-Sn 3:1/Cy
Pt-Sn 1:1/C

Rubén Rizo, Maria Jesus Léazaro, Elena Pastor, Gonzalo Garcia,
“Spectroelectrochemical study of carbon monoxide and ethanol oxidation on Pt/C,
PtSn (3:1)/C and PtSn(1:1)/C catalysts”, Molecules (2016) 21, p.1225-1237

Con el fin de obtener una mayor comprension sobre la influencia de Sn en la
oxidacion de mondxido de carbono y la ROE en medio acido, se realizé un estudio
espectroelectroquimico sistematico con los catalizadores de Pt-Sn (Pt-Sn 3:1 y Pt-Sn
1:1). La espectroscopia FTIR y la técnica de DEMS mostraron una disminucion del
COad adsorbido en forma puente (bridge CO) sobre Pt con la cantidad de Sn, asi como
una mayor tolerancia hacia dicha molécula. Con respecto al efecto de la composicion de
Pt-Sn sobre la ROE, se observd también un aumento de la actividad catalitica del
electrodo con la cantidad de Sn. Los analisis FTIRS y DEMS (Figura 4.2) indicaron que
la ruptura del enlace C-C tiene lugar a bajos potenciales y que el inicio de la ROE
ocurre al mismo valor de potencial, independientemente de la cantidad de Sn. Sin
embargo, la cantidad de productos procedentes de la ruptura del enlace C-C disminuye

con el aumento de Sn en el material catalitico.

Por lo tanto, se puede concluir que la alta actividad catalitica para la reaccién de
oxidacion de etanol en los electrodos de Pt-Sn se asocia, principalmente, a un aumento
en la tolerancia al CO y una mayor cantidad de productos tipo C2 con el contenido de
Sn.
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Figura 4.2. a) Voltamperometrias ciclicas y corrientes idnicas correspondientes a las masas m/z =44 y
m/z = 15 y b) espectros de FTIR a diferentes potenciales, sobre Pt/C, Pt-Sn 3:1/C y Pt-Sn 1:1/C en
CH3CH20H 1 M + H2S04 0,5 M a temperatura ambiente
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4.1.3 Disefio de catalizadores eficientes de Pt-Sn para la oxidacion de
mondxido de carbono y etanol en medio acido y alcalino

Rubén Rizo, David Sebastian, Maria Jesus Lazaro, Elena Pastor, “On the design of
Pt-Sn efficient catalyst for carbon monoxide and ethanol oxidation in acid and
alkaline media”, Applied Catalysis B: Environmental (2017) 200, p. 246-254

En este trabajo se explora la influencia tanto de la composicion de Pt-Sn como del
soporte carbonoso y el pH del electrolito de fondo, sobre la reaccién de oxidacion del
COad y la ROE en catalizadores de Pt-Sn soportados sobre materiales carbonosos. Para
ello se sintetizaron catalizadores de Pt-Sn mediante el método del acido formico (FAM),
con tres relaciones atomicas Pt:Sn (3:1, 1:1, 1:3), y soportados sobre diferentes
materiales carbonosos (CNF, Vulcan XC-72R y Vulcan NSTa0.5). Los catalizadores y
soportes carbonosos se caracterizaron mediante técnicas fisicoquimicas como XRD,
EDX, XPS, TEM y TPD.

En todos los catalizadores se observo una buena dispersién de las particulas sobre
el soporte, tamafios de particula similares (alrededor de 4-5 nm) y la presencia de dxidos
de estafio. La insercion de Sn favorecid el desarrollo de la fase cristalina PtsSn; y la

oxidacion de ambos metales en la superficie del catalizador.

Se estudié posteriormente la reaccion de oxidacion del etanol y el COaq Sobre
estos materiales, tanto en medio acido como alcalino, aplicando la voltamperometria
ciclica y la cronoamperometria. Las VCs mostraron menor actividad para Pt-Sn 1:3 que
para los catalizadores de Pt-Sn 1:1. Sin embargo, las corrientes estacionarias registradas
mediante cronoamperometria fueron similares para ambas formulaciones. Hay que
destacar el aumento de la relacion actividad/precio conseguido, teniendo en cuenta el
bajo contenido en metal noble del catalizador de Pt-Sn 1:3 y su alta actividad, superior

que para Pt puro.

Por otro lado, los materiales soportados sobre CNF fueron los que mostraron una
mayor tolerancia al mondxido de carbono y una mejor actividad catalitica hacia la ROE
(Figura 4.3).
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Ademas, como era de esperar, la actividad hacia la ROE de los electrodos en
medio alcalino fue superior que en acido sulfurico, lo que hace de estos catalizadores

buenos candidatos para su uso en pilas alcalinas de combustible de etanol directo.
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Figura 4.3. Voltamperometria ciclica para todos los catalizadores empleados en etanol 1 M a 20 mV s
y temperatura ambiente en H2S04 0,5 M (izquierda) y NaOH 0,1 M (derecha). Las corrientes estan
normalizadas por el &rea electroactiva del Pt obtenida a partir de los experimentos de oxidacion del
COad
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4.2 Estudio de la reaccibn de oxidacion de etanol sobre

monocristales de Pt decorados con Sn

4.2.1 Oxidacion de etanol sobre electrodos monocristalinos de Pt
modificados con Sn: Nuevas aportaciones al mecanismo mediante el

empleo de la espectrometria de masas electroguimica en linea

Rubén Rizo, Maria Jesus Léazaro, Elena Pastor, Marc Koper, “Ethanol oxidation
on Sn-modified Pt single-crystal electrodes: New mechanistic insights from on-line

electrochemical mass spectrometry”, ChemElectroChem (2016) 3, p. 2196-2201

En esta Seccion se investigd acerca de cémo influye la modificacion de
superficies monocristalinas de platino con Sn (Sn/Pt (111), Sn/Pt (100) y Sn/Pt (110))
en la ROE. En las tres superficies, la presencia de Sn a niveles menores de una
monocapa produjo un aumento en la electroactividad del electrodo de Pt. Se determind
el recubrimiento de Sn optimo en el que la actividad del electrodo era maxima para la
ROE, que resultd ser dependiente de la geometria superficial del Pt, siendo este valor
aproximadamente 0,60, 0,48 y 0,58 para Pt(100), Pt(111) y Pt(110), respectivamente.
De las tres superficies con recubrimientos de Sn Optimos, la superficie Sn/Pt(110)

presento la mayor actividad.

Por otro lado, aplicando la espectrometria de masas electroquimica se comprob6
que, tanto en Pt(111) como en Pt(110), la presencia de Sn favorece la oxidacién de
etanol hacia acetaldehido (Figura 4.4). Sin embargo, la posterior oxidacion de la
molécula de acetaldehido es sensible a la estructura superficial de Pt: en Pt (110) existen
sitios activos capaces de romper el enlace C-C de la molécula de acetaldehido para
formar CO, mientras que en Pt (111) dichos sitios no estan disponibles, favoreciéndose

la oxidacion incompleta de acetaldehido a &cido acético.
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Figura 4.4. VCs y MSVCs correspondientes a las masas m/z = 29, m/z = 44, m/z = 61 y m/z = 22
durante la ROE sobre Pt(111) y Sn/Pt(111) con recubrimiento de Sn 0,23 (izquierda) y sobre Pt(110) y
Sn/Pt(110) con recubrimiento de Sn 0,50 (derecha) en CHsCH20H 1 M + HCIO4 0,1 M a 1mV s
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4.3 Sintesis de nanocubos de Pt-Sn como catalizadores altamente

eficientes y estables para la reaccidn de oxidacion de etanol

4.3.1 Nanocubos de Pt-Sn altamente eficientes y estables para la reaccion

de oxidacion de etanol

Rubén Rizo, Rosa M. Aran-Ais, Elliot Padgett, David A. Muller, M2 Jesus Lazaro,
José Solla-Gullon, Juan M. Feliu, Elena Pastor, Héctor D. Abruia, “Pt-Sn
nanocubes as highly active and stable electrocatalysts for ethanol oxidation

reaction”, Nature Materials (2016) en preparacion

Como se ha comprobado anteriormente, la presencia de Sn mejora la actividad de
los catalizadores de Pt para la ROE vy la estructura superficial del catalizador influye, en
gran medida, sobre el mecanismo de dicha reaccion. La sintesis de nanoparticulas de Pt-
Sn con forma definida permitié obtener catalizadores con alta actividad y estabilidad
para la ROE. Las nanoparticulas sintetizadas consisten en estructuras cubicas tipo core-

shell (nucleo-coraza) con un core cubico de Pt-Sn rico en Pt y un shell rico en Sn.

Se realizaron ensayos de estabilidad haciendo ciclar las particulas entre 0,05 y
0,90 V (vs ERH) y se observé que conservaban su estructura superficial y se mantenian
bien dispersas sobre el soporte carbonoso después de 5000 ciclos, mientras que, en el
mismo ensayo de estabilidad, las particulas cubicas de Pt puro presentaban una
aglomeracion severa. De esta forma quedd demostrada la alta estabilidad que la
presencia de Sn confiere a las particulas cubicas, aungue se comprobd que el core rico
en Sn no es del todo estable y un gran nimero de atomos de Sn se disuelven después del

ensayo de estabilidad (Figura 4.5).

Para finalizar, se comprobo su actividad para la ROE con gran éxito, observando
corrientes tres veces mas altas que para las nanoparticulas de Pt-Sn sin forma
presentadas en el apartado anterior, y seis veces mas altas en comparacion con

particulas cubicas de Pt puro.
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Figura 4.5. a) Imagenes EELS-STEM, b) escaneo lineal de la composicion de Pty Sn a partir del
mapeo EELS realizado a través de la region transversal indicada mediante la flecha amarilla y c)
representacion 3D de las nanoparticulas cubicas de Pt-Sn antes y después de ciclarlas durante 5000
ciclos entre 0,05 Vy 0,90 V en H2SO4 0,5M a 100 mV s™.
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5.1

CONCLUSIONES

Estudio de la reaccion de oxidacion de etanol y CO sobre
nanoparticulas de Pt y Pt-Sn soportadas sobre materiales
carbonosos: influencia de la composicién de Pt-Sn y del soporte
carbonoso

Se estudio la influencia del soporte carbonoso como de la composicion de Pt-Sn
en las reacciones de oxidaciéon del etanol (ROE) y del CO adsorbido, sobre
catalizadores de Pt y Pt-Sn soportados en materiales carbonosos, sintetizados
mediante el método de reduccion con acido formico (FAM).

En el catalizador se emplearon Vulcan XC-72R, Vulcan funcionalizado en
medio acido (Vulcan NSTa0.5) y nanofibras de carbono (CNFs) como soporte,
obteniéndose caracteristicas fisicoquimicas de las nanoparticulas formadas
bastante similares independientemente de la naturaleza del mismo.

Los experimentos de oxidacion del CO adsorbido mostraron una mayor
tolerancia para los catalizadores soportados sobre CNFs en comparacion con los
soportados sobre Vulcan (tanto funcionalizados como sin funcionalizar).
Mediante voltamperometria y cronoamperometria se estudio la ROE en los tres

soportes y la actividad de los catalizadores sigui6 el orden:

Pt / Vulcan < Pt/ Vulcan NSTa0.5 < Pt/ CNFs

Se aplicaron técnicas espectroelectroquimicas in situ, en concreto la
espectroscopia de infrarrojo por transformada de Fourier (FTIRS) y la

espectrometria de masas diferencial electroquimica (DEMS). Los resultados



obtenidos sugirieron que el Pt soportado sobre CNFs presenta mayor tolerancia
al monoxido de carbono adsorbido, lo que se traduce en una alta densidad de
sitios activos de Pt disponibles para poder oxidar la molécula de etanol,
resultando en una mas elevada densidad de corriente para dicha reaccion. Sin
embargo, las CNFs favorecen una mayor selectividad a acetaldehido/acido
acetico, por lo que la alta densidad de corriente para el catalizador Pt/CNFs
resulta de la produccion de una mayor cantidad de productos tipo C, durante la
oxidacion incompleta del etanol.

Se emplearon catalizadores de Pt-Sn con distinta relacion atomica Pt-Sn (3:1,
1:1, 1:3) soportados sobre los materiales carbonosos mencionados
anteriormente, en los cuales se observd una gran cantidad de Sn en su estado
oxidado, siendo méas elevada la cantidad de 6xidos y de fases cristalinas tipo
PtsSn1 cuanto més alto es el contenido de Sn en el catalizador.

La presencia de Sn desplazé el potencial de inicio para la oxidacion de
monoxido de carbono adsorbido hacia valores més negativos. En cambio, la
relacion atémica Pt-Sn no influy6 significativamente en el comportamiento del
catalizador para dicha reaccion.

La actividad del catalizador para la ROE mejor6 con la adicion de Sn y, aunque
el catalizador con relacién Pt-Sn 1:3 presentd una menor actividad en las
voltamperometrias ciclicas que el catalizador Pt-Sn 1:1, las corrientes
estacionarias para ambas formulaciones en las cronoamperometrias fueron
similares.

En todos los casos, la actividad de los catalizadores para la ROE fue mas elevada

en medio alcalino que en medio acido sulfurico.



¢ Mediante FTIR y DEMS se comprobd que la tolerancia a la molécula de
mondxido de carbono adsorbido sobre Pt aumenta con la cantidad de Sn,
incrementandose la cantidad de mondxido de carbono puente (bridge) al
disminuir la relacion atomica Pt:Sn.

¢ Se detectd un incremento en la cantidad de acido acético y acetaldehido, asi
como una disminucion de la cantidad de dioxido de carbono formado durante la
ROE, al amentar la cantidad de Sn en el catalizador. Esto ultimo indica que la
mejora en la actividad catalitica se debe principalmente a la mayor cantidad de
productos obtenidos derivados de la oxidacion incompleta de la molécula de

etanol al incrementar la cantidad de Sn.

Estudio de la reaccion de oxidacion de etanol sobre
monocristales de Pt decorados con Sn

¢ Se decoraron los tres planos base de Pt ((111), (100) y (110)) con adatomos de
Sn y se estudid la geometria con la cual los adatomos de Sn se adsorben sobre
las tres superficies de Pt. Posteriormente se estudio la reaccion de oxidacion del
CO adsorbido y la ROE sobre los electrodos modificados y sin modificar.

¢ En las tres superficies modificadas la presencia de Sn bloqued la adsorcion de
hidrogeno sobre platino y condujo a la aparicion de un nuevo pico de oxidacion
atribuido a la oxidacion del adatomo, desde su estado metélico Sn (0) hasta su
estado oxidado Sn (IV), con un intercambio total de 4 electrones. Sobre Pt (111),
esta oxidacion ocurre a 0,6 V (vs ERH) aproximadamente, sobre Pt (100) tiene

lugar a 0,7-0,8 V (vs ERH), y sobre Pt (110) alrededor de 0,5 V (vs ERH).



¢ El valor del recubrimiento de Sn maximo sobre Pt dependio de la geometria del
plano basal, siendo 0,33 y 0,50 para Pt (111) y Pt (100), respectivamente. Por
otro lado, para Pt (110), aunque la estequiometria para la reaccion de oxidacion
del adatomo en la superficie del electrodo no esta completamente clara, el
recubrimiento maximo, suponiendo el intercambio de cuatro electrones para la
reaccion de oxidacion del adatomo, fue de 0,25.

¢ Los resultados obtenidos para la oxidacion del CO adsorbido sobre Sn/Pt (111),
Sn/Pt (100) y Sn/Pt (110) demostraron que la adsorcion irreversible de Sn
aumenta la electroactividad de los electrodos para esta reaccion
independientemente de su estructura superficial.

¢ En Sn/Pt (111) y Sn/Pt (110), la oxidacion del CO adsorbido se produce en dos
regiones de potencial distintas: una region pre-pico a potenciales por debajo de
0,50 V (vs ERH) y un pico principal por encima de este valor. De la
dependencia de la carga del pre-pico con el recubrimiento de Sn, se concluye
que la oxidacion del CO adsorbido en dicho rango de potenciales tiene lugar en
la interfase directa entre el Pt y el Sn a través de la formacion de especies de
agua activadas sobre el Sn. En cambio, la oxidacion responsable del pico
principal se atribuye a la reaccion de oxidacion del CO adsorbido a través de un
mecanismo bifuncional clasico, debido a especies OH adsorbidas sobre el Sn
que favorecen la oxidacion del CO adsorbido sobre atomos de Pt no adyacentes
a atomos de Sn. Por el contrario, sobre Sn/Pt (100) no se observa el pre-pico a
bajos valores de potencial.

¢ La modificacion de los planos base del Pt con Sn también conlleva un aumento
en la actividad del electrodo para la ROE, registrandose corrientes mayores para

dicha reaccion a valores de potencial bajos.



5.3

Se calculo el recubrimiento 6ptimo de Sn, considerado como el valor de
recubrimiento con el cual se obtienen las mayores corrientes para la ROE. Este
valor resultd ser dependiente de la cristalografia del Pt, con un valor de
aproximadamente 0,26, 0,48 y 0,58 para Pt (100), Pt (111) y Pt (110),
respectivamente, siendo el Sn/Pt (110) la superficie que presenta la mayor
actividad.

Los experimentos mediante DEMS mostraron que, tanto en Pt (111) como Pt
(110), la presencia de Sn favorece la oxidacion del etanol a acetaldehido. Sin
embargo, la oxidacion adicional del acetaldehido es sensible a la estructura de
superficie: en Pt (110) existen sitios capaces de romper el enlace C-C del
acetaldehido para formar CO2, mientras que en Pt (111) tales sitios no estan

disponibles y el acetaldehido se oxida a &cido acético.

Sintesis de catalizadores con estructura “core-shell” cubicos de
Pt-Sn altamente eficientes y estables para la reaccion de
oxidacion de etanol

Se desarrollé una nueva sintesis de nanoparticulas de Pt-Sn, con alta actividad
para la ROE, consistentes en estructuras core-shell (nlcleo-coraza) cubicas de
Pt-Sn con un core rico en Pt, compuesto por facetas de geometria (100),
predominantemente, y con por una shell rica en Sn.

Se realizaron ensayos de estabilidad, los cuales mostraron que el catalizador
conservaba su estructura superficial y se mantenia bien disperso sobre el soporte
carbonoso después de 5000 ciclos en el rango entre 0,05 y 0,90 V (vs ERH),

mientras que el mismo ensayo con catalizadores cubicos de Pt, sin Sn, mostraron



una aglomeracion severa de las particulas de Pt. Sin embargo, de disolvid un
gran numero de atomos de Sn de la superficie tras el ensayo de estabilidad.

Se estudio la actividad de estas particulas en la ROE, observandose corrientes
tres veces mas altas que para las nanoparticulas de Pt-Sn sin forma definida,
sintetizadas anteriormente, y seis veces mas altas en comparacién con las

particulas cubicas de Pt.
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CONCLUSIONS

Ethanol and CO oxidation reactions on Pt and Pt-Sn
nanoparticles supported on carbon: Pt-Sn composition and
carbon support influence on the reactions

The influence of the carbon support and the Pt-Sn composition on the EOR and
CO oxidation reactions was studied by employing Pt and Pt-Sn catalysts
synthesized by the formic acid method (FAM).
Vulcan XC-72R, functionalized Vulcan in acid media (Vulcan NSTa0.5) and
carbon nanofibers (CNF) were used as catalyst support, obtaining similar
physicochemical characteristics of the catalysts regardless the carbon support
employed.
Higher CO tolerance was observed for those catalysts supported on CNF.
Cyclic voltammetry and current transient curves were employed to investigate
the EOR on the three different catalysts evidencing the following order of
activity:

Pt/ Vulcan < Pt/ Vulcan NSTa0,5 < Pt/ CNFs
In situ spectroelectrochemical techniques, such as FTIRS and DEMS were also
applied to identify adsorbed reaction intermediates and products during the
EOR, and volatile reaction products, respectively. The results obtained by using
these techniques suggest that Pt supported on CNF shows the highest CO
tolerance, allowing an upper density of available Pt active sites for the EOR than
carbon black-supported Pt, which results in greater current densities. However, a

higher selectivity to acetaldehyde/acetic acid was favored on Pt/CNF, thus, the



enhancement of current density for Pt/CNFs catalyst results from obtaining
higher amount of C» products during the incomplete oxidation of ethanol.

Pt-Sn catalysts with different Pt-Sn atomic ratios (3:1, 1:1, 1:3) were prepared
supported on the different carbon supports mentioned above. A high amount of
Sn oxide was observed with a development of Pt3Sn; phases and superior
oxidation states of both metals with Sn content in the catalyst.

The addition of Sn shifted the onset potential for adsorbed CO oxidation to more
negative values with respect to bare Pt. Instead, it appeared that the atomic Pt:Sn
ratio did not significantly influence the CO oxidation behavior.

The addition of Sn strongly improved the catalytic activity. Cyclic
voltammograms showed lower activity for Pt-Sn 1:3 than for Pt-Sn 1:1, but
similar stationary currents were found for both formulations in current transient
curves, regardless the carbon support and electrolyte.

As expected, a great improvement of the EOR activity was found in alkaline
media compare with sulfuric acid media.

FTIRS and DEMS indicated that Sn diminishes the amount of bridge bonded CO

(COg) and greatly improves the CO tolerance of Pt-based catalysts.

A decrease in the amount of acetic acid and acetaldehyde and an increase in the
carbon dioxide production were detected during the EOR with Sn content. The
last indicated that the enhanced catalytic activity toward the EOR is mainly due

to the incomplete EOR.



Ethanol oxidation reaction study on Sn modified Pt single

crystals

¢ The irreversible adsorption of Sn on the three Pt basal planes (Pt (111), Pt (100)
and Pt (110)) was studied and the surface stoichiometry for the adatom surface
reaction was also estimated. After modification, the ethanol oxidation reaction
on these electrodes was studied.

¢ On the three basal planes, the presence of Sn adatoms block the adsorption of

hydrogen on platinum, and lead to the observation of a new oxidation peak
ascribed to the four-electron oxidation of the Sn adatom, from Sn (0) to Sn
(V). This oxidation took place around 0.6 V (vs RHE) on Pt (111), between
0.7 and 0.8 V (vs RHE) on Pt (100) and at approximately 0.5 V (vs RHE) on Pt
(110).

¢ The estimated maximum Sn coverage was 0.33 on Pt (111) and 0.50 on Pt (100)
whereas for Pt (110) the surface stoichiometry for the adatom surface reaction is
not fully clear but most likely corresponds to 0.25.

¢ The CO adsorbed oxidation experiments on Sn/Pt (111), Sn/Pt (100) y Sn/Pt
(110) demonstrated that this reaction is enhanced by the presence of Sn on all
three Pt single crystals.

¢ On Sn/Pt (111) and Sn/Pt (110), oxidation of adsorbed CO occurs in two distinct
potential regions: a pre-peak region at potentials below 0.50 V and the main
peak at higher potentials. In the pre-peak, the oxidation of adsorbed CO is
suggested to take place at the direct interface between Pt and Sn through the
formation of an activated water species on Sn that is not observable in the blank
voltammetry. In the main peak, the COaq oxidation reaction is suggested to occur

through the classical bifunctional mechanism of OH adsorbed on Sn with CO
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adsorbed on Pt atoms no adjacent to Sn atoms. On Sn/Pt(100), the “pre-peak
mechanism” is not observed.

The modification of low-index Pt single crystals with a submonolayer coverage
of Sn enhanced the activity of the electrode for the ethanol oxidation process in
terms of a lower onset potential and a higher oxidation current.

The optimum Sn coverage for ethanol oxidation depends on the Pt
crystallography, found to be ca. 0.26, 0.48, and 0.58 for Pt(100), Pt(111) and
Pt(110) respectively, being the Sn/Pt(110) system the surface that exhibited the
highest activity.

On-line electrochemical mass spectrometry experiments showed that both on
Pt(111) and Pt(110), the presence of Sn enhanced the oxidation of ethanol to
acetaldehyde. However, the further oxidation of acetaldehyde was sensitive to
the Pt surface structure: on Pt(110) there are sites able to break the C-C bond in
acetaldehyde to form CO., whereas on Pt(111) such sites are not available and

acetaldehyde was oxidized further to acetic acid.

Highly efficient and stable Pt-Sn cubic core-shells for the ethanol
oxidation reaction

Cubic Pt-Sn alloyed nanoparticles consisting of (100) faceted core-shell
nanoparticles, with a Pt-rich core and a Sn-rich shell, were synthesized.

Stability tests showed that this catalyst preserves its morphology and remains
well-dispersed on the carbon support after 5000 potential cycles between 0.05
and 0.90 V (vs RHE), whereas for a cubic Pt catalyst severe agglomeration of
the nanoparticles was found after the same stability protocol. However, it was

observed that Sn dissolves from the outer part of the shell after potential cycling.



5. Conclusiones/Conclusions

¢ The activity of this bimetallic core-shell nanostructures towards EOR was
investigated, showing currents about three times higher than unshaped Pt-Sn

nanoparticles and six times upper than Pt nanocubes.
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spectroscopy (FTIR) and differential electrochemical mass spectrometry (DEMS), are employed in order
to identify adsorbed reaction intermediates and products. Pt/CNF results in a lower CO poisoning of
the NP surface compared to Pt/Vulcan, allowing higher amount of free Pt active sites for the oxidation
of ethanol which leads to the formation of acetic acid during the reaction.
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1. Introduction

Ethanol is a very promising organic liquid fuel because it can be
obtained from the fermentation of biomass in large quantities, has
a high specific energy of 8.01 kWh kg~ [1,2] and is not toxic like
methanol. Pt is considered the best monometallic catalyst toward
ethanol oxidation reaction (EOR); however, the oxidation of the
fuel involves the formation of intermediates (i.e. CO-like species)
that adsorb on Pt active sites resulting in the inactivation of the
catalyst [3]. This phenomenon, in combination with the scarcity
and high cost of Pt, has seriously obstructed the commercialization
of direct ethanol fuel cells.

One important aspect to consider is the catalyst support since it
plays a key role in the electroactivity toward EOR. Carbon materials
are the most employed metal supports because they provide a
good electrical conductivity, suitable dispersion of metal particles,
and appropriate resistance to acid and basic media. Many research
groups have recently been working with different novel carbon
supports such as nanotubes [4-7], nanofibers [8-10], carbon xero-
gels [11,12], and mesoporous carbons [13,14] for fuel cell applica-
tions. The oxidation of carbon supports has shown to influence the
performance of the electrocatalysts for the EOR. In fact, it has been

* Corresponding authors. Fax: +34 922 318002 (E. Pastor).
E-mail addresses: mlazaro@icb.csic.es (MJ. Lazaro), epastor@ull.edu.es
(E. Pastor).

http://dx.doi.org/10.1016/j.jcat.2017.02.007
0021-9517/© 2017 Elsevier Inc. All rights reserved.

recently demonstrated that the oxygenated groups created after
oxidation treatment of carbon blacks support enhance the activity
of the catalyst toward the EOR [10]. However, the functionalization
of carbon nanofibers (CNFs) results in a diminution of their electri-
cal conductivity [15] and, therefore, a decrease in the catalytic
activity of the catalyst [8].

Trying to understand the pathways and potential mechanisms
for the EOR is a challenge that has been reflected in many articles
[16,17], owing to the number of possible steps that can take place.
In this sense, in situ spectroscopic methods as in situ Fourier trans-
form infrared spectroscopy (FTIR) and differential electrochemical
mass spectrometry (DEMS) techniques [18,19] have been used in
the last decades to elucidate the EOR mechanism.

In this work, Pt catalysts supported on CNFs and carbon black
(Vulcan) were prepared by formic acid reduction method (FAM)
[20], and their electrochemical behavior toward CO and ethanol
electrooxidation reactions was studied. The catalytic performance
of Pt/C catalysts was evaluated by cyclic voltammetry and cur-
rent-time curves, as well as spectroscopic methods adapted to
the electrochemical systems for in situ studies. The aim of this
work was to elucidate different electrochemical behaviors and
mechanistic insights influenced by the carbon support.
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2. Experimental
2.1. Catalyst preparation

For obtaining the oxidized Vulcan (Vulcan NSTa0.5), the carbon
Vulcan XC-72R (Cabot Co.) was treated with concentrated sulfuric
and nitric acids (Sigma Aldrich) at room temperature. The mix
remained under stirring conditions during 30 min [21]. On the
other hand, carbon nanofibers (CNF) were synthesized by decom-
position of methane on a NiCuAl,03 catalyst at 750 °C [22]. Pt
was supported on the different carbons by using the formic acid
method as described in the literature [20]. H,PtClg (Sigma-
Aldrich) was employed as metal precursor and the appropriate
amount of this salt was used in order to obtain a nominal metal
loading of 20 wt.% in all cases.

2.2. Physicochemical characterization

For the physicochemical characterization of all catalysts X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX)
and X-ray photoelectron spectroscopy (XPS) techniques were
employed.

XRD patterns of Pt/C catalysts were obtained by using a Panalyt-
ical X'Pert diffractometer, working with Cu Ko radiation. Scans
were registered at 3° min~! for 20 values between 20° and 100°.

VG-Microtech Mutilab 3000 spectrometer was employed to
carry out the XPS analyses and the Pt metal loading was deter-
mined by EDX, connected to a scanning electron microscope
(SEM) LEO Mod. 440.

2.3. Electrochemical characterization

A typical three-electrode cell was employed for the electro-
chemical characterization. The working electrode consisted of a
glassy carbon disk (7 mm) where an aliquot of the catalyst ink
was pipetted and dried, at ambient temperature under N, atmo-
sphere, on top. To prepare the catalyst ink, 2 mg of the catalysts
was mixed with 0.5 mL of ultrapure water and 15 uL of nafion
(5 wt.%) under ultrasonic conditions. A reversible hydrogen elec-
trode (RHE) and a carbon rod with a high surface were employed
as reference and counter electrode, respectively. All potentials in
this article are referred to the RHE.

0.5 M H,S0,4 (Merck p.a.) aqueous solution was employed as
support electrolyte and was deoxygenated by bubbling pure Ar
(99.998%, Air Liquide). When necessary, ethanol (Merck p.a.) was
subsequently added to the support electrolyte achieving a 1M
concentration.

The CO oxidation was studied by stripping experiments. First,
CO (99.997%, Air Liquide) was bubbled in the solution for 10 min
and the electrode was polarized at 0.07 V vs. RHE, then the non-
adsorbed CO was removed by bubbling Ar for 20 min, and finally
the electrode was scanned up to 1V vs. RHE at 20 mV s~ . Cyclic
voltammograms (CVs) and current transient curves were recorded
in the presence of 1 M ethanol. CVs were scanned at 20 mV s~!,
whereas chronoamperometries were recorded during 600 s
obtained by stepping the potential from 0.05V vs. RHE to 0.55V
vs. RHE (potential close to the anode potential under operation of
a direct ethanol fuel cell).

2.4. Spectroelectrochemical characterization

Differential electrochemical mass spectrometry (DEMS) method
details and cell designs can be found in the literature [23-25]. For
detection of the ion current during mass spectrometric measure-
ment, Balzers Omnistar mass spectrometer was employed coupled

to a conventional three-electrode cell. A glassy carbon disk with a
small cavity of around 1.5 mm of diameter was employed as work-
ing electrode. Inside the cavity, a PTFE membrane (Scimat) was
placed allowing the obtention of the mass spectrometric cyclic
voltammograms (MSCVs) and the cyclic voltammograms (CVs)
simultaneously with an optimum sensitivity, at a scan rate of
0.005Vs™'.

The efficiency of the conversion of ethanol to CO, was calcu-
lated by employing the following equation:

ECO2 6 * Qico2
= KCOZ % QfT

where Qff and Q,°°? correspond to the faradaic and ionic m/z =22
charges, respectively, produced during the EOR. Kco; is the calibra-
tion constant of the m/z=22 calculated from the CO stripping
experiments, which correlates the number of CO, molecules gener-
ated during the reaction and the amount of these molecules
detected by the spectrometer (see Ref. [18] for more information).

In situ Fourier transform infrared spectra (FTIRS) were recorded
by using a Bruker Vector 22 spectrometer coupled to an electro-
chemical glass cell with a 60° CaF, prism at the bottom, designed
to work in a thin layer configuration. FTIR spectra were recorded
by applying potential steps of 0.05 V from an initial potential of
0.05 V vs. RHE, where ethanol is not oxidized, to a final potential
of 1.0 V vs. RHE. The spectra are represented as the ratio between
the reflectance measured at a given potential (R) and the reflec-
tance measured at the initial potential (Rp).

(M

3. Results and discussion
3.1. Carbon support physicochemical characterization

The surface chemistry, in particular the amount of oxygen
groups, was evaluated by temperature programmed desorption
(TPD) experiments and reported in our previous work [10]. Main
important outcomes indicate the following: (i) only small amount
of quinone groups can be seen in the untreated Vulcan XC-72R; (ii)
the oxidation of carbon Vulcan entails the formation of a large
amount of phenolic groups and some lactones, carboxylic acids
and anhydrides, whereas the amount of quinones decreases; and
(iii) the total amount of oxygenated groups is lower in CNFs
(252 umolg~') than in the wuntreated Vulcan XC-72R
(317 pmol g 1).

The morphology and the metal distribution on CNF [8-10,26]
and Vulcan [8,10] were also evaluated in our previous works, con-
cluding that CNF present a fibrous structure, whereas Vulcan XC-
72R is formed by spheroidal agglomerates. A good dispersion and
size distribution of metal particles on the supports were obtained
in the three carbon supports, although CNFs present some
agglomerates.

3.2. Electrocatalyst physicochemical characterization

The XRD spectra of the three Pt/C catalysts are given in Fig. 1,
where the (111), (200), (220), (311) and (222) crystalline peaks
of the face centered cubic (fcc) Pt structure and the graphitic (002)
reflection plane of carbon support at 26 = 24.5° can be identified.
The high graphitization degree of CNFs is reflected by the signifi-
cantly higher intensity of the C (002) peak compared to the carbon
blacks Vulcan XC-72R and Vulcan NSTa0.5.

As can be observed in Table 1, Pt crystallite size, calculated from
the Scherrer equation, results in similar values for platinum NPs
supported on Vulcan around 3.5-3.8 nm, and slightly higher for
Pt supported on CNF (5.3 nm). Pt lattice parameter, determined
from the Bragg equation, was quite close to 3.92 A for all of them,
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Fig. 1. X-ray diffractograms of Pt/C catalysts.

Table 1
Composition and structural characteristics obtained from EDX (*) and XRD (**).
Catalyst Metal Crystallite Lattice
content’ (wt.%) size” (nm) parameter’ (A)
Pt/Vulcan XC-72R 19 35 3.92
Pt/Vulcan NSTa0.5 18.5 3.8 3.92
Pt/CNF 19 53 3.92

value generally assigned to platinum supported on carbon. The
metal loading of the catalysts was determined by EDX, showing
approximately 20 wt.% of Pt in all Pt/C catalysts, regardless of the
carbon support employed.

The Pt 4f XPS spectra for the three catalysts are shown in Fig. 2,
which can be deconvoluted into three contributions attributed to
Pt (0), Pt (II) and Pt (IV) species at ca. 71.3, 72.3 and 74.0 eV, respec-
tively. Table 2 summarizes the results regarding the deconvolution
of Pt 4f peaks which reflect that Pt is mostly in its reduced state in
all catalysts (63-81%). The catalyst supported on CNF showed the
lowest amount of metallic Pt, while the one supported on oxidized
Vulcan (NSTa0.5) exhibited the highest content of Pt (0), revealing
that, although Vulcan NSTa0.5 is the carbon with the highest con-
tent of oxygenated groups on its surface within the three studied
supports [10], it appears that Pt is not oxidized by such groups.
Furthermore, as can be seen in Table 2, the weight percentage of
carbon on the surface (57%) was significantly lower than nominal
(80%) when CNF was the support employed. This fact evidences
that the metal is more exposed on the surface of CNF when com-
pared to the carbon black supports. Higher metal content on the
surface may provide a higher density of catalytic active sites where
ethanol molecules can react, and consequently, a better perfor-
mance of catalysts supported on CNF could be expected.

3.3. CO electrooxidation

CO-stripping voltammetry was used to characterize the catalyst
surface and study their CO poisoning tolerance. Fig. 3 shows the
CVs for the oxidation of a monolayer of CO adsorbed on Pt for all
catalysts at 5mV s~ and the second cycle that corresponds to
the voltammogram in the supporting electrolyte (deaerated
0.5 M H,S0,), and the corresponding MSCVs for CO stripping. The
mass to charge (m/z) ratio m/z = 44 corresponds to the ion current
of [CO,]" and the m/z=22 to doubly ionized carbon dioxide
[CO,]™. Prior to the stripping, CO was bubbled at 0.07 V vs. RHE.
The current density (j) is normalized by the electroactive surface

——Pt(0)
Pt (Il)
—Pt(IV)

4dNJAd

Intensity / a.u.
G'0BLSN uednAfid
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Binding energy / eV

Fig. 2. Pt 4f XP spectra of Pt/C catalysts.

area calculated from the oxidation of the CO adsorbed monolayer
during the CO stripping experiments. 420 uC cm~2 was considered
as the oxidation charge of a CO monolayer on a Pt polycrystalline
surface. Two clear peaks were observed for Pt/CNF at 0.66 and
0.75 V vs. RHE. MSCVs in Fig. 3a indicated that the first peak is
not due to CO, formation, since no significant ion current signal
appeared, suggesting that this peak might be attributed to a differ-
ent surface reaction. However, the CVs for the other two carbon
supports (Vulcan-based) revealed the absence or very small contri-
bution of the first peak at 0.66 V vs. RHE, whereas the second peak
is shifted to 0.77 V vs. RHE. The nature of this first faradaic peak for
CO oxidation at Pt/CNF will be discussed later with the FTIR
spectra.

On the other hand, it was established that the onset potential
for CO, production took place at practically the same potentials
for all the catalysts (around 0.4 V vs. RHE), but taking into account
the position of the main CO oxidation peak at 0.75 V vs. RHE, it can
be concluded that Pt supported on CNF presents the highest toler-
ance to CO poisoning, since at 0.75 V most of the CO,q is removed
from the surface of the catalyst supported on CNF, while on Pt/Vul-
can this main oxidation peak takes place at higher potentials (0.77
V vs RHE).

The in situ FTIR technique was also employed to study the oxi-
dation process of CO adsorbed on Pt/C catalysts. Fig. 4 shows
sequences of in situ FTIR spectra recorded during CO electrooxida-
tion on Pt/CNF, Pt/Vulcan and Pt/Vulcan NSTa0.5 catalysts while
varying the electrode potential from 0.05 to 1.0V vs. RHE. The
bipolar band located at ca. 2029 cm™! is assigned to linearly
bonded O-C, the negative band at 2342 cm™! is ascribed to the
0-C-0 asymmetric stretching mode and the positive band around
1257 cm™! for Pt/CNF can be attributed to the C-0O stretch of the C-
OH groups [27].
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Table 2
Weight percentages of the different Pt species and carbon extracted from XPS experiments.
Catalyst % Pt (IV) % Pt (1) % Pt (0) % Cls
Pt/Vulcan XC-72R 9 19 72 75
Pt/Vulcan NSTa0.5 2 17 81 73
Pt/CNF 6 31 63 57
As can be seen in Fig. 4, the initial bipolar feature of the CO band
Pt/CNF became a monopolar band at 1.0 V vs. RHE for Pt/Vulcan NSTa0.5.
°"E 0.02 0.66V 0.75V However, for Pt/Vulcan XC-72R and Pt/CNF the initial bipolar band
: 0.014 (A) /\/:'\ was still bipolar at this potential. The latter suggests that the oxi-
E (o] A/——/——o — _J dation of CO,q was faster on Vulcan NSTa0.5 with respect to Vulcan
= L/-J' | I XC-72R, which might be due to the faster diffusion of CO,q4 to the
-0.014 ¥ L L | L [ L L more reactive sites of Pt and/or because of the presence of higher
. I 7 m/z 22 oxygenated groups on the surface of this carbon support [10], facil-
=] 3x10 . . . . .
- itating the oxidation of the CO,4 and making more reactive the Pt
= surface active sites.
§ . | . | . | . | . | The behavior for the CO band for Pt/CNF is related to the pres-
§ ence of the positive band at 1257 cm~! which is only apparent for
© " miz 44 Pt/CNF, with an onset at around 0.50 V. This band can be ascribed
S Sx10 to C-OH adsorbed species that can be formed during CO adsorption
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Fig. 3. Simultaneously recorded CV and MSCVs for m/z=22, m/z=44 for CO
stripping on (a) Pt/CNF, (b) Pt/Vulcan NSTa0.5 and (c) Pt/Vulcan XC-72R, in 0.5 M
H,SO,4 at room temperature.

producing protons and an anodic current, e.g. this is a surface reac-
tion involving a charge transfer in the cyclic voltammogram but
not accompanied by the production of CO,. Thus, this behavior
suggests that the peak at 0.66 V in the CV during the CO stripping
experiment (Fig. 3) might be attributed to this surface reaction,
being this the reason why no CO, was observed in the MSCV at this
potential and also why the bipolar band for CO is still present at
more positive potentials than on Pt on Vulcan materials (linear
adsorbed CO is continuously formed from C-OH species). Addition-
ally, the positive band at 1257 cm™' is not present for Vulcan based
catalysts, where the peak at 0.66 V is also missing, as only CO,q is
formed.

The potential dependence of the band intensities for the signal
at 2342 cm™! is given in Fig. 5. The graph reveals that the onset for
CO oxidation on Pt/CNF catalyst took place at lower potentials (ca.
0.3 V vs. RHE) than on Pt/Vulcan NSTa0.5 (ca. 0.35 V vs. RHE) and
Pt/Vulcan XC-72R (ca. 0.4 V vs. RHE). Thus, Pt/CNF is the most tol-
erant catalyst to CO poisoning, which is in agreement with DEMS
and CVs results.

3.4. Ethanol electrooxidation

Cyclic Voltammetry was employed to investigate the EOR on Pt
catalysts supported on CNF, Vulcan XC-72R and Vulcan NSTa0.5 at
room temperature. The working electrode was placed into the
solution at 0.05 V vs. RHE, where no ethanol was oxidizing, and
then a cyclic voltammogram was recorded up to 1 V vs. RHE at
20 mV s~ Fig. 6a shows the stable profiles (corresponding to the
third cycle) for the three catalysts employed. The best electroactiv-
ity toward EOR was found on the Pt/CNF catalyst, followed by Pt/
Vulcan NSTa0.5. Current transient curves (Fig. 6b) showed the
same trend of EOR electro-activity among catalysts as in the cyclic
voltammetries, confirming that it follows the tentative order:

Pt/CNF > Pt/Vulcan NSTa0.5 > Pt/Vulcan XC-72R

DEMS studies were employed to follow the formation of gas-
eous and volatile intermediates and products during the EOR.
CVs and the corresponding MSCVs are shown in Fig. 7 for EOR on
Pt/CNF, Pt/Vulcan XC-72R and Pt/Vulcan NSTa0.5 catalyst. Since
the m/z =44 corresponds to the ion current of [CO,]|™* and [CH3-
CHOJ*, the formation of CO, and acetaldehyde was selectively
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Fig. 4. In situ FTIR spectra recorded during CO stripping on the Pt/CNF, Pt/Vulcan NSTa0.5 and Pt/Vulcan XC-72R catalysts in 0.5 M HClO4.
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Fig. 5. Comparative of CO, (2342 cm™!) band intensities on the Pt/CNF, Pt/Vulcan
NSTa0.5 and Pt/Vulcan XC-72R catalysts at different potentials during CO stripping.

investigated by monitoring the m/z=22 ([CO,]"") and m/z=29
([COHY*, main fragment of acetaldehyde), respectively. On the
other hand, the m/z=15 was monitored to follow methane at
E<0.20 V and other ionic fragment of acetaldehyde formation
([CHs]") for E>0.2 V. Besides, due to the low concentration in
the electrolyte solution and its dissociation, no potential depen-
dence for m/z = 60 signal could be detected. However, acetic acid
can be indirectly detected by ethylacetate ester formation during
the reaction monitoring the fragment at m/z=61 [CH3CH,CH,-
OH,]". As observed in Fig. 7, generally m/z =22 signal, ascribed
to CO, production, was lower and occurred at more positive poten-
tials than the signals associated with acetaldehyde (m/z =15, 44
and 29), which suggests that the complete oxidation of ethanol
to CO, is not dominant. Comparing the MSCVs for the three differ-
ent catalysts during EOR, it can be observed that the signal for m/
z=15 at potentials below 0.2 V, attributed to methane formation,
was quite higher on Pt/Vulcan than on Pt/CNF catalysts. This fact,
in combination with the lower intensity of the signals associated
with acetaldehyde (m/z=15, 44 and 29) and acetic acid (m/
z=61) in the backward scan on Pt/Vulcan, suggests that the break-
ing of the C-C bond is less favored on Pt/CNF and the higher cur-
rents by using this support are due to the higher production of
C2 products (acetaldehyde and acetic acid). Noticeable was the
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Fig. 6. Cyclic voltammograms (a) and current-transient curves (b) recorded during
ethanol oxidation reaction on Pt/CNF, Pt/Vulcan NSTa0.5 and Pt/Vulcan XC-72R in
1M CH3CH,0H + 0.5 M H,SO4 at room temperature.

lower formation of CO, and methane with the functionalization
of Vulcan. It can be explained because of the higher amount of oxy-
genated groups on Vulcan NSTa0.5, which does not aid in the
breaking of the C-C bond and the incomplete ethanol oxidation
is favored.

For a better comparison between the catalysts, Table 3 summa-
rizes the CO, conversion efficiency during the forward scans of the
CV and MSCV, calculated from the m/z = 22 signal (CO, formation)
after a calibration procedure following the equations described in
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Fig. 7. Simultaneously recorded CVs and MSCVs for m/z =22, m[/z =29, m[z=44, m|z=15 for ethanol on Pt/CNF, Pt/Vulcan NSTa0.5 and Pt/Vulcan XC-72R in 0.05 M

CH5CH,0H and m/z=61 in 1 M CH3CH,OH + 0.5 M H,SO, at room temperature.

Table 3
Calculated average efficiency to CO,.

Catalyst CO,, conversion efficiency (%)
Pt/Vulcan XC-72R 4

Pt/Vulcan NSTa0.5 3.5

Pt/CNF 2

the Section 2.3. As can be seen, CNF-based catalyst showed the
lowest conversion efficiency of ethanol to CO,, whereas the
Vulcan-based catalyst presented the highest conversion.

Fig. 8 shows FTIR spectra for Pt/CNF, Pt/Vulcan, and Pt/Vulcan
NSTAO.5 catalysts acquired during successive potential steps
(100 mV each) between E=0.05 and 1.0V vs. RHE in 0.1 M
HClO4 + 1 M ethanol. The band at 2029 cm~! is attributed to lin-
early adsorbed CO on Pt (Pt-CO) from the dissociative adsorption
of ethanol on the Pt surface. The negative band at ca. 2342 cm™!
is due to stretch vibration of CO,. Furthermore, it can be observed
a band at around 1720 cm~! due to the v(C-0) stretching mode of

E/V

the carbonyl groups in acetic acid and/or acetaldehyde, although it
is difficult to separate the carbonyl group signals from both spe-
cies, since the bands appear at very close frequencies (1713 and
1715 cm™!, respectively) in the spectra [28]. On the other hand,
the band at 1280 cm™! is attributed to the O-H deformation vibra-
tions in acetic acid and the bands at 1392 and 1370 cm™! are
assigned to the C-O stretch in acetic acid and CHz symmetric
deformation in acetaldehyde, respectively [29]. Finally, it can be
distinguished a signal at ca. 1110 cm™! due to perchloric acid solu-
tion, used as base electrolyte.

It is difficult to discern between acetic acid and acetaldehyde
signals because all of them take place at similar wavelengths. Only
the band at 1280 cm™!, related to acetic acid formation, is clearly
separated from the others. The CO, CO,, CH;COOH integrated band
intensities at different potentials for each catalyst can be better
analyzed as plotted in Fig. 9. The relative band intensity of CO.q
was found to be significantly lower during the EOR on Pt/CNF cat-
alyst than on Pt/Vulcan catalysts, especially at low EOR overpoten-
tials. On the other hand, the band intensity ascribed to acetic acid
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Fig. 8. In situ FTIR spectra recorded during ethanol electrooxidation on Pt/CNF, Pt/Vulcan NSTa0.5 and Pt/Vulcan XC-72R in 1 M CH5CH,OH + 0.5 HCIO,.
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Fig. 9. CO (2029 cm™'), CO, (2342 cm™') and CH3COOH (1280 cm™') band inten-
sities on Pt/CNF, Pt/Vulcan NSTa0.5 and Pt/Vulcan XC-72R at different potentials.

(CH3COOH) was slightly higher on the Pt/CNF catalyst. These
results suggest that the EOR via acetic acid formation is more
favored when CNF is the carbon support, which is in total agree-
ment with DEMS experiments. The low signal for CO,4 produced
on Pt/CNF may explain the highest current densities for the EOR
found (Fig. 6), since the number of Pt active sites available during
the EOR is increased. Additionally, the eventual low amounts of
CO.q formed on the Pt/CNF catalyst are more easily oxidized at
lower overpotentials, as seen previously (Section 3.3).

4. Conclusions

In this article the influence of the carbonaceous support in the
electroactivity of Pt/C catalysts toward CO and ethanol oxidation
reactions was studied. The carbon supports employed were in-
house synthesized carbon nanofibers, Vulcan and functionalized
Vulcan, i.e. with higher amount of surface oxygenated groups. All
Pt/C catalysts were synthesized via the formic acid method, obtain-
ing quite similar structural characteristics as particle size or crystal
phases.

CO stripping voltammograms for Pt/Vulcan and Pt/Vulcan
NSTa0.5 showed one single peak at 0.77 V vs. RHE, while Pt/CNF
displayed two oxidation peaks, the main one taking place at 0.75
V vs. RHE and the second one at more negative potential (0.66 V
vs. RHE), suggesting a higher CO tolerance of the catalysts sup-
ported on CNF compared to those on Vulcan (either functionalized
or not).

CV and current transient curves were employed to investigate
the EOR on the three different catalysts evidencing the following
order of activity:

Pt/Vulcan < Pt/Vulcan NSTa0.5 < Pt/CNF

In situ spectroelectrochemical techniques such as FTIR and
DEMS were also applied to identify adsorbed reaction intermedi-
ates and products during the EOR, and volatile reaction products,
respectively. The results obtained by using these techniques sug-
gest that Pt supported on CNF shows the highest CO tolerance,
allowing a higher density of available Pt active sites for the EOR
than carbon black-supported Pt, which results in higher current
densities. However, a higher selectivity to acetaldehyde/acetic acid
was favored on Pt/CNF; thus, the enhancement of current density
for Pt/CNF catalyst results from obtaining higher amount of C,
products during the incomplete oxidation of ethanol.
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Abstract: PtSn-based catalysts are one of the most active materials toward that contribute ethanol
oxidation reaction (EOR). In order to gain a better understanding of the Sn influence on the carbon
monoxide (principal catalyst poison) and ethanol oxidation reactions in acidic media, a systematic
spectroelectrochemical study was carried out. With this end, carbon-supported PtSny (x =0, 1/3 and 1)
materials were synthesized and employed as anodic catalysts for both reactions. In situ Fourier
transform infrared spectroscopy (FTIRS) and differential electrochemical mass spectrometry (DEMS)
indicate that Sn diminishes the amount of bridge bonded CO (COg) and greatly improves the CO
tolerance of Pt-based catalysts. Regarding the effect of Sn loading on the EOR, it enhances the
catalytic activity and decreases the onset potential. FITIRS and DEMS analysis indicate that the C-C
bond scission occurs at low overpotentials and at the same potential values regardless of the Sn
loading, although the amount of C-C bond breaking decreases with the rise of Sn in the catalytic
material. Therefore, the elevated catalytic activity toward the EOR at PtSn-based electrodes is mainly
associated with the improved CO tolerance and the incomplete oxidation of ethanol to form acetic
acid and acetaldehyde species, causing the formation of a higher amount of both C2 products with
the rise of Sn loading.

Keywords: ethanol electrooxidation; Pt-Sn electrocatalysts; DEMS; FTIRS; direct ethanol fuel cell

1. Introduction

Fuel cells are widely recognized as an important topic of research for being an alternative power
supply which allows the reduction of greenhouse gas emissions [1-3]. Since ethanol is the major
renewable bio-fuel and less toxic than other alcohols, it is a promising power source for Direct
Alcohol Fuel Cells (DAFCs) [1-5]. The full oxidation of ethanol to carbon dioxide has a favorable
thermodynamic potential of 0.08 V (vs. RHE), although the efficiency of direct ethanol fuel cells is
drastically limited by the formation of acetaldehyde, acetic acid and strongly adsorbed intermediates
such as carbon monoxide (CO,q) [1-19]. The ethanol oxidation reaction (EOR) at Pt-based electrodes
is complicated and still not fully clear, although recently we reported new insights in its reaction
mechanism [6,7]. At low overpotentials, the initial steps involve the dissociative adsorption of
ethanol to produce adsorbed intermediate species. In this context, ethanol possesses two reactive sites
(OH group and the a-carbon atom) that may interact with Pt surface sites, and therefore two possible
adsorbate species can be considered (Equations (2) and (3)):
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Pt + CH;CH,OH = Pt(CH;CH,OH) 1)
Pt(CH;CH,OH) —3 Pt-OCH,CH; + H* + e @)
Pt(CH;CH,OH) — Pt-CHOHCH; + H* + ¢ 3)

At E < 0.4V (in the hydrogen adsorption/desorption region), alcohol intermediate species reacts
mainly with adsorbed hydrogen (H,q) on defect sites with (100) orientation to produce methane and
adsorbed CO. The last is supported by the relatively stability of the ethoxi species and because the
alcohol intermediate species appears to be favored in acidic media:

PthO (H) + Pt'CHOHCH3 — Pt-CO + CH4 + 2H* + 2e” (4)

At E > 0.4 V (after the hydrogen adsorption/desorption region), further deprotonation of the
adsorbate formed in Equation (3) produces acetaldehyde:

Pt-CHOHCH; — Pt(HCOCH;) + H* + e ®)

Pt(HCOCH;) = Pt + HCOCHj3 6)

In addition to acetaldehyde, further deprotonation of the intermediate formed in Equation (3)
may produce adsorbed CHj and CO species:

Pt-CHOHCH; + Pt —s Pt,-COHCH; + H* + e @)

Pt,-COHCHj3 —» Pt-CH; + Pt-CO + H* + e~ 8)

Then, at more positive potentials (E > 0.6 V for Pt/C), in which the water dissociation reaction
occurs (Equation (9)), the following reactions may happen:

Pt + HO=Pt-OH + H" + e~ ©)

Pt-CO + Pt-OH —» 2Pt 4+ CO, + HY + ¢ (10)
Pt(HCOCHj;) + Pt-OH — 2Pt + CH3COOH + H* + e~ (11)
Pt-CH; + 2Pt-OH — 3Pt + CO, + 5H* + 5e” (12)

It is remarkable that reaction (12) does not represent the elementary steps of the oxidation of
adsorbed CHj species, which probably involves a CO-like intermediate.

In order to enhance the performance of DAFC, one of the principal strategies involves the
development of new materials to enhance the water dissociation reaction (Equation (9)) and therefore
improve the oxidation reaction of strongly adsorbed species (Equations (10) and (12)), which are
the main catalyst poisons. In this regard, PtSn-based catalysts are the most employed materials
for the ethanol oxidation reaction (EOR) in acidic media. Sn seems to provide oxygenated species
(Equation (9)) at more negative potentials than Pt and therefore the CO tolerance increases at PtSn-based
electrodes. In this sense, previous studies for ethanol oxidation on PtSn-based catalysts reported lower
overpotentials and higher current density during the EOR in comparison to Pt electrodes [9-33]. In situ
Fourier transform infrared spectroscopy (FTIR) was employed by Lamy et al. [33] to study the EOR at
PtSn-based electrodes. They suggested that the presence of Sn on Pt electrodes increases the dissociative
adsorption of ethanol (and therefore favours the C-C bond breaking) at low overpotentials and the
production of acetic acid and acetaldehyde at high overpotentials. Differential electrochemical mass
spectrometry (DEMS) was employed by Behm et al. [29] to follow the volatile and gaseous products
and intermediates generated during the EOR at carbon-supported PtSn and PtRu. They found that the
addition of Sn or Ru into the Pt-based catalyst decreases the overpotentials for the EOR and better
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catalytic activity at carbon-supported Pt35n catalyst was observed. Nevertheless, they reported that
the insertion of Sn or Ru does not improve the ethanol conversion efficiency to CO5.

In order to gain a deeper understanding of the operating mechanism for the EOR at PtSn-based
catalysts, the present work employ carbon-supported PtSn with different Pt:Sn atomic ratios
(3:1and 1:1) and the results are compared with those achieved at carbon supported Pt. The EOR
in acidic media was studied by conventional (cyclic voltammetry and chronoamperometry) and
non-conventional spectroelectrochemical (DEMS and FTIRS) techniques.

2. Results and Discussion

2.1. Physicochemical Characterization

The physicochemical parameters of all catalysts were studied by TEM, XRD, EDX and XPS
techniques and reported in our previous work [24]. Main important outcomes indicate: (i) similar
metal distribution onto the carbon support (TEM); (ii) similar particle sizes (3-5 nm, XRD and TEM);
(iii) similar metal content and Pt:Sn bulk atomic ratios to the nominal ones (EDX); (iv) similar Pt:Sn
surface atomic ratios and Pt:5Sn bulk atomic ratios (XPS and EDX), which suggest negligible metal
segregation to the surface; (v) similar chemical state of Pt and Sn species into the surface (XPS) (vi) lattice
parameter values, degree of alloying between Pt and Sn and the relative amount of crystalline SnO,
phases increase in the order Pt < Pt-5n 3:1 < Pt-5n 1:1 (XRD).

2.2. Adsorbed CO ELectrooxidation (CO Stripping)

The activities of the catalysts toward carbon monoxide electrooxidation provide insight about
their tolerance toward CO poisoning, which is one of the most important issues concerning the alcohol
electrooxidation in direct alcohol fuel cell anodes, as adsorbed CO (CO,q) is the principal catalyst
poison produced during alcohol oxidation [2,34]. Therefore, CO,4 monolayer oxidation measurements
(“CO stripping experiments”) were performed at 0.005 V-s~! in sulphuric acid solution at room
temperature. The anodic charge obtained from the CO stripping measurements was used to achieve
the electroactive surface area (ECSA).

Cyclic voltammograms (CVs) and mass spectrometric cyclic voltammograms (MSCVs) for the
oxidative desorption of a CO monolayer previously adsorbed at 0.07 V vs. RHE were recorded
simultaneously. Figure 1 shows the CVs (top panel) and the corresponding MSCVs (bottom panel) for
the m/z = 44 (CO,") signal for all catalysts in acidic media recorded at 0.005 V-s~1. It is observed that
faradaic and ionic currents rise and develop a peak centered at 0.79 V for Pt/C electrode. On the other
hand, a broad anodic current peaking at ca. 0.38 V, 0.68 and 0.76 V was developed for both PtSn-based
materials. The latter is confirmed by the MSCVs, which indicate that the CO oxidation reaction takes
place in a broad potential region. Therefore, it seems that the CO surface diffusion toward the most Pt
active site is more impeded at PtSn-based catalysts than at Pt/C electrode [2,5,10]. Another important
parameter to study the CO tolerance is the onset potential for the CO oxidation reaction. In this regard,
it is clearly observed that the insertion of Sn into the catalyst strongly enhances the CO tolerance
since the onset potential is about 0.25 V more negative at PtSn-based electrodes than at Pt/C catalyst.
Interestingly, both PtSn materials develop similar onset potential, suggesting that the CO tolerance
is not strongly influenced by the amount of Sn. In order to gain a better understanding of the CO
oxidation reaction at PtSn-based electrodes, FTIRS experiments were carried out.

In situ FTIRS was employed to investigate the CO,4 oxidation process on Pt/C, Pt-5n 3:1/C
and Pt-Sn 1:1/C catalysts in perchloric acid medium to avoid the IR absorption by sulfate species at
wavenumbers lower than 1400 cm ™. Therefore, a series of spectra acquired during the oxidation of a
monolayer CO, with a reference spectrum obtained at 0.07 V, is given in Figure 2. The negative band
at 2343 cm~! corresponds to the production of CO, and it is apparent at E > 0.50 V for Pt/C and at
E > 0.3 V for PtSn-based materials. The last is in complete agreement with previous DEMS results.
Another signal is observed that first appears as bipolar at ca. 2080-2030 cm ™! and turns positive at
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higher potentials. The bipolar feature is related to an adsorbate that is still present at the surface and
suffers an important wavenumber shift as a consequence of increasing the potential (stark effect) [34].
In this case, this band is well known and is related to linear adsorbed CO (COy). Also, a small band is
apparent at 1873 cm~! that is associated with bridge bonded CO (COg). The intensity of the last band
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decreases with the Sn loading in the material, being absent at the Pt-Sn 1:1/C catalyst.
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Figure 1. Cyclic voltammograms (CV) and mass spectrometric CV (MSCV) for CO stripping. Faradaic

current (top panel) and ionic current for m/z = 44 signal (bottom panel) registered during a CO,q
monolayer electrooxidation on Pt/C, Pt-5n 3:1/C and Pt-5Sn 1:1/C in 0.5 M H,SO4 at room temperature.
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Figure 2. In situ Fourier transform infrared spectroscopy (FTIR) spectra recorded during a CO,q
monolayer electrooxidation on Pt/C, Pt-Sn 3:1/C and Pt-Sn 1:1/C catalysts in 0.1 M HCIO4 at room
temperature. E,q = Rp =0.07 V.

Therefore, both in situ techniques (DEMS and FTIRS) reveal an enhancement of the CO tolerance
by Sn, and the bifunctional mechanism [1-5,9-16,35,36] appears to be mainly responsible since

physicochemical analysis indicate negligible electronic effects by Sn addition [24].
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2.3. Ethanol Electrooxidation

Ethanol electrooxidation reaction (EOR) was studied on Pt/C, Pt-Sn 3:1/C and Pt-5n 1:1/C
catalysts by cyclic voltammetry and chronoamperometry at room temperature. The working electrode
was introduced at controlled potential (0.05 V vs. RHE) where the oxidation of the ethanol molecule is
negligible and afterwards CVs were performed between 0.05 and 1 V vs. RHE at 0.02 V-s~! (Figure 3a)
or a potentiostatic pulse at 0.5 V was applied during 10 min (Figure 3b). As was described before,
the faradaic currents were normalized by the ECSA calculated from CO stripping experiments. Thus,
Figure 3a shows the third CVs (subsequent CVs reveal similar and stable profiles) for the three catalysts.
It is observed an increment of the faradaic current and a diminution of the onset potential with the rise
of the 5n loading. In agreement with CVs results, current transients recorded at 0.5 V (Figure 3b) reveal
an enhancement of the catalytic activity toward the ethanol oxidation reaction (EOR) with the rise of
the Sn loading. Therefore, the catalytic activity toward the EOR increases in a subsequent way: Pt/C <
Pt-5n 3:1/C < Pt-5Sn 1:1/C. These results are in agreement with those reported by Tsiakaras et al. [12],
in which Pt-Sn catalysts with metallic ratios ranging from Pt;Sn; to Pt;Sn; were employed. They found
that the maximum power density obtained in a direct ethanol fuel cell (DEFC) exhibits a “volcano-type”
behavior with the Sn content in the catalyst. It was reported that the optimal Sn loading is about
30%—40% for intermediate working temperatures (60 < T <90 °C) [13], and slightly increases (50%)
for room working temperature [14,15]. In this regard, we recently reported that catalytic materials
containing 75% of Sn show similar performances toward the EOR to those including 50% of Sn loading
under steady-state conditions [24]. However, the results belonging to the Pt;Sns catalyst are not
included in the current work due to the low intensity of the IR spectra.
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Figure 3. Ethanol electrooxidation on Pt/C, Pt-Sn 3:1/C and Pt-Sn 1:1/C catalysts in 1 M CH3CH,OH

+ 0.5 M H,SOy at room temperature. (a) CVs recorded at 0.02 V-s~L; (b) current-transients recorded
at0.5 V.

The formation of gaseous and volatile intermediates and products during the EOR on Pt/C,
Pt-5Sn 3:1/C and Pt-5Sn 1:1/C catalysts was followed by DEMS. Figure 4 shows the third CVs and
the corresponding MSCVs for the m/z = 15 (CH3") and m/z = 44 (CO,* and CH3CHO") signals
during the electrooxidation of ethanol at Pt/C, Pt-Sn 3:1/C and Pt-Sn 1:1/C electrodes in acidic
media recorded at 0.005 V-s~!. The signals for n/z = 15 and 44 can be related to the production
of two species. Indeed, the m/z signal 15 is associated with methane and acetaldehyde production
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(CH3" fragment from both compounds) at low (E < 0.5 V in the forward scan and E < 0.3 V in the
negative sweep) and high (E > 0.5 V in the forward scan and E > 0.3 V in the negative sweep) potentials,
respectively [6,7]. The signal for m/z = 15 could be associated with the production of acetaldehyde
in the whole potential range. However, a detailed comparison of the MSCVs for m/z = 15 and 44
(the latter related to acetaldehyde and/or carbon dioxide formation at E > 0.5 V), shows that both
MSCVs are similar for E > 0.5 V but at E < 0.5 V the features in the MSCV for m/z = 15 are not present
for m/z = 44. Therefore, in this potential range the signal for m/z = 15 has to be related to the formation
of methane (Equation (4)). Methane formation is of main relevance because only can take place after
C-C cleavage. In this regard, our group recently reported for the first time the production of methane
at Pt/C and mesoporous Pt during the anodic scan at E > 0.1 V [6,7]. A close inspection of Figure 4
reveals an increment of acetaldehyde and/or carbon dioxide with the rise of Sn loading in the catalysts
(Equations (6) and (12)), meanwhile the opposite happens with the methane production. Additionally,
it is perceived that the onset potential for the m/z = 44 shifts toward more negative potentials as the
amount of Sn increases.
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Figure 4. Ethanol electrooxidation on Pt/C, Pt-Sn 3:1/C and Pt-5n 1:1/C catalysts in 1 M CH3CH,OH
+ 0.5 M H,S0; recorded at room temperature and 0.005 V-s~1. CVs (top panel) and MCVs for n1/z =
44 (middle panel) and m/z = 15 (bottom panel).

All these results suggest that C-C bond breaking is disfavored and consequently by-side products
(acetaldehyde and acetic acid) increase with the amount of Sn into the catalytic material. Indeed,
methane production decreases and the m/z = 44 signal increases with the rise of the Sn loading. As was
described above, the m/z = 44 signal can be related to acetaldehyde and/or carbon dioxide production.
So, in order to discern between both products and gain a better understanding of the EOR, FTIRS
experiments were conducted.

Figure 5 shows sequences of in situ FTIR spectra recorded during ethanol electrooxidation on
Pt/C, Pt-5n 3:1/C and Pt-5Sn 1:1/C in perchloric acid media to avoid the IR absorption by sulfate
species, while varying the electrode potential stepwise from 0.05 to 1.0 V (Rg = 0.05 V). From these
spectra, similar bands appear for all catalysts that develop with different intensity and potential
dependence according to the Sn loading in the catalytic material. Pt/C catalyst develops two positive
bands at ca. 2982 and 2906 cm ™!, as well as eight negative-going contributions are apparent around
2770, 2343, 2037, 1716, 1650, 1370, 1284, 1110 cm 1. We consider now the assignment of these bands.
The small band around 1650 cm ™! is due to the O-H bending mode of water, which may disturb
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the spectral region between 1700 and 1400 cm !, meanwhile the signal at ca. 1110 cm ! is related to
the electrolyte (perchlorate ions) that hinders signals close to this spectral region. The positive going
(loss) bands at 2982 and 2906 cm ! are related to the consumption of ethanol (asymmetric stretching
vibrations of CH3 and CHj, respectively). The negative going bands (gain) at 2343 cm ™! is due to the
asymmetric stretching vibration of CO, and the negative contribution at ca. 2037 cm ™! is related to
linearly adsorbed CO on Pt (COy). The band at around 1716 cm 1 (C=0) is assigned to the v(C-O)
stretching mode of the carbonyl groups in both acetaldehyde and/or acetic acid, but actually it is very
difficult to differentiate a carbonyl from an acid or aldehyde group because the C=0 band for both
groups are separated by around 5 cm ™! in the spectra [4,17,37-40]. Nevertheless, acetic acid formation
can be discerned from the bands at 2770 and 1284 cm ! that are associated with the O-H stretching and
O-H deformation vibrations in acetic acid. The broad band at ca. 1370 cm ! is attributed to acetic acid
(C-O stretching) and acetaldehyde (CH3 symmetric deformation and C-H wagging vibrations) [38].
Interestingly, Pt/C is the only catalyst that develops a negative contribution about 1833 cm~! that is
associated with bridge bonded CO (COg). Additionally, PtSn-based electrodes develop at E < 0.4 V a
small but visible negative band at 1252 cm~!. According with data in the literature, a band located
approximately at this wavenumber is expected for an adsorbed tertiary alcohol (C-OH stretch), which
may be in the current work either as adsorbed COH or COHCHj species [34,39,40].
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Figure 5. In situ FTIR spectra recorded during the ethanol electrooxidation on Pt/C, Pt-Sn 3:1/C and
Pt-5n 1:1/C catalysts in 1 M CH3CH,OH + 0.1 M HCIO4. R; =R =0.05 V.

At E > 0.2V, adsorbed CO (COg for Pt/C and COy, for Pt-5n based electrodes) is produced
(Equation (4)) that is in agreement with DEMS results in which methane was elucidated during the
forward scan in the same potential range (1m/z = 15 in Figure 4). Therefore, it can be stated that
C-C cleavage occurs at Pt-based electrodes at low overpotentials in acidic media [6,7]. Moreover, the
presence of Sn diminishes the production of methane and CO,q species and therefore it seems to
hinder C-C scission.

Carbon dioxide formation (Equations (10) and (12)) is apparent at E > 0.7 for Pt/Cand atE > 0.5V
for PtSn-based electrodes. Thus, Sn improves the fuel conversion efficiency at E < 0.5 V mainly by the
bifunctional effect as was described before during the CO stripping experiments and confirmed by
the physicochemical analysis in which electronic effects were not discerned [24]. In this regard, Sn
provides adsorbed oxygenated species at more negative potentials than Pt (Equation (9)) and therefore
the CO tolerance of the material is enhanced (Equations (10) and (12)). Nevertheless, the production of
carbon dioxide decreases with the rise of Sn loading, which may be ascribed to a diminution of the
C-C cleavage at PtSn-based materials. The latter may be occasioned by a reduction of the active phase
(i.e., Pt) by the second element.
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Interestingly, the band at ca. 2770 cm ™!, which is associated only to acetic acid (Equation (11)),
increases at E > 0.7 and E > 0.5 V for Pt/C and PtSn-based electrodes, respectively, i.e., the same
potential values for carbon dioxide formation (Equations (10) and (12)). Indeed, the water dissociation
reaction (OH,q formation, Equation (9)), which is enhanced by Sn species, is necessary for the
production of both species. In this context, the band at ca. 1284 cm~! must be used with great
caution since Nafion (a catalyst ink component) absorbs IR radiation in this spectral region [41].

The onset potential for the acetaldehyde formation (Equations (5) and (6)) is clearly discerned from
the negative contribution at ca. 1716 cm ™. The last increases at higher potentials than 0.3 and 0.5 V
for PtSn-based and Pt/C catalysts, respectively. Interestingly, these potential values are in agreement
with those developed in the CVs (Figure 3a). In addition, it is observed that the intensity of this band
increases with the rise of Sn loading into the catalytic material. It must be taken into account that this
band belongs only to acetaldehyde at potentials lower than 0.5 and 0.7 V for PtSn-based and Pt/C
catalysts, respectively. At higher potentials, acetic acid also absorbs IR radiation at this wavenumber.

3. Materials and Methods

3.1. Catalysts Preparation and Physicochemical Characterization

The preparation and physicochemical characterization of the catalysts have been already described
in our previous work [24]. Briefly, Pt and PtSn catalysts supported on commercial carbon Vulcan
XC-72R (Cabot Co., Boston, MA, USA) were prepared by the formic acid method (FAM) at 80 °C [42].
Appropriate amounts of metal precursors (H,PtCly and SnSO4, Sigma-Aldrich, St. Louis, MO,
USA) were slowly added to the previous carbon dispersion to obtain a metal loading of 20 wt %.
Transmission electron microscopy (TEM, JEOL-2000 FX II microscope, Tokyo, Japan), X-ray diffraction
(XRD, PANalytical X'Pert Pro X-ray diffractometer, Eindhoven, The Netherlands), energy-dispersive
X-ray spectroscopy (EDX, coupled to the scanning electron microscope Jeol JSM 6300) and X-ray
photoelectron spectroscopy (XPS, Thermo-Scientific equipment, Waltham, MA, USA) were employed
for the physicochemical characterization of catalysts. Main results are described below during the
results and discussion section.

3.2. Electrochemical Characterization

The catalyst ink was prepared by mixing 2 mg of the catalyst in 0.5 mL of ultrapure water
(Millipore, Darmstadt, Germany, 18.2 MQ-cm™! of resistivity) and 15 pL of Nafion (5 wt %,
Sigma-Aldrich). This mixture was dispersed in an ultrasonic bath and an aliquot of the suspension
was pipetted on the top of the working electrode, consisting of a glassy carbon disk (7 mm), and dried
at ambient temperature under N, atmosphere. After preparation, the electrode was immersed into the
electrochemical cell at controlled potential of 0.05 V.

A thermostated three electrodes electrochemical cell was used to perform all the experiments.
This cell allows solution exchange under working electrode potential control. A carbon rod was used
as counter electrode and a reversible hydrogen electrode (RHE) in the electrolyte as reference electrode.
All potentials in this work are given against the RHE. Electrochemical measurements were performed
with a PC Autolab potentiostat-galvanostat PGSTAT30.

Experiments were carried out in 0.5 M aqueous sulphuric solutions prepared from high purity
reagents (Merck p.a., Kenilworth, NJ, USA) and ultra-pure water (Millipore MilliQ gradient A10
system, 18.2 MQ) cm, 2 ppb total organic carbon). Argon (N50) was used to deoxygenate all solutions
and CO (N47) to dose CO. CO stripping experiments were obtained after bubbling CO through the cell
for 15 min while keeping the working electrode at 0.07 V, followed by argon purging and electrolyte
exchange to remove the excess of CO. CO stripping voltammograms were recorded, by first scanning
negatively until 0.05 V so that entire hydrogen region was explored, and then scanning positively up
to 1.0 V.
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The charge involved in the CO oxidation peak was used to determine the electroactive surface
area (ECSA), assuming a charge of 388 pC-cm~2 involved in the oxidation of 0.93 monolayer of
linearly adsorbed CO. Current densities given in the present paper were calculated with the previously
achieved ECSA.

Potentiodynamic and potentiostatic experiences of ethanol (Merck p.a.) oxidation were performed
with 1 M alcohol concentration. First the working electrode was fixed to 0.05 V and later the
alcohol solution was introduced into the electrochemical cell. Next, cyclic voltammograms (CVs)
or current transients (CTs) were obtained by sweeping/stepping the potential from 0.05 V to the final
oxidation potential.

3.3. EC-MS Set-Up

Gaseous and volatile species produced on the electroactive surface were continuously detected by
a new electrochemical mass spectrometry (EC-MS) configuration recently reported [6,7]. Briefly, the
analysis system is a commercial mass spectrometer (Omnistar™, Pfeiffer, Asslar, Germany) with a PTFE
capillary (Supelco) as inlet. The electrochemical mass electrode (EC-ME) consists of a PTFE capillary
fixed in a carbon disk with a hole in the middle and a small porous PTFE membrane (Gore-Tex) located
onto the tip. Then, 10 uL of the catalytic ink was dried onto the PTFE membrane of EC-ME, so only very
small amounts of catalysts are needed for the studies. With this EC-MS set-up, a meniscus configuration
can be adopted in a conventional electrochemical cell. Thus, mass spectrometry cyclic voltammograms
(MSCVs) can be recorded simultaneously with the corresponding cyclic voltammograms (CVs).

3.4. In-Situ FTIRS

FTIRS experiments were performed with a Bruker Vector 22 spectrometer equipped with a
mercury cadmium telluride detector. A small glass flow cell with a 60° CaF, prism at its bottom was
used. The cell and experimental arrangements have been described in detail elsewhere [35,43]. FTIR

~1 resolution at selected

spectra were acquired from the average of 128 scans, obtained with 8 cm
potentials, by applying 0.05 V single potential steps from a reference potential, in the positive going
direction. The reflectance ratio R/R( was calculated, where R and Ry are the reflectances measured at
the sample and the reference potential, respectively. In this way, positive and negative bands represent
the loss and gain of species at the sampling potential, respectively.

The working electrodes consisted of a certain amount of the metal/C catalysts deposited as a
thin layer over a polycrystalline gold disk. The geometric area of the disk was 0.785 cm?. An aqueous
suspension of 4.0 mg-mL~! of the metal/C catalyst was prepared by ultrasonically dispersing it in
15 mL of Nafion (5 wt %, Aldrich) and pure water (Millipore). An aliquot (20 mL) of the dispersed
suspension was pipetted on the top of the gold disk and dried at ambient temperature. In order to
avoid the absorption by sulfate species, experiments were carried out in 0.5 M perchloric solutions
prepared from high purity reagents (Merck p.a.) and ultra-pure water.

4. Conclusions

Carbon monoxide and ethanol oxidation reactions at carbon-supported Pt, Pt-5n 3:1 and Pt-Sn
1:1 in acidic media were scrutinized by conventional (cyclic voltammetry and chronoamperometry)
and non-conventional spectroelectrochemical techniques (FTIRS and DEMS).

CO tolerance increases with the addition of Sn into the catalytic material, which is mainly
associated with the bifunctional effect. FTIRS analysis indicates a diminution of the bridge bonded CO
(COg) at Pt with the Sn loading in the catalytic material.

The catalytic activity toward the ethanol oxidation reaction (EOR) was found to increase in the
following order: Pt/C < Pt-5Sn 3:1/C < Pt-5Sn 1:1/C. The opposite trend was found for the onset
potential of the EOR. In this regard, FTIRS and DEMS analysis showed that the C-C scission occurs at
low overpotentials and at the same values independently of the Sn loading. However, the amount
of C-C bond breaking decreases with the rise of Sn in the catalyst, which is attributed to the dilution
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of the active phase. Additionally, both spectroelectrochemical techniques indicate that the catalytic
activity and the onset potential for the EOR are improved by the promotional effect of Sn on bimetallic
PtSn/C catalysts for the water oxidation reaction. The last provides oxygenated species (OH,q4) at low
overpotentials (about 0.5 V) to liberate the active phase from the main catalyst poison (CO,q) and to
produce acetic acid. Indeed, it was detected that acetic acid and acetaldehyde increases meanwhile
carbon dioxide decreases with the Sn loading in the catalyst, indicating that the enhanced catalytic
activity toward the EOR is mainly due to the incomplete EOR.
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Pt-Sn catalysts supported on carbon, with different Pt-Sn atomic ratios (3:1, 1:1, 1:3), were prepared
through the formic acid method (FAM) and supported on different carbon supports (nanofibers and car-
bon blacks) to study their behavior toward CO stripping and ethanol oxidation reaction (EOR). PtSn/C
catalysts and supports were physicochemically characterized by XRD, EDX, XPS, TEM and TPD. Good
particle dispersion onto the carbon support, similar particle sizes (around 4-5nm) and the presence of
tin oxides were observed in all cases. Sn insertion favored the development of the Pt3Sn; phase and
the presence of higher oxidation states of both metals in the catalyst. Ethanol and adsorbed CO oxida-
tion were studied at these materials both in acid and alkaline media, by linear sweep voltammetry and
chronoamperometry. Higher EOR current densities were obtained with the increase in the amount of Sn
in the samples, been those materials supported on CNF the ones with the best CO tolerance and catalytic
activity toward this reaction. As expected, a great improvement of the EOR activity was found in alkaline
media compared to sulfuric acid media, providing good expectative for these materials as catalysts for
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alkaline direct ethanol fuel cells.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the importance of finding alternatives to petroleum
is a worldwide concern, as oil extraction is costly and environmen-
tally damaging, the burn of hydrocarbons releases carbon dioxide
to the atmosphere, contributing to the global warming, and oil
reserves are becoming scarce. Hydrogen used as an energy vector
is the simplest and most efficient way to convert energy, but the
required infrastructure is yet limited mainly due to the production
costs and storage difficulties.

One good alternative to hydrogen is the use of small organic
molecules containing hydrogen atoms (methanol, ethanol, formic
acid, etc.) directly as a fuel in low temperature fuel cells. Ethanol
presents several advantages: it can be obtained from the fermen-
tation of biomass in large quantities (renewable), it is not toxic like
methanol and has a high energy density [1,2]. The catalytic activity
of Pt for the electrooxidation of hydrogen is very satisfactory but,

* Corresponding author.
E-mail addresses: epastor@ull.edu.es, elena_pastor_tejera@yahoo.es (E. Pastor).
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when electrooxidizing ethanol, the use of Pt as electrode entails
some disadvantages. Among them, its low selectivity to the com-
plete oxidation of ethanol to CO, leads to low fuel efficiency and,
thus, low power densities when compared for example to methanol
even if the former has a higher theoretical energy density. Actu-
ally, the main ethanol electrooxidation products are acetic acid and
acetaldehyde [3-5]. Pt needs high overpotentials to break the C—C
bond from ethanol, forming some adsorbed C2 species in addition
to CO-like intermediates which also need high overpotentials to be
oxidized [6-8]. As a consequence, a fast Pt surface poisoning takes
place, resulting in low ethanol oxidation reaction (EOR) currents.
Pt-Sn catalysts are currently considered the best binary formu-
lation toward EOR. The properties of Pt-Sn/C catalysts have been
extensively investigated for their application as anode materials
for direct ethanol fuel cells (DEFCs) in the last years. Tsiakaras et al.
studied the influence of Pt-Sn composition on the ethanol oxida-
tion reaction, with metallic ratios ranging from Pt;Sn; to Pt4Snq
catalysts that were prepared by reduction with ethylene glycol [9].
They showed that the maximum power density obtained in a DEFC
exhibits a “volcano-type” behavior with the Sn content in the cat-
alyst. The apex of the volcano was attributed to an interplay of
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Fig. 2. (A) Sn 3d and (B) Pt 4f XPS spectra of Pt-Sn 3:1/Vulcan XC-72R.

enhanced activity with expanding lattice parameter and decreased
conductivity with higher amounts of semiconducting tin oxide or
decreased number of active sites of Pt partly covered by Sn [9]. The
optimal Sn content for temperatures from 60 to 90 °C was found to
be 30-40% [10], whereas a slightly higher optimum value of 50%
[11,12] was reported for EOR at room temperature.

The higher electroactivity of this bimetallic formulation with
respect to Pt has been explained by a bifunctional mechanism, i.e.
Sn provides OH species at lower overpotentials than Pt, favoring
the oxidation of intermediate species [13-15]. Other explanation
is based on an electronic effect, which consists of the change of the
electronic state of Pt atoms with the introduction of Sn, forcing the
former to acquire different energy levels from the equilibrium. In
this way, the weakening of Pt-CO bond is favored, which results in
an easier removal of this adsorbate during the EOR [16]. However,
the currents obtained in acid electrolytes by using Pt-Sn catalysts,
although better than those for Pt, are still low.

Fig. 3. TEM images of Pt-Sn 3:1 supported on: A) CNF B) Vulcan XC-72R C) Vulcan
NSTa0.5.
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Fig. 4. CO-stripping voltammetry and CV in the base electrolyte for all catalysts
recorded at 20mV/s and 20°C (0.5 M H,SO4 (red solid line) and 0.1 M NaOH (blue
dash-dot line)). Currents were normalized by the electrochemically active surface
area obtained from CO-stripping measurements. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

On the other hand, Pt based catalysts exhibit better activity
and stability toward the EOR in alkaline media. This behavior has
been attributed, at least in part, to the higher OH,4 coverage at
lower overpotentials [ 17]. Nevertheless, in alkaline media the elec-
trolyte is prone to a progressive carbonation by the CO, generated
in the EOR and from the atmosphere, which blocks the electrode
porosity and reduces the catalytic efficiency. Some technologies

are being recently developed in order to solve this kind of prob-
lems, as the development of alkaline solid polymer membranes,
which can greatly reduce the carbonation problems [18,19], or the
employment of electrolyte recirculation systems which allows a
continuous CO, removal [20].

Moreover, the support could also play a key role in the electroac-
tivity of the catalyst toward the EOR. Carbon materials are generally
used as support because they provide good electrical conductiv-
ity, good porosity where reactant molecules can easily transfer and
react, high surface area for a suitable dispersion of metal particles
and appropriate resistance to acid/alkaline environments [21-25].
The surface chemistry of carbon is also an important aspect to be
considered for the design of highly active catalysts. It has been
shown that the presence of oxygenated groups on the carbon sur-
face improve the catalytic activity toward the EOR and favors the
anchorage of metal nanoparticles on the carbon support [26,27]. In
the present work, the functionalization of a carbon black (Vulcan
XC-72R) with concentrated nitric and sulfuric acids was performed
in order to create oxygenated groups on the surface [28].

Carbon nanofibers (CNFs) were also investigated as carbon sup-
port because they show interesting textural properties like low
content in micropores (about 1% while Vulcan XC-72R has about
10%), where ethanol cannot transfer and react, and a graphitic
structure which provides a high electrical and thermal conductivity
as well as oxidation resistance [26,29,30].

Although CO and ethanol oxidation reactions on Pt-Sn/C cat-
alysts have been extensively studied [9-16,31-33], no papers
comparing the influence of the carbon support in different elec-
trolytes and designing highly catalytically active Pt-Sn catalysts
with atomic percentages of Sn higher than Pt have been published
up to our knowledge.

In the present paper, Pt-Sn catalysts with different atomic ratios
and supported on CNF, Vulcan and oxidized Vulcan, were synthe-
sized and studied in acid and alkaline media in order to design an
optimized material with the appropriate composition and carbon
support to provide the highest catalytic activity toward EOR.

2. Experimental
2.1. Carbon support preparation

Oxidized Vulcan (labeled as Vulcan NSTa0.5) was prepared by
oxidation of carbon black (Vulcan XC-72R from Cabot Co.) with
concentrated nitric and sulfuric acids (Sigma Aldrich) at room tem-
perature during 30 min under stirring conditions [28]. The oxidized
carbon was then copiously washed with deionized water and dried
at 110°C overnight.

CNFs were synthesized by the catalytic decomposition of
methane on a nickel-based catalyst (NiCuAl,03) at 750 °C. The cata-
lyst precursor (based on nickel-copper oxides) was firstly reduced
in pure hydrogen at 550°C for 1h. The system was subsequently
heated at 750°Cin an inert gas atmosphere and then pure methane
was fed to the reactor (10Lg~1 h—1) during 10 h. Further details can
be found elsewhere [34].

2.2. Catalysts preparation

Pt-Sn catalysts supported on carbon were prepared by reduc-
tion of metal precursors with formic acid [35], by addition of a
formic acid solution to the carbon support at 80 °C. Appropriate
amounts of metal precursors (H,PtClg and SnSOg4, Sigma-Aldrich)
were slowly added to the previous dispersion to obtain a metal
loading of 20 wt.% in all cases.
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2.3. Physicochemical characterization

Transmission electron microscopy (TEM), X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDX), X-ray photo-
electron spectroscopy (XPS), temperature programmed desorption
(TPD) and N, adsorption-desorption isotherms were employed for
the physicochemical characterization of catalysts and/or carbona-
ceous supports.

N, adsorption-desorption isotherms of the carbon supports
were measured at —196 °C using a Micromeritics ASAP 2020. The
total surface area was calculated from BET (Brunauer, Emmett and
Teller) equation and the total pore volume was determined using
the single point method at P/Py =0.99. Pore size distribution (PSD)
curves were obtained from the analysis of the desorption branch
of the N, isotherm using the BJH (Barrett, Joyner and Halenda)
method.

The surface chemistry of the carbon materials was analyzed by
TPD. The experiments were accomplished in a Micromeritics Pulse
Chemisorb 2700 instrument, under a flow of helium and using a
heating rate of 10°Cmin~! from 150°C up to 1050 °C. The amounts
of CO and CO, desorbed from the samples were analyzed by gas
chromatography.

Powder XRD patterns of Pt-Sn/C catalysts were recorded with a
Panalytical X'Pert diffractometer using Cu-Ka radiation. Scans were
collected at 3° min~! for 20 values between 20° and 100°.

The XPS analyses were performed with a VG-Microtech Muti-
lab 3000 spectrometer equipped with a hemispherical electron
analyser and a MgAla X-ray source. The constant charging of the
samples was corrected by referencing all energies to the Cy5 peak
at 284.6eV.

Pt-Sn atomic ratios and metal loading were determined by EDX,
coupled to a scanning electron microscopy (SEM) LEO Mod. 440.

2.4. Electrochemical characterization

Electrochemical experiments were carried out in a conventional
three-electrodes cell connected to an electrochemical analyzer
(Autolab PGSTAT 302N). A high surface area carbon rod was used
as counter electrode and a reversible hydrogen electrode (RHE) in
the supporting electrolyte was employed as reference electrode. All
potentials will be referred to the latter electrode.

The catalyst ink was prepared by ultrasonically dispersing 2 mg
of the catalysts in 0.5 mL of ultrapure water (Millipore) and 15 L
of Nafion (5wt%). An aliquot of the suspension was pipetted on
the top of the working electrode consisting of a glassy carbon
disk (7mm), and dried at ambient temperature under N, atmo-
sphere. The experiments were carried out in 0.1 M NaOH (99.99%,
Merck) or 0.5M H;SO4 (Merck p.a.) aqueous solutions. First, the
electrolyte was deaerated with pure Ar (99.998%, Air Liquide) and
subsequently ethanol (Merck p.a.) was added for a 1 M concentra-
tion.

For the electrochemical characterization, cyclic voltammetry
(CV) was employed, which consists of scanning the working elec-
trode potential linearly versus time between two potential limits,
recording the current generated. The CO stripping was performed
bubbling the gas (99.997%, Air Liquide) for 10 min while polarizing
the electrode at 0.07V, then replacing non-adsorbed CO by bub-
bling Ar for 20 min, and subsequently scanning the potential up to
1Vat20mvs-1.

Current-time curves at constant potential (0.50V) were
recorded during 600 s to estimate the steady-state activity of the
catalysts towards the EOR at a potential close to that at the anode
side of a DEFC in the activation controlled region [36]. Current
transients were carried out from 0.05V, potential step where the

ethanol oxidation is negligible and then no adsorbed intermediates
on Pt are present, to a potential of 0.50V.

3. Results and discussion
3.1. Physicochemical characterization

The textural properties of the different carbon supports, ana-
lyzed by N,-physisorption measurements, are given in Table 1 [37].
As can be seen, only the total pore volume is slightly modified with
the funcionalization of the Vulcan support. CNFs show lower spe-
cific surface area (95m? g!) than carbon Vulcan (218 m2 g 1), but
approximately the 30% of the area of the later corresponds to micro-
pores whereas for CNFs this contribution amounts only to 4%. This
may lead to less mass transfer constraints in the catalytic layer
based on CNFs support, facilitating ethanol molecules diffusion to
catalytic sites.

The surface chemistry, in particular the amount of oxygen
groups was evaluated by TPD experiments. The total amount of
desorbed CO, and CO as well as the quantity of the different oxy-
genated groups is summarized in Table 2 [37]. It is shown that
the chemical treatment of carbon Vulcan leads to a considerable
increase in the presence of oxygenated groups on the carbon sur-
face. Only small quantity of quinone groups can be seen in the
untreated Vulcan XC-72R. After functionalization, a large amount
of phenolic groups is created (1144 pmolg-1) along with some
carboxylic acids, lactones and anhydrides (in decreasing order of
quantity), whereas the amount of quinones diminishes to about
the half. CNFs show a lower total contribution of oxygen groups
(252 wmolg~1) compared to untreated Vulcan XC-72R. Accord-
ing to these results, the chemical functionalization treatment in
acid results in the formation of oxygenated surface groups which
can enhance the hydrophilicity of the support and may favor the
metal particle anchoring, maintaining the textural properties of the
untreated carbonaceous material.

XPS, XRD and EDX results are summarized in Table 3. Metal load-
ing and Pt-Sn atomic ratios of the catalyst were determined by EDX
analysis. The metal content and the Pt:Sn bulk atomic ratios (EDX)
were similar to the nominal ones in all Pt-Sn/C catalysts, so there is
no significant effect of carbon features on the metallic composition.
Pt:Sn atomic ratios were also determined by XPS, showing similar
values to those obtained by EDX, indicating that no significant metal
segregation occurs at the surface.

X-ray diffractograms of Pt-Sn/C catalysts are given in Fig. 1. The
typical face centered cubic (fcc) crystalline peaks of Pt are identi-
fied, namely the planes (111), (200), (220), (311) and (222). Apart
from the Pt crystallographic structure signals, the graphitic carbon
reflection plane (002) at 26 =24.5° and the tin oxide phase (Sn0O;)
characteristic peaks at 26 c.a. 34° and 52° are also identified, the
latter for the Pt;Sn;/C and especially the Pt;Sn3/C samples. The
CNF-supported catalysts present also two Ni fcc related reflections
at 20 values of about 44° and 52°, which come from the presence
of Ni traces in the CNF.

The Pt lattice parameter was calculated from the Bragg equa-
tion for all Pt-Sn/C catalysts (Table 3). Regardless the support and
metallic composition, all catalysts present higher lattice parameter
values than that for pure platinum supported on carbon (3.92A),
which may lead to an improvement of Pt-Sn interactions. In this
sense, Antolini et al. found that the formic acid method allows the
highest degree of Pt-Sn alloying compared to the most commonly
employed synthesis methods for Pt-Sn/C catalysts [38]. It is impor-
tant to note that Pt and Sn produce solid fcc alloys when the Sn
content is lower than 25at.% and hexagonal close packing (hcp)
alloys when higher than 25 at.%. [8,39,40,41]. Since only fcc phases
were observed at X-ray diffractograms, the amount of Sn alloyed to
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Table 1
Textural properties of carbon supports.

Sample SBET (mZ/g) Vrotal (m3/g) vMicropore (Cl’l’l3/g) VMeSOpore (Cm3/g) SMicropore (mZ/g) SMesopore (mZ/g)
XC-72R 218 0.41 0.03 0.38 65 153
XC-72R NSTa0,5 218 0.58 0.04 0.54 65 153
CNF 95.7 0.23 0.001 0.23 4.0 91.7
Table 2
CO; and CO desorbed in TPD experiments from oxygen surface groups in the carbon materials.
Sample CO, peak area (pmol/g) CO peak area (pmol/g) CO +CO; (pmol/g) CO/CO,
Carboxyl Lactone Anhydride Phenol Carbonyl Quinone
Vulcan XC-72R 0 0 0 0 317 317 -
Vulcan NSTa0.5 464 231 55 1144 140 2089 1.80
CNF 11 20 0 68 153 252 6.90
Table 3
Composition and structural characteristics obtained from XPS (*), EDX (**) and XRD (***).
Catalyst Carbon Pt:Sn atomic ratio* Pt:Sn atomic Carbon content* Metal content™* Crystallite size™*  Lattice
support ratio™* (wt%) (wt%) (nm) parameter*** (A)
Pt-Sn 3:1/C Vulcan XC-72R 72:28 76:24 75 18 31 3.953
Vulcan NSTa0.5 68:32 74:26 73 18.5 3.8 3.957
CNF 70:30 73:27 57 19 4.1 3.968
Pt-Sn 1:1/C Vulcan XC-72R 42:58 46:54 80 18 31 3.962
Vulcan NSTa0.5 42:58 45:55 74 19 2.8 3.976
CNF 45:54 46:54 61 18 5.1 3.988
Pt-Sn 1:3/C Vulcan XC-72R 30:70 27:73 83 17.5 3.6 3.976
Vulcan NSTa0.5 17:83 24:76 73 18.5 3.8 3.992
CNF 20:80 23:77 54 18 3.2 3.993

Pt should be as high as 25 at%. Also the intensity of the peaks related
to SnO,, species increases with the amount of Sn in the catalyst and
the lattice parameter gets closer to 4.001 A, value which is ascribed
to the pure intermetallic Pt3Sn; alloy (JPCDS 00-035-1360). These
results indicate that both the degree of alloying between Pt and
Sn and the relative amount of SnO, phases increase in the order
Pt-Sn 3:1 <Pt-Sn 1:1 <Pt-Sn 1:3, independently of the carbon sup-
port. In addition, CNF-supported Pt-Sn catalysts exhibit higher Pt
lattice parameter than those supported on Vulcan XC-72R and Vul-
can NSTa0.5, which reveals that the formation of Pt3Sn; phases is
slightly favored when CNF is employed as support.

Pt crystallite sizes were calculated from the Scherrer equation
and the broadening of the Pt (220) peak, resulting in similar values
in the range 3-5nm for all of them. It appears that there is not a
clear effect of the support (functionalized or not) or the Pt:Sn com-
position on the Pt crystallite size. Finally, it is also noticeable that
the relative intensity of the graphite-related peak (c.a. 20=26°) is
significantly higher for CNF compared to the carbon blacks (Vulcan
XC-72R and Vulcan NSTa0.5), as expected from the high graphiti-
zation degree of CNF.

Fig. 2 shows the XPS of Pt 4f and Sn 4d spectra for the Pt-Sn 3:1
catalyst supported on Vulcan XC-72R, as a representative exam-
ple. Pt 4f spectrum can be deconvoluted into three contributions
ascribed to Pt (0), Pt (II) y Pt (IV) species, which appears at 71.4,
72.4 and 74.1 eV, respectively. On the other hand, the Sn 3d spec-
trum can be deconvoluted into two peaks attributed to Sn (0) at
485.8 eV and Sn (II/IV) at 487.4 eV. Discriminating between Sn (II)
and Sn (IV) oxides is difficult because both species appears at very
close binding energies. Table 4 summarizes the results regarding
the deconvolution of Pt 4f and Sn 3d spectra for PtSn/C catalysts.
It is observed that Sn is mostly in its oxidized state for all cata-
lysts (61-97%). Pt and Sn tend to be in their oxidized form with the
increase of Sn content, which suggests that Sn promotes the oxida-

tion of both metals in the material. Other interesting feature is that
the weight percentage of carbon on the surface was lower than the
nominal value (between 54 and 61%) for CNF supported catalysts,
as can be seen in Table 3. This fact indicates that metal particles
are more exposed on the surface of CNF-based catalysts compared
to the other two carbon supports. An increase in the metal content
on the surface may provide a higher density of catalytic active sites
where the ethanol molecule can react, and consequently, a better
performance of CNFs-based catalysts should be expected.

TEM images obtained for the Pt-Sn 3:1 catalysts supported on
the different carbon supports employed are given in Fig. 3. The typ-
ical fibrous structure is envisaged for the CNF (Fig. 3a) whereas
carbon black is formed by spheroidal agglomerates (Figs. 3b and c).
A good distribution of metal particles on the supports was attained
in all cases, with a regular particle size regardless the support,
although some agglomerates were observed on the CNFs. This could
be caused by the lower BET surface area of the nanofibers (Table 1).

3.2. Adsorbed CO electrooxidation (CO stripping)

First and second cyclic voltammograms (CVs) for the electroox-
idation of CO adsorbed at 0.07 V vs. RHE (CO stripping), are given in
Fig. 4 for the three Pt-Sn compositions and the three supports (CNF,
Vulcan XC-72R and Vulcan NSTa0.5). The current density (j) has
been normalized by the electroactive surface area estimated from
the electrooxidation of a CO adsorbed monolayer. In a strict sense,
this active surface area is assigned to Pt as only Pt atoms (and not
Sn) adsorb CO. These CVs provide insights about the CO poisoning
tolerance of synthesized materials, which is an important point to
be considered for their use in direct alcohol fuel cell anodes, as CO is
the main poisoning intermediate formed during alcohol oxidation.
The onset for CO oxidation at Pt-Sn/C takes place at more negative
potentials with respect to bare Pt catalysts in both acid and alka-



R. Rizo et al. / Applied Catalysis B: Environmental 200 (2017) 246-254 251

Table 4
Weight percentages of the different Pt and Sn species extracted from XPS experiment.
Catalyst Carbon support % Pt (IV) % Pt (I1) % Pt % Sn (I/1V) % Sn
Pt-Sn 3:1/C Vulcan XC-72R 9 19 72 77 23
Vulcan NSTa0.5 2 17 81 65 35
CNF 6 31 63 61 39
Pt-Sn 1:1/C Vulcan XC-72R 10 20 70 83 17
Vulcan NSTa0.5 14 24 62 74 26
CNF 11 32 57 82 18
Pt-Sn 1-3/C Vulcan XC-72R 12 31 57 89 11
Vulcan NSTa0.5 16 29 55 95 5
CNF 24 31 45 97 3

line electrolytes [42], indicating an increase in CO tolerance with
the insertion of Sn. However, all materials developed an onset for
CO oxidation at similar potentials (around 0.25V), irrespective of
carbon support or Pt:Sn ratio, which is in agreement with results
from Lim and coworkers [43].

Three different contributions for CO oxidation are generally
obtained in the stripping CVs for Pt-Sn catalyst in both electrolytes.
This multiplicity of peaks can be explained by the presence of dif-
ferent active sites with diverse CO adsorption energy, the blocking
effect by adsorbed species, as well as a slow CO surface diffu-
sion towards reactive sites [44]. The first CO oxidation peak takes
place at 0.45V vs. RHE in alkaline and acidic media. It resembles
a peak associated to Pt characterized by low coordinated sites or
grain boundary [45]. The main oxidation peak is sharper in alka-
line electrolyte than in sulfuric acid electrolyte, presumably due
to the presence of sulfate anions in the latter which adsorbs on Pt
actives sites, making more difficult the mobility of CO on the sur-
face in this medium. This main peak is located at more negative
potentials on Pt-Sn/CNF (0.70V vs. RHE in acid and 0.65V vs. RHE
in alkaline electrolyte) compared to Pt-Sn/Vulcan with and with-
out functionalization (0.73V vs. RHE in acid media and 0.68V vs.
RHE in alkaline electrolyte). CNF is thus the support that leads to
a higher CO tolerance for Pt-Sn catalysts, while Vulcan function-
alization doesn’t improve significantly the activity of the catalysts
toward CO oxidation.

The second cyclic voltammogram after CO stripping (CV in
the base electrolytes), shows the hydrogen adsorption/desorption
region typical for Pt catalysts in the 0.05-0.35V potential range.
A suppression of the currents in this region can be seen when the
amount of Sn increases, which can be explained by the more facile
adsorption of OH species with the presence of Sn or Sn oxides
which hinders the hydrogen adsorption; the blockage of Pt adsorp-
tion sites; or a significant change in the electronic properties of
Pt is produced by Sn insertion, as evidenced in XPS analyses [46].
The hydrogen adsorption/desorption peaks on sites with (110) and
(100) orientations are more clearly pronounced in alkaline media
(located at 0.25 and 0.35V vs RHE, respectively) than in sulfuric
acid (centered at 0.12 and 0.25V vs RHE, respectively) [47], where
sulfates anions are adsorbed on Pt blocking defect sites [48].

Furthermore, an anodic process takes place in the characteristic
double layer region for Pt surfaces, which is related with catalyst
surface oxidation promoted by Sn oxides [43]. On bare Pt cata-
lysts supported on carbon Vulcan, surface oxidation takes place at
potentials higher than 0.70V vs. RHE [49], but after Sn insertion,
the oxidation of the surface is shifted to more negative potentials
(around 0.40V vs. RHE), which suggests that the activation of H,O
is promoted by Sn/SnOx species [50]. In alkaline media, however,
hydrogen desorption is immediately followed by the oxidation of
the surface because of the higher availability of OH in the electrolyte
[51].

3.3. Ethanol electrooxidation

EOR was studied on Pt-Sn catalysts supported on Vulcan XC-
72R, Vulcan NSTa0.5 and CNF by cyclic voltammetry in alkaline and
acid electrolytes at room temperature. The working electrode was
introduced into the solution at 0.05V vs. RHE, where there is a neg-
ligible adsorption and electrooxidation of ethanol, and then a cyclic
voltammogram was recorded up to 1.00V vs. RHE at 0.02Vs~1,
Fig. 5 shows the stable profiles (corresponding to the third cycle) in
acid and alkaline electrolytes for all catalysts. Currents were again
normalized by the electroactive surface area calculated from CO
stripping experiments.

By comparing the currents and the onset potentials in the CVs
for EOR, it is possible to establish the activity of the catalysts, being
those which show lower onset potentials for the EOR and higher
currents the most actives ones. Hence, clearly, higher currents and
more negative onset potentials (i.e. higher activities), are observed
in alkaline medium than in sulfuric acid electrolyte. Two phenom-
ena explain this increase in alkaline media: the absence of sulfate
anions in the NaOH electrolyte, which adsorbs on Pt blocking some
active sites [52]; and/or the higher coverage of adsorbed OH at low
potentials in alkaline media, required for the removal of ethoxi
residues, among others, during EOR [53]. It is also noticeable that
the best electroactivity of the catalysts toward EOR is found for the
catalysts with Pt:Sn atomic ratios 1:1, regardless the carbon sup-
port or the electrolyte, followed by Pt:Sn 1:3 based catalyst. The
existence of an optimum Pt:Sn ratio implies that Sn species facili-
tate the ethanol oxidation at lower overpotentials than bare Pt, by
means of bifunctional mechanism or electronic effect, as described
in the introduction section; but ethanol adsorption and C—C bond
dissociation requires Pt ensembles to accommodate the result-
ing dissociative-adsorption fragments during EOR [5-7,54,55]. The
number of Pt active sites are limited when the Pt:Sn atomic ratio is
1:3. In this sense, Pt-Sn 1:1 appears to be the best formulation, in
good agreement with the results found in Refs. [56] and [57].

Current transient curves at constant potential for EOR (1M
ethanol solutions) in acid and alkaline electrolytes for all catalyst
are displayed in Fig. 6. The transients were carried out step-
ping from a potential where the ethanol oxidation is negligible
(E;=0.05V vs RHE) to a potential of 0.50V (typical potential for
fuel cells in operation) during 600s. The typical behavior for Pt-
based electrodes was found in all cases, namely, a sharp current
decay at short times finally attaining a stationary value. The current
decrease rate depends on catalyst poisoning, most likely caused by
CO,q and CHy 54 intermediates formed on the catalyst surface dur-
ing the ethanol electrooxidation [58,6,7]. The catalyst with Pt:Sn
atomic ratio equal to 1:1 was the one with the highest initial EOR
currents, in agreement with the cyclic voltammetries. However, the
stationary currents for Pt-Sn 1:1 and 1:3 catalysts were quite sim-
ilar. Pt-Sn 1:3 catalysts are characterized by a quite low content of
Pt, which is prone to poisoning by reaction intermediates. More-
over, Sn addition entails a crystalline structure effect leading to
an increase of Pt3Sny alloy content, as previously discussed, phase
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Fig. 5. Cyclic voltammograms for all catalysts recorded in 1M ethanol at 20 mV/s and 20°C in 0.5M H,SO4 (left) or 0.1 M NaOH (right). Currents were normalized by the

electrochemically active surface area obtained from CO-stripping experiments.
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Fig. 6. Current-time curves for ethanol 1M electrooxidation: comparison of Pt-(black solid line), Pt-Sn 3:1 (green solid line), Pt-Sn 1:1 (blue solid line) and Pt-Sn 1:3 (red
solid line) recorded at 0.5V in 0.5M H,SO4 (left) and 0.1 M NaOH (right) at 20°C. Currents were normalized by the electrochemically active surface area obtained from
CO-stripping experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that has been ascribed in the literature as a promising catalyst for
EOR [59]. Thus, although some works argue that the optimal atomic
Sn content at room temperature is around 50% [11,12], this result
suggests that catalysts with 75% of atomic Sn content show perfor-
mances as high as those of catalysts with 50% Sn under steady-state
conditions.

For an appropriate comparison of the effect of carbon sup-
ports, Fig. 7 shows the current-time curves of catalyst organized
by the different Pt-Sn atomic ratios. Regardless the Pt-Sn composi-
tion or the electrolyte, the order of the activity for EOR decreases
in this way: CNF>Vulcan NSTa0.5 > Vulcan XC-72R. The enhanced
behavior of CNF-based Pt and PtxSny catalysts can be attributed
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Fig.7. Current-time curves for ethanol 1 M electrooxidation: comparison of CNF (blue solid line), Vulcan NSTa0.5 (black solid line) and Vulcan XC-72R (red solid line) recorded
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to several factors, including: CNF provides higher electrical con-
ductivity than Vulcan XC-72R, due to its highly graphitic structure
[25]; metal nanoparticles are more exposed on the surface of the
catalyst, favoring the interaction between the metal onto the car-
bon and the ethanol molecule; the extent of the Pt3Sn; phase in
the materials is slightly higher in CNF-supported catalysts, as evi-
denced by XRD; and the mesoporous area of CNFs is much higher
than that of Vulcan, facilitating the mass transfer of the ethanol
molecule and reaction products to/from the active sites of the cat-
alysts. It seems also that oxygen surface groups promote the EOR,
since Vulcan NSTa0.5 shows higher activity than Vulcan without
functionalization.

In conclusion, it has been found that CNF is the support which
develops the best behavior toward EOR and the Pt-Sn supported
catalyst with atomic ratios 1:3 seems to be the best candidate in
terms of high stationary currents at low Pt content.

4. Conclusions

Formic acid reduction method (FAM) allowed the preparation of
Pt-Sn catalysts supported on different carbon materials with metal
loading and atomic ratios close to nominal values and a good dis-
persion. XPS analyses indicated that Sn is mostly in an oxidized
state and promotes the oxidation of both metals in the catalysts.
XRD results evidenced the presence of SnO, along with Pt, finding
Pt crystallite sizes in the order of 3-5 nm. The relative quantity of
Pt3Sn; crystallite phase in the materials increased with Sn content,
having an important effect on the whole catalytic behavior towards
CO and ethanol oxidation reactions.

The addition of Sn shifted the onset potential for adsorbed
CO oxidation to more negative values with respect to bare Pt.
Instead, it appeared that the atomic Pt:Sn ratio did not significantly
influence the CO oxidation behavior, whereas the carbonaceous
support affected the CO tolerance, being CNF the one with the
lowest oxidation potential in both acid and alkaline electrolytes.

The chemical functionalization of Vulcan apparently did not signif-
icantly improve the tolerance toward CO oxidation.

Regarding the ethanol electrooxidation, the addition of Sn
and, consequently, the content of Pt3Sn; crystallite phase, strongly
improved the catalytic activity. Cyclic voltammograms showed
lower activity for Pt-Sn 1:3 than for the Pt-Sn 1:1 catalysts, but
similar stationary currents were found for both formulations in
current transient curves, regardless the carbon support and elec-
trolyte. This is an important result considering the low noble metal
content of the Pt-Sn 1:3 material. In all cases, the activity of the
catalysts toward EOR was higher in alkaline media than in sulfuric
acid media.

An effect of carbon support on the Pt-Sn catalytic activity was
also found, being CNF the one which showed the highest activities
toward CO stripping and EOR. The oxidation treatment of Vulcan
was also found to positively influence the EOR activity.

Summarizing, results in the present work provide an appropri-
ate route to enhance the activity of Pt-Sn/C materials towards the
ethanol electrooxidation from the point of view of catalyst formu-
lation, by choosing appropriate support and metal composition.
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The modification of low-index Pt single crystals with a submo-
nolayer coverage of Sn enhances the electroactivity of the
electrode for the ethanol oxidation process in perchloric acid
solution. The optimum Sn coverage for ethanol oxidation de-
pends on the Pt crystallography, found to be approximately
0.26, 0.48, and 0.58 for Pt(100), Pt(111), and Pt(110), respective-
ly; the Sn/Pt(110) system being the surface that exhibits the
highest activity. On-line electrochemical mass spectrometry ex-

1. Introduction

There is an increasing interest in the use of ethanol as a fuel in
fuel cells, as it is considered to be renewable because it can be
obtained in large quantities from the fermentation of biomass,
it is not toxic like methanol, and it has a high energy density
because its complete oxidation to CO, involves the exchange
of 12 electrons. However, it is difficult to break the C—C bond
in ethanol at low temperature, leading to the formation of
acetic acid and/or acetaldehyde, delivering only four or two
electrons, respectively." Platinum is one of the most efficient
monometallic catalysts for the ethanol oxidation reaction
(EOR). However, strongly adsorbed intermediate species block
the catalyst, thereby reducing the activity of the electrode. To
solve this poisoning problem, foreign elements such as Sn
have been widely used, leading to a significant enhancement
in the electrocatalytic activity of Pt, attributed to a bifunctional
mechanism and/or changes in the electronic properties of the
Pt electrode.r

Previous studies have clearly shown that the platinum sur-
face structure greatly influences the EOR, both in terms of ac-
tivity and selectivity."*?% Zheng et al.?" have studied the influ-
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periments show that both on Pt(111) and Pt(110), the presence
of Sn enhances the oxidation of ethanol to acetaldehyde. The
further oxidation of acetaldehyde is sensitive to the Pt surface
structure: on Pt(110) there are sites able to break the C—C
bond in acetaldehyde to form CO,, whereas on Pt(111) such
sites are not available and acetaldehyde is oxidized further to
acetic acid.

ence of irreversible adsorption of Sn on Pt(111), Pt(100) and
Pt(110) on the EOR in perchloric acid, and they found that the
modification of the Pt(100) electrode by Sn decreases the ac-
tivity for EOR and for that on Pt(111) the electrocatalytic activi-
ty the EOR is enhanced, whereas on Pt(110) Sn does not
adsorb significantly. Later, El Shafei and Eiswirth® demonstrat-
ed that Sn can be adsorbed irreversibly on Pt(110) by a forced
deposition technique, which consists of dipping the sample
into the Sn solution and subsequent reduction of the Sn spe-
cies by exposing the wet sample to a hydrogen atmosphere.
Accordingly, they tested the three low-index-plane Pt single-
crystal electrodes modified with Sn for the EOR in sulfuric acid
media. They observed that the enhancement factor for this re-
action depends on both substrate crystallography and Sn cov-
erage. Recently, we confirmed that irreversible adsorption of
Sn adatoms on the Pt(110) electrode can be achieved without
employing the forced Sn deposition technique® by paying at-
tention to the importance of the cooling atmosphere after the
flame-annealing process of the Pt single crystal. Accordingly,
Sn/Pt(111), Sn/Pt(100), and Sn/Pt(110) were tested for the CO
stripping reaction, showing that the presence of Sn improves
the electrocatalytic activity of each Pt single crystal.

In this work, we provide new insights into the electrocatalyt-
ic properties for the EOR of Sn-modified Pt single crystals in
perchloric acid media and study the influence of Sn in the EOR
mechanism on the three Pt basal planes by employing on-line
electrochemical mass spectrometry.

Experimental Section

Pt(111), Pt(100), and Pt(110) single crystals, prepared according to
the Clavilier method,*” were used in this study. Before each experi-
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ment, the single-crystal electrode was annealed in an oxygen-gas
flame, cooled to room temperature in a hydrogen/argon atmos-
phere (1:3), and quenched in ultrapure water in equilibrium with
this atmosphere. Next, the electrode was transferred to the cell
under the protection of a drop of ultrapure water to avoid contact
with impurities during the transfer process. Experiments were car-
ried out at room temperature (22-25°C) in a classical two-compart-
ment electrochemical cell connected to an electrochemical ana-
lyzer (Autolab PGSTAT 302N). The cell included a platinum counter
electrode and a reversible hydrogen electrode (RHE) as a reference
electrode. All potentials in the text were referred to this electrode.
Solutions were prepared by using HCIO, (Merck p.a.) and ultrapure
water (Millipore MilliQ gradient A10 system, 18.2 MOcm, 2 ppb
total organic carbon). The electrolyte was deaerated with pure Ar
(N66, Air Liquide) and voltammetric curves were obtained with the
electrode in hanging meniscus configuration. The method for irre-
versible adsorption of Sn adatoms on Pt single was discussed in
our previous work® and the resulting Sn coverage was calculated
from the suppression of the hydrogen adsorption charge accord-
ing to the following Equation (1):?*%

Osn = ( ;‘t - I;t.Sn)/QE( (1)

where QY and Q. are the charges for hydrogen adsorption in
the absence and presence of deposited Sn, respectively.

The volatile and gaseous products and intermediates generated
during the EOR were detected by using on-line electrochemical
mass spectroscopy (OLEMS)®’ with an evolution mass spectrome-
ter system (European Spectrometry Systems Ltd). A porous Teflon
tip (inner diameter, 0.5 mm) with a pore size of 10-14 um was
positioned close (ca. 10 um) to the center of the electrode. The gas
products were collected through a polyether ether ketone (PEEK)
capillary into the mass spectrometer. The experimental setup
allows the simultaneous acquisition of mass spectrometric cyclic
voltammograms (MSCVs) for selected masses, and conventional
voltammograms (CVs) were recorded at a scan rate of 0.001 Vs~

2. Results and Discussion

2.1. Electrocatalytic Properties of Sn/Pt(111), Sn/Pt(100), and
Sn/Pt(110) toward the EOR

Figure 1 displays the voltammetric profiles for the EOR on
Pt(111) and Sn-modified Pt(111) [Sn/Pt(111)] with different Sn
coverages in 0.1 M HCIO,+ 1 m ethanol. For the sake of clarity,

- PH111) pagk | .
] P it
——0=0.28 —6=0.
. —0=0.32 1 —6=0g0 Pe2KI
: ——0=048
£ 0.8 .
<
g ]
= 044 g
0.0 -| g

E/V (RHE)

Figure 1. Cyclic voltammograms of Pt(111) and Sn/Pt(111) electrodes with
different Sn coverages in 0.1 M HCIO,+ 1 M EtOH (positive-going scan);

sweep rate 50 mVs~'.

ChemeElectroChem 2016, 3, 2196 - 2201

www.chemelectrochem.org 2197

CHEM
Articles

only the stable positive-going scan (corresponding to the third
cycle) is displayed, because the same trend was observed and
the same conclusions can be extracted from the negative-
going sweep. The voltammogram shows two clearly differenti-
ated peaks for low Sn coverages: a broad peak centered at
0.53 V (peak I) and a sharp peak at 0.66 V (peak Il). These two
different peaks are presumably linked to different active sites
for the ethanol oxidation. As peak Il is also observed on un-
modified Pt(111), it must be attributed to ethanol oxidation on
the Pt sites not influenced by the Sn atoms. Peak | arises at
more negative potentials and should be attributed to ethanol
oxidation at sites that involve both Pt and Sn. The intensity of
peak Il decreases with Sn coverage, being almost negligible at
a Sn coverage higher than around 0.48. However, the intensity
of peak | shows a maximum as a function of Sn coverage. Fig-
ures 2a and 2b show the variation with the Sn coverage of

2
N
Q
~
o

jpeak |/ mAcm’
o
[--
[}
o

Epeak |/ V VS RHE

Figure 2. Variation of the peak potential and the maximum current density
of peak | for ethanol oxidation with Sn coverage on Sn/Pt(111).

the maximum current intensity and the peak potential for
peak |, respectively. An optimum catalytic activity is observed
at around 0.48 Sn coverage. The full monolayer coverage of Sn
on Pt(111) corresponds to a coverage of 0.33 with respect to
the Pt surface, which we will call the “real” coverage.”® Thus,
the relative coverage of 0.48, as determined as a fraction of
the maximum coverage, corresponds to a “real” coverage of
0.17. For higher Sn coverages, the reaction is impeded, which
is reflected by a decrease in the peak current and by a shift of
the peak to more positive potentials, probably induced by the
high local coverage of Sn adatoms.

The current-potential curves for ethanol oxidation on
Pt(100) with and without Sn modification are given in Figure 3.
Again, only the positive-going sweeps are shown. The EOR
profile for pure Pt(100) shows one peak centered at 0.75 V.
However, after modification of Pt(100) with Sn, it is clearly seen
that the onset of the EOR shifts to more negative potentials,
with the growth of a new peak or pre-wave centered at ap-
proximately 0.55V (peakl) that overlaps with a second main
sharp peak centered between 0.75 and 0.80 V (peak Il). Similar-
ly to Pt(111), these two peaks can be linked to different active

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Cyclic voltammograms of Pt(100) and Sn/Pt(100) electrodes with
different Sn coverages in 0.1 M HCIO,+ 1 m EtOH (positive-going scan);

sweep rate 50 mVs~'.
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Figure 4. Variation of the peak potential of peak Il and the maximum current
density of peaks | and Il from ethanol oxidation with Sn coverage on Sn/
Pt(100).

sites, that is, peak | should be related to oxidation of ethanol
on Pt sites close to Sn atoms and peak Il to oxidation on Pt
atoms unaffected by Sn atoms. Figures 4a and 4b show the
variation of the maximum current density of peaks | and Il, re-
spectively, with Sn coverage. An optimum Sn coverage of
around 0.26 is observed for both peaks. For Pt(100) we esti-
mated the maximum Sn coverage to be approximately
0.5 ML, it therefore corresponds to a “real” coverage of
around 1/8 ML. When the Sn coverage is higher than this
value, the surrounding Sn atoms block the active sites, result-
ing in a decrease in the current density of peaks | and Il. Note
from the variation in peak potential of peak Il with Sn coverage
(Figure 4c) that the oxidation of ethanol on Pt shifts to more
negative potentials after modification, which is very similar to
what happens for CO oxidation,”® suggesting that the onset
of this peak may be triggered by CO,4, oxidation.
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Figure 5. a) Cyclic voltammograms (positive-going scan) at 50 mVs™' and
b) variation of the maximum current density of peak | with Sn coverage in
0.1 M HCIO,+ 1 m EtOH on Pt(110) and Sn/Pt(110) electrodes.

In Figure 5a, the voltammetric curves for ethanol oxidation
on Sn/Pt(110) are compared for various Sn coverages. Only the
third positive-going sweeps (subsequent CVs reveal similar and
stable profiles) are plotted, as the same behavior was found in
the negative-going scan. The ethanol oxidation on Pt(110)
takes place in one well-defined peak centered at 0.80 V. It is
also clearly seen that a sub-monolayer coverage of Sn shifts
the onset of the ethanol oxidation to less positive potential
values, with the appearance of a peak at approximately 0.56 V
(peak I) and a decrease of the peak at 0.80 V (peak Il), in a simi-
lar way to that observed for Sn/Pt(111) and Sn/Pt(100). Accord-
ingly, the peak at 0.56 V may be attributed to ethanol oxida-
tion on Pt atoms coordinating to Sn surface atoms, and the
peak at 0.80 V may be attributed to oxidation on Pt sites that
are not influenced by Sn adatoms. Figure 5b shows the varia-
tion of the current intensity of peak| with Sn coverage. The
optimum coverage yielding the maximum enhancement of
catalytic activity at 0.56 V is approximately 0.58. On Pt(110), we
estimated the maximum Sn coverage to be 0.25 ML,"*® so that
this value corresponds to a “real” coverage of approximately
1/8 ML. Raising the Sn coverage beyond this value results in
a decrease in the electrode activity.

To draw further conclusions about the influence of the Sn
adlayer on the three low-index Pt single crystals, Figures6a
and 6b compare the cyclic voltammograms for the oxidation
of ethanol on unmodified Pt and Sn-modified Pt single crystals
with the optimum Sn coverage, respectively. Taking into ac-
count the currents measured at low potentials, for example, at
0.55V, the trend observed for the activity of Pt electrodes is
Pt(100) < Pt(110) < Pt(111). However, taking into account the
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Figure 6. Cyclic voltammograms (positive-going scan) of the low-index
plane Pt single crystals (left) and Sn-modified low-index plane Pt(111),
Pt(100), and Pt(110) with Sn coverage of 0.25, 0.20, and 0.52, respectively
(right), in 0.1m HCIO,+ 1M EtOH; sweep rate 50 mVs™'

maximum current, the order becomes Pt(111) < Pt(110) <
Pt(100). On the other hand, the cyclic voltammograms for Sn-
modified electrodes show that the optimum Sn coverage for
the EOR depends on the substrate crystallography. These cov-
erages were found to be about 0.26 (ca. 1/6 ML), 0.48 (ca.
1/8 ML), and 0.58 (ca. 1/8 ML) for Pt(100), Pt(111), and Pt(110),
respectively, suggesting a different Pt/Sn stoichiometry of the
active sites on the different crystal planes. The values in
perchloric acid are higher than the values found for ethanol
oxidation in sulfuric acid,” which are 0.2, 0.25, and 0.52 in the
same order.

For Sn-modified Pt single crystals, taking into account the
current measured at 0.55V, the activity of the electrodes fol-
lows the order: Sn/Pt(100) < Sn/Pt(111) < Sn/Pt(110). In con-
trast to unmodified Pt single crystals, Sn-modified Pt(110) is
the surface showing the highest activity at more negative po-
tentials, with an enhancement factor (ratio of oxidation cur-
rents at 0.55V for Pt with and without Sn) of around 6.2,
whereas for Pt(100) and Pt(111) this ratio is 45 and 2.1,
respectively.

2.2. Mechanism Elucidation for the EOR on Pt and Sn-
modified Low-Index-Plane Pt Single-Crystal Electrodes by
using OLEMS

The effect of Sn modification of Pt single crystals on the selec-
tivity for the EOR was studied by using OLEMS. As Pt(110) and
Pt(111) modified with Sn showed the highest electroactivity at
low potentials, these measurements were performed only for
Sn/Pt(110) and Sn/Pt(111).

Figure 7 shows the CV and the mass spectrometric CVs
(MSCVs) for ethanol oxidation on Pt(111) and Sn-modified
Pt(111) with the optimum Sn coverage. The masses were:
m/z=29, corresponding to [COH]*, main fragment of acetalde-
hyde; m/z=44, corresponding to a mix of the ion current of
[CO,I'" and [CH,CHOI'* fragments, that is, the formation of
CO, and acetaldehyde; m/z=61, owing to the formation of
the ethylacetate ester ([CH,;CO,H,]") via nucleophilic attack of
an ethanol molecule to an adsorbed reaction intermediate®®
similar to that of methylformate production during methanol
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Figure 7. Simultaneously recorded CVs and MSCVs for m/z=29, m/z=44, m/
z=61, and m/z=22 for the oxidation of ethanol on Pt (111) (black line) and

Sn/Pt(111) with a Sn coverage of 0.23 (red line) in 1m EtOH+0.1m HCIO,;

sweep rate 1 mVs~'.

electro-oxidation” (acetic acid itself cannot be easily detected
directly, owing to its low concentration and associated volatili-
ty); and m/z=22, corresponding to [CO,I'" *. As can be ob-
served in the positive-going sweep, the onset for the signals
attributed to acetaldehyde (m/z=29 and 44) are around
045V, the formation of which is assumed to take place
through the interaction of the a-carbon atom of ethanol with
the Pt sites [Eqgs. (2)-(5)], which then dehydrogenates to pro-
duce acetaldehyde (Refs. [28-30]):

Pt + CH,CH,OH — Pt — CH,CH,OH (2)
Pt — CH5CH,OH — Pt — CHOHCH; + H" + e~ (3)
Pt — CHOHCH; — Pt — CHOCH, + H™ 4+ e~ (4)
PtCHOCH,; — Pt + HCOCH, (5)

During the back scan, an increase of the faradaic current
and acetaldehyde signals is observed between 0.90 and 0.75 V.
This behavior is related to the reduction of Pt surface oxides,
accompanied with re-adsorption and oxidation of ethanol.
Acetic acid is detected at £>0.50 V, both during the positive-
and the negative-going scans, and from the observation that
its detection somewhat lags behind the detection of acetalde-
hyde, we conclude that acetic acid is formed by the oxidation

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of acetaldehyde by water [Eq. (6)] or by adsorbed oxygenated
species (OH,y) on the Pt(111) electrode:®"

Pt-CHOCH, + H,0 — CH,COOH + 2H" +2e~ + Pt (6)

Interestingly, the dissociative adsorption and C—C bond
breaking of ethanol, as monitored by the presence of CO,
(m/z=22), is almost negligible on Pt(111). This shows that, on
this surface, the EOR takes place almost exclusively through an
incomplete ethanol oxidation to form acetic acid and acetalde-
hyde, in agreement with previous FTIR studies.>?

With Sn modification of the Pt(111) electrode, the onset of
the signals attributed to acetaldehyde formation shift from ap-
proximately 0.45 to 0.25V, and the signal for acetic acid shifts
from 0.55 to 0.40V. From the absence of a signal for CO,
(m/z=22), we conclude that the promotion of the EOR on the
Pt(111) electrode by Sn should be attributed to the enhance-
ment of the two- and four-electron pathways to acetaldehyde
and acetic acid, respectively, and that Sn has no effect on the
ability of the Pt(111) surface to break the C—C bond.

On the other hand, for Pt(110), the ethanol oxidation mecha-
nism is significantly different. Figure 8 shows the CV and the
MSCVs for m/z=29, 44, 61, and 22 recorded during the oxida-
tion of ethanol on Pt(110) and Sn-modified Pt(110) with the op-
timum Sn coverage. As can be observed, on the unmodified
Pt(110) electrode, the mass responses of m/z=29 and 44 were

‘*E 1—rPt(110)
) A
E ” Sn/Pt(110)
0.0
m/z 29
15x10™

lon current / a.u.

T T
0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs RHE

Figure 8. Simultaneously recorded CVs and MSCVs for m/z=29, m/z=44, m/
z=061, and m/z=22 for oxidation of ethanol on Pt (110) (black line) and Sn/
Pt(110) with Sn coverage 0.50 (red line) in 1m EtOH + 0.1 m HCIO,; sweep

rate 1 mVs™'.
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related to acetaldehyde formation and the faradaic current has
an onset potential of 0.50V. Remarkable is the absence of
acetic acid formation, as demonstrated by the signal m/z=61.
Therefore, on the Pt(110) electrode, the oxidation of acetalde-
hyde to acetic acid is almost negligible [Eq. (6)].

The presence of a signal for m/z=22 at E>0.50V signifies
the breaking of the C—C bond from ethanol or acetaldehyde
to form CO,. We have previously shown" that a scission of
the C—C bond happens more easily in acetaldehyde and is cat-
alyzed by (110) step sites. The resulting adsorbed CH, and CO
fragments are oxidized to CO, by oxygenated (OH,) generat-
ed from the oxidation of water. Surface hydroxyl OH,4 species
are presumably also required for the conversion of acetalde-
hyde to acetic acid [Eq. (6)], though it cannot be excluded that
hydration of acetaldehyde in the electrolyte solution leads to
the precursor to acetic acid formation, similarly to what has
been suggested for methanol oxidation.®*

The presence of Sn on Pt(110) electrode shifts the onset of
the signals attributed to acetaldehyde formation from approxi-
mately 0.50 to 0.30 V. Therefore, Sn acts as a promotor for the
oxidation of ethanol to acetaldehyde, similar to Pt(111). How-
ever, the further oxidation of acetaldehyde turns out to be
highly sensitive to the Pt surface structure. On the more open
Pt(110) surface, the C—C bond in acetaldehyde is more easily
broken, and CO, is formed, and no acetic acid is detected, at
least not in our experiments. On the other hand, on Pt(111),
there are no active sites for the breaking of the C—C bond, and
acetaldehyde is oxidized to acetic acid. The dual role of Sn,
namely its promoting role in oxidizing ethanol to acetaldehyde
and acetic acid as well as in oxidizing adsorbed CO, is in agree-
ment with recent FTIR experiments using stepped Pt elec-
trodes with Sn deposited in the steps.* Sn itself, however,
does not aid in the breaking of the C—C bond; such sites need
to be provided by Pt.

3. Conclusions

In this work, it is demonstrated that the modification of low-
index Pt single crystals with a sub-monolayer coverage of Sn
enhances the activity of the electrode for the ethanol oxidation
process in perchloric acid solution in terms of a lower onset
potential and a higher oxidation current. The optimum Sn cov-
erage for ethanol oxidation depends on the Pt crystallography,
found to be approximately 0.26, 0.48, and 0.58 for Pt(100),
Pt(111), and Pt(110), respectively, with the Sn/Pt(110) system
being the surface that exhibits the highest activity. OLEMS ex-
periments show that both on Pt(111) and Pt(110), the presence
of Sn enhances the oxidation of ethanol to acetaldehyde. How-
ever, the further oxidation of acetaldehyde is sensitive to the
Pt surface structure: on Pt(110) there are sites able to break
the C—C bond in acetaldehyde to form CO,, whereas on
Pt(111) such sites are not available and acetaldehyde is oxi-
dized further to acetic acid.
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Abstract

Nanocatalyst performance towards the ethanol oxidation reaction (EOR) for fuel cell
applications can be enhanced by exploiting the benefits of structural and
compositional sensitivity. We describe here the synthesis and characterization of
cubic Pt-Sn alloyed nanoparticles consisting of (100) faceted Pt-Sn nanoparticles
with a core-shell structure, with a Pt-rich core and a Sn-rich shell. Stability tests
showed that this catalyst preserves its morphology and remains well-dispersed on the
carbon support after 5000 potential cycles, whereas for a cubic Pt catalyst severe
agglomeration of the nanoparticles was found after the same stability protocol.
Analysis of the elemental distribution by STEM-EELS have shown that Sn dissolves
from the outer part of the shell after potential cycling, forming a ~0.5 nm Pt skin.
Finally, the activity of this bimetallic core-shell nanostructures towards EOR was
investigated, showing currents about three times higher than unshaped Pt-Sn

nanoparticles and six times higher than Pt nanocubes.


mailto:hda1@cornell.edu

Keywords: Pt-Sn nanocubes, core-shells, EELS-mapping, ethanol oxidation reaction,
stability test

Electrochemical energy conversion and storage plays an essential role in solving the
global energy challenge. In particular, direct ethanol fuel cells (DEFC) are an attractive
alternative to resources based on fossil fuel combustion for portable power generation.
Ethanol is an eco-friendly and renewable fuel (naturally available in large quantities
from biomass), and its complete oxidation to CO> (12e” exchanged in the desired
electrocatalytic process) would lead to high cell voltages and reversible energy
efficiency under standard conditions. In addition, the easy handling, storage and
transportation of a liquid fuel such as ethanol avoids some problems associated with
hydrogen systems'?. Over the past decades, platinum (Pt) has shown to be the most
active pure metal catalyst for the ethanol oxidation reaction (EOR). However, Pt is
prone to deactivation by the adsorption of some intermediates and by-products during
the different pathways of the reaction®®. This fact, in combination with the high cost
and scarcity of Pt, necessitates the exploration of more active and stable EOR catalysts.
To fulfill this objective, the synthesis of nanoparticle catalysts (with high area/volume
ratio), the combination of Pt with other metals such as Ru®’, Sn®11 Rh!112 Njl213 or
Au*1 and the control of the exposed Pt surface structure®?2, have been extensively

studied. However, the combination of these three approaches is not trivial.

Over the past years shape-controlled Pt-M (M = Ni, Co, Fe, Cu, Sn, Ir) nanoparticles?-
3 have been extensively studied for the oxygen reduction reaction (ORR)?42528-31,33,35-37
and the methanol oxidation reaction (MOR)?"3338 put studies dealing with the EOR on
shape-controlled Pt and Pt-based catalysts are rather scarce®*“2. Although Pt-Sn has

been demonstrated to be the most active bimetallic electrocatalyst for the EOR®112022



and shows highly facet-sensitive activity, the study of shaped Pt-Sn nanoparticles
toward EOR has not yet been reported. Herein we report the first synthesis of Pt-Sn
cubic core-shell nanoparticles with greatly enhanced activity towards EOR using a
method previously described?®. These nanoparticles not only exhibit better EOR
catalytic performance than current polyoriented Pt-Sn nanocatalysts®, but also higher
durability under potential cycling, making them promising candidates for next

generation of DEFCs.

Cubic morphology of Pt-Sn nanoparticles was achieved by the simultaneous use of
oleylamine (OLA) and oleic acid (OA) as solvent and capping agents, and W(CO)s as a
reducing agent?®. Figure S1 shows some representative transmission electron
microscopy (TEM) images of the as-prepared, unsupported Pt-Sn nanoparticles, which
show a predominantly cubic morphology with a homogeneous size distribution and a
mean edge lenght of 10.6 nm with a standard deviation value of 0.4 nm (Figure S2).
Spherical nanoparticles are occasionally observed as well, although these are a small
minority of the total. The synthesized Pt-Sn nanocubes were supported on carbon
(Vulcan XC72R) and washed following an acid treatment described elsewhere?®%,
Bright-field (BF) and annular dark-field (ADF) scanning electron microscopy (STEM)
images of the carbon-supported Pt-Sn nanoparticles (henceforth named as Pt-Sn/C)
display a good dispersion of the catalyst on the carbon support after the cleaning (Figure
S3). The cubic morphology was again confirmed by higher magnification BF-STEM
and ADF-STEM images (Figure 1a). The X-ray diffraction (XRD) pattern shown in
Figure 1b displays the typical face-centered cubic (fcc) peaks of Pt, namely (111),
(200), (220), (311) and (222), and the graphitic reflection plane of the carbon black

support (002) at 26 = 24.5°. The peak positions in the XRD pattern are shifted to lower



angles, when compared with Pt/C, which indicate that at least part of Sn atoms are
incorporating into the fcc Pt structure to form an alloy. The surface chemical
composition of the nanoparticles was also investigated by employing X-ray
photoelectron spectroscopy (XPS). Figure 2 shows XPS spectra of Pt 4f (Figure 2a),
deconvoluted in three peaks attributed to Pt (0), Pt (1) and Pt (IV) species located at
70.4, 71.1 and 71.9 eV, respectively, and the Sn 3d (Figure 2b) spectra, deconvoluted in
two different peaks assigned to Sn (0) at 485.0 eV and Sn (1I/1V) at 486.4 eV. As can be
seen, Pt is mostly in its reduced state (70.9 wt.% as Pt (0)) whereas only 20.5 wt.% and
8.6 wt.% of Pt (1) and Pt (IV) was found, respectively. However, Sn is mainly oxidize
on the surface of the catalyst (78.9 wt.% Sn (11/IV)) and only a 21.1 wt.% of Sn (0) was
observed. Finally, a Pt-Sn atomic ratio of 24:76 was calculated by XPS, which means
that the amount of Sn is three times higher than the amount of Pt on the surface of the
Pt-Sn nanocubes. This indicates that the thin, low density layer visible on the exterior of

the Pt-Sn cube in Figure 1a is primarily composed of Sn oxide.

In order to investigate the distribution of Pt and Sn with the cubic nanoparticles, we
performed STEM electron energy loss spectroscopy (EELS) to produce maps of the
elemental composition. Figure 3 shows Pt and Sn EELS composition maps with a
simultaneous ADF image of three Pt-Sn nanoparticles, including two cubic
nanoparticles and a spherical one. The composition maps indicate that each cubic Pt-Sn
nanoparticle contains a Pt-rich core surrounded by a Sn-rich shell that is approximately
2-3 nm thick. The spherical nanoparticles are Sn-rich and uniform in composition. This
observation of Sn-rich shells on the cubes is in agreement with XPS analysis, where a
higher content of Sn was found at the surface of the catalyst. EELS maps of Pt-Sn

nanoparticles oriented near (111) direction (Figure S4) also shows that Sn-rich shell



appears to be uniform across the cube, not preferring edges, corners or faces. Energy
dispersive X-ray (EDX) analysis was also employed to analyze the atomic composition
of the Pt-Sn cubes at the nanoscale. Scanning the beam over a large area of the sample
gives a total average composition of about Pt 56 at.% and Sn 44 at.% , whereas from
some semi-quantitative estimation based on EDX line scans and an idealized geometry,
the composition was found to be about Pt 70 at.% and Sn 30 at.% for the core and Pt

44 at.% and Sn 56 at.% for the shell.

It is generally accepted that on Pt-based catalysts, the onset of EOR usually takes place
at electrode potentials where the less noble element is leached from the surface of the
bimetallic alloy. In addition, it has been previously shown that potential cycling can
induce severe changes on the surface structure of shape-controlled Pt nanocatalysts®.
For that reason, the chemical microstructural stability and durability of the Pt-Sn cubes
was evaluated by STEM imaging and EELS after potential cycling. The cycling
procedure consisted in sweeping the electrode potential between 0.05 and 0.90 V vs
RHE for 5000 cycles in an Ar-saturated 0.5 M H>SOs solution at a scan rate of a
100 mV s*. The same protocol was applied to carbon supported Pt nanocubes (Pt/C)
with a mean particle edge length around 8.2 nm and a standard deviation of 1.6 nm,
obtained using the same synthetic procedure***°, which ADF-STEM image is shown in
Figure S5, aiming a comparison between the stability of both Pt/C and Pt-Sn/C samples.
STEM images of each sample were acquired before and after cycling to identify
changes in the morphology and dispersion of the nanoparticles. Imaging of the Pt-Sn
cubes (Figure S6a) shows that, after 5000 cycles, the particles maintain their cubic
morphology as well as good dispersion on the carbon support, while the Pt cubes

(Figure S6b), although they preserve their cubic morphology, suffer severe



agglomeration after cycling. The improved stability of the Pt-Sn nanoparticle dispersion
may be attributed to a better affinity of Sn with the carbon support than Pt, which leads
to preserve the good dispersion of the nanoparticles after potential cycling. EELS
elemental mapping (Figure 4a) and the line-scans compositions, extracted from the Pt
and Sn maps across the region indicated by the yellow arrow (Figure 4b), of cubic Pt-Sn
nanoparticles before and after potential cycling shows that Sn is leeched from the
catalyst surface, forming a Pt layer approximately 0.5 nm thick, as has been observed in
other Pt alloy catalysts in acidic media. The resulting structure formed is Pt-richcore/Sn-

richsunsurface/ Ptskin Which is schematically represented by models in Figure 4c.

Cyclic voltammetry was also employed to monitor changes induced on surface structure
during potential cycling. The voltammetric profiles of Pt-Sn cubic nanoparticles in
sulfuric acid after 1, 1000, 2000, 3000, 4000 and 5000 cycles are shown in Figure 5a.
As can be seen, no reversible and well-defined Pt hydrogen adsorption/desorption peaks
can be observed in the first cycle because the Sn-rich shell surrounding the Pt active
sites. However, the initial voltammetric profile evolves to the typical response of pure
Pt/C, where the characteristic peaks at 0.14 V and 0.26 V can be clearly observed with
continued potential cycling. On the other hand, at potentials above 0.5V (where OH
adsorption/desorption and oxides formation occurs) the current density drops with
increasing number of cycles. These results are in good agreement with dissolution of the
non-noble metal (Sn) from the surface of the catalysts, and is consistent with what was
previously observed by STEM-EELS (figure 4). One important thing to point out is that
even after 5000 potential cycles, the Pt-Sn/C display the characteristic voltammetric
response of cubic nanoparticles, namely the peak at 0.27 V and the feature centered at

0.37 V, associated to hydrogen adsorption/desorption on (100) steps and terrace borders



sites, and long (100) domains, respectively®®. This means that the Pt-Sn nanoparticles
maintain not only their cubic morphology but also their preferential (100) surface
structure after the stability test. For comparison, the stability of the cubic Pt/C sample
was also tested by cyclic voltammetry (Figure 5b), which shows well-defined hydrogen
adsorption-desorption peaks from the first cycle with a characteristic profile of Pt
surfaces with predominantly (100) facets, as described above. Figure 5c shows the
electrochemical surface areas (ECSASs) after a given number of potential cycles for
cubic Pt-Sn/C and Pt/C samples, calculated from the charge involved in the adsorption
of hydrogen (after double-layer subtraction) between 0.05 and 0.45 V** and normalized
with respect to the ECSA value from the CV which exhibit the maximum Pt surface
area. It can be seen that the ECSA for Pt nanocubes decreased more rapidly with
potential cycling than the ECSA for Pt-Sn nanocubes, with a loss of 30 % and 15 %
after 5000 cycles, respectively. In addition, Pt-Sn nanocubes maintained good
dispersion on carbon support after potential cycling while Pt nanocubes suffered severe

migration and aggregation

The catalytic activity of the prepared cubic Pt-Sn/C catalyst towards ethanol
electrooxidation was evaluated in acidic electrolyte and compared with the cubic Pt/C
sample and an unshaped Pt-Sn/C nanocatalyst, with Pt:Sn atomic ratio 1:1, used in
previous contributions®®. Figure 6a shows the electrocatalytic EOR curves for the cubic
Pt-Sn/C nanocatalyst, before and after 5000 potential cycles. The current recorded for
the initial (non-cycled) cubic Pt-Sn/C catalysts is low, thus suggesting that under these
conditions, the important amount of Sn in the Sn-rich shell hinders the oxidation of
ethanol on Pt atoms (the active sites where this molecule can adsorb and subsequently

react). Conversely, the dissolution of the superficial Sn after 5000 cycles in acid



medium would lead to more exposed Pt atoms with low coordination number available
to react with ethanol. Hence, the electrocatalytic activity of the cycled Pt-Sn nanocubes
was compared to that presented by the cubic Pt/C and unshaped Pt-Sn/C%° catalysts.
The electrocatalytic EOR polarization curves for the three mentioned samples are
shown in Figure 6b. The voltammetric profiles and the electrocatalytic activity towards
EOR of cubic Pt/C and unshaped Pt-Sn/C catalysts after 5000 cycles were not tested
due to the lower initial activity (in the first cycle) of these catalysts compared with the
activity of Pt-Sn nanocubes after the stability test. Current densities (j) have been
normalized by the ECSA to obtain the specific activities (in mA cm?) of the
nanocatalysts. As can be observed, the cubic Pt-Sn/C sample exhibited the highest
electrocatalytic activity among the three catalysts. The superior EOR catalytic
performance and catalyst stability of the Pt-Sn nanocubes was further confirmed by
potentiostatic chronoamperometry experiments at an electrode potential of 0.50 V
(Figure 6¢). The transients were carried out stepping from a potential where ethanol
oxidation is negligible (Ei = 0.05 V vs RHE) to a potential of 0.50 V (typical potential
for fuel cells in operation), holding at this later value during 600 s The typical behavior
for Pt-based electrodes was found in all cases, namely, a sharp current decay at short
times, finally attaining a stationary value. The current decrease rate depends on the
adsorption on Pt of intermediates as adsorbed strongly adsorbed CO (COag) and CHyad
species formed during the different reaction steps, which needs high potentials to be
oxidized*®. The cycled cubic Pt-Sn/C electrocatalyst showed outstanding durability
towards ethanol oxidation, exhibiting stationary currents about three times higher than
unshaped Pt-Sn nanoparticles and six times higher than Pt nanocubes. The exceptional
activity of the cycled Pt-Sn nanocubes can be ascribed to two factors. On the one hand,

the high density of (100) sites, which favor the cleavage of the C-C bond of the ethanol



molecule!’. On the other hand, the presence of Sn brings on the oxidation of
intermediate species by an electronic effect (induced in the electronic state of Pt atoms
on the surface). In fact, significant catalytic effect for EOR was recently observed by the
modification of Pt nanocubes with Sn adatoms*’, because a faster removal of CO from

the surface of Pt during the reaction.

In summary, this work presents a novel electrocatalyst for the EOR consisting on Pt-Sn
nanocubes having a Pt-rich core, a Sn-rich subsurface layer and a Pt-skeleton surface
structure (Pt-richcore/Sn-richsubsurface/Ptskeleton). The results here presented show the
exceptional performance of this catalyst, with activities three times higher than
unshaped Pt-Sn catalysts and six times higher than cubic Pt nanoparticles. Additionally,
this electrocatalyst not only shows superior EOR catalytic performance, but also greater
durability with lower ECSA loss after 5000 cycles. Our study provides a promising

electrocatalyst for DEFCs with relevant EOR activity and favorable stability.

Materials and methods

Reagents. Platinum(Il) acetylacetonate (Pt(acac)z, 97%), tin(ll) chloride pentahydrate (SnCl;
5H,0, 95 %), oleylamine (OAm, 70 %), oleic acid (OA, 90 %) and tungsten hexacarbonyl
(W(CO)s, 99.99 %) were purchased from Sigma-Aldrich. Acetic acid (HAc, 96 %) was
obtained from Merck. Ethanol and acetone (Reag. Ph. Eur) were purchased from Panreac, and

n-hexane (96 %) from Scharlau.

Catalysts’ preparation. Pt-Sn cubic nanoparticles were prepared by using a similar method to

that described by Zhang et al.?%. 0.032 mmol of Pt(acac)z, 8.0 mL of OAm and 2.0 mL of OA



were added into a three-neck flask equipped with a condenser. Then, the solution was heated to
130 °C under mild stirring conditions and Ar atmosphere. At this temperature, W(CO)s
(0.108 mmol) was rapidly added into the reaction mixture, and the Ar flow was turned off at the
same time. Subsequently, a solution of Sn precursor, which was prepared by dissolving
0.032 mmol of SnCl2 5H20 in 4.0 mL of OAm and 1.0 mL of OA, was slowly injected into the
flask, and the temperature was raised to 230 °C and kept at this value for 30 min. Once the
reaction product naturally cooled down, the Pt-Sn nanocubes were washed twice with a mixture
of hexane/ethanol (2:1) and finally dispersed in hexane. Then, the suspension of Pt-Sn
nanocubes in hexane was added to a solution containing the appropriate amount of carbon
Vulcan XC-72R (to obtain a metal loading of 20 wt. %), in hexane using a simple impregnation
method, which consists in intermittently stir and ultrasonicate the mixture for 3 h, and age
overnight. The suspension of Pt-Sn/C catalyst in hexane was precipitated by adding ethanol and
further centrifugation. The resulting solid was dispersed in acetic acid and heated to 60 °C
during 6 h under stirring conditions. Finally, the catalyst was washed with ethanol several times,
filtered and dried in an oven at 70 °C overnight.

Cubic Pt/C and unshaped Pt-Sn/C catalysts were prepared following the procedure described in
previous contributions®#4, The total metal loading was 22.4 wt. % for cubic Pt/C and 19.1 wt. %

for unshaped Pt-Sn/C.

Physicochemical characterization. Cubic Pt-Sn/C nanocatalyst was characterized by powder
XRD using a Panalytical X Pert diffractometer and Cu-Ka radiation. Diffraction patterns were
collected at 3° min™ for 20 values between 20 ° and 100 °. For the XPS analysis, a VG-
Microtech Mutilab 3000 spectrometer with a hemispherical electron analyser and a MgAlo X-
ray source was employed. The constant charging was corrected by referencing the energies to
the C1s peak at 284.6 eVV. TEM image for figure S1 was obtained with a JEOL JEM-1400 Plus
microscope working at 120 kV. STEM images for figure 1, S3, S5 and S6 and EDX analysis
were performed using a Tecnai F20 with a Shottky field emission gun operated at 200 kV and
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equipped with an Oxford X-Max 80mm? X-ray detector. The STEM-EELS spectrum images
were acquired on a FEI Titan Themis S/TEM operated at 300kV equipped with a Gatan GIF
Tridiem spectrometer. Composition maps for Sn and Pt were extracted by integrating the signal
from the Sn Mys and Pt M.s edges, respectively after background subtraction using a linear

combination of power laws background fit with 1.5 pixel oversampling.

Electrochemical characterization. Electrochemical experiments were carried out in a de-
areated 0.5 M H2SO4 (98%, Merck) aqueous solution at room temperature (RT) employing a
Solartron model 1280 B electrochemistry station. A high surface area carbon rod was used as
counter electrode and a reversible hydrogen electrode (RHE) as reference electrode in the same
electrolyte as the electrochemical cell. All potentials in the article are referred to this RHE.
Catalysts’ inks were prepared by ultrasonically dispersing 2 mg of the catalyst in 0.5 mL of
ultrapure water (Millipore) and 15 pL of Nafion (5 wt %). The working electrode was prepared
by dropping a 20 pL aliquot of the prepared ink onto a glassy carbon disk and drying under N2
atmosphere. For EOR experiments, ethanol (Merck p.a.) was added to the de-areated electrolyte

to reach a final concentration of 1 M.

Cyclic voltammetry (CV) was employed over a potential range from 0.05 to 0.90 V at a scan
rate of 50 and 20 mV s for ECSA and EOR studies, respectively. The area under the curves
between 0.05 and 0.45 V from the CVs of Figure 5 were integrated to calculate the ECSA by
using a conversion factor of 210 uC cm=2%.

Chronoamperometry experiments at constant potential (0.50 V) were carried out to estimate the

steady-state activity of the catalysts for the EOR during 600 s.
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Fig. 1. a) BF-STEM (top) and ADF-STEM (bottom) images of carbon-supported Pt-Sn
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Fig. 3. a) ADF-STEM image of Pt-Sn nanoparticles, b) EELS maps of Pt, ¢) Sn, (d) and
the composite Pt-Sn map with Sn in red and Pt in cyan.
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Fig. 4. a) STEM-EELS composite images with Sn in red and Pt in cyan. b) Cross-
sectional composition line-scans from EELS maps for Pt and Sn recorded across the
region indicated by the yellow arrow. ¢) Schematic 3D representation of a Pt-Sn cubic
nanoparticle before and after subjecting the sample to a potential cycling process
between 0.05 V and 0.90 V in 0.5 M H2SO4 electrolyte at 100 mV s,
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Fig. S1. TEM images of the as-prepared unsupported cubic Pt-Sn nanoparticles.
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Fig. S2. Particles edge-length distribution of cubic Pt-Sn nanoparticles

Fig. S3. ADF-STEM (left) and BF-STEM (right) images of the carbon-supported Pt-Sn
nanoparticles before electrochemical cycling.
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Fig. S4. a) ADF-STEM image, b-c) EELS maps of Pt, Sn and d) the composite Pt-Sn

map with Sn in red and Pt in cyan for Pt-Sn cube oriented near (111) direction.

Fig. S5. ADF-STEM images of the carbon-supported cubic Pt nanoparticles before
electrochemical cycling.
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Fig. S6. ADF-STEM images of a) Pt-Sn and b) Pt cubic nanoparticles after 5000 cycles
from 0.05 V to 0.90 V (vs RHE) in Ar-saturated 0.5 M H2SO4 solution at a scan rate of
a100 mvs™.
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The irreversible adsorption of Sn on the three Pt basal planes (Sn/Pt(111), Sn/Pt(100) and Sn/Pt(110)) and the
oxidation of adsorbed carbon monoxide have been studied by cyclic and stripping voltammetry. The presence
of Sn adatoms blocks the adsorption of hydrogen on platinum, and leads to the observation of a new oxidation
peak ascribed to the four-electron oxidation of the Sn adatom at potentials above 0.5 V. The oxidation of adsorbed
carbon monoxide is enhanced by the presence of Sn on all three Pt single crystals. On Sn/Pt(111) and Sn/Pt(110),
oxidation of adsorbed CO occurs in two distinct potential regions: a pre-peak region at potentials below 0.50 V
and the main peak at higher potentials. In the pre-peak, the oxidation of adsorbed CO is suggested to take
place at the direct interface between Pt and Sn through the formation of an activated water species on Sn that
is not observable in the blank voltammetry. In the main peak, the CO,4 oxidation reaction is suggested to occur
through the classical bifunctional mechanism of OH adsorbed on Sn with CO adsorbed on Pt atoms no adjacent
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to Sn atoms. On Sn/Pt(100), the “pre-peak mechanism” is not observed.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Although Pt is very efficient for the oxidation of small organic mole-
cules, there is general consensus that it is readily poisoned by even trace
levels of carbon monoxide formed during the reaction [1]. Many studies
have demonstrated that the combination of Pt with Sn modifies the
electronic and chemical properties so as to improve the catalytic prop-
erties of Pt [2-10]. Moreover, it is now well stablished that the Pt surface
structure greatly influences the CO oxidation reaction [11-29]. Adatom
modified Pt single crystals surfaces have been studied extensively,
mainly focused on the enhancement in the rates of CO oxidation [30-
41]. A bifunctional mechanism was put forward to explain faster rates
for CO oxidation on Pt single crystals modified by p-block elements
(i.e., Bi, As, Sb, Sn). More specifically, a detailed understanding of the
promotional effect of Sn remains a subject of conflicting results and de-
bate. Hayden et al. [37] and Stamenkovic et al. [38,39] investigated the
CO oxidation on well-defined (surface) alloy Pt3Sn(111) electrodes pre-
pared in Ultra High Vacuum (UHV). Hayden et al. presented evidence
for the classical bifunctional mechanism of CO oxidation on PtSn by
showing the formation of OH on the Sn sites at low potential (0.25 V
vs. RHE), and CO oxidative stripping coincident with the adsorption of
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OH on the Sn sites. Stamenkovic et al. [38] found by FTIR that, in contrast
to the near invariant band of linearly bonded CO,q on Pt(111), a splitting
of the band and a corresponding change in frequency takes place for
CO.q on the Pt3Sn(111) alloy. They suggested that the high-frequency
CO,q is a weakly adsorbed CO occupying Pt atoms which are adjacent
to “OHa.q"-covered Sn atoms. In subsequent work, Stamenkovic et al.
studied the CO oxidation on a Pt3Sn(110) alloy and compared the re-
sults with those obtained on the Pt3Sn(111) one [39]. For the
Pt3Sn(110) surface neither the splitting nor the “high-frequency” CO,q
band was found by FTIR. In terms of activity for the oxidation of
adsorbed CO, they found that a continuous oxidative removal of
adsorbed CO starts at potentials as low as E = 0.1 V on both Pt3Sn sur-
faces, which is an important property for CO-tolerant catalysts. Well-de-
fined PtSn surfaces can also be prepared by electrochemical deposition
of Sn on Pt single-crystal electrodes. Massong et al. [40] modified the
Pt (111) surface using Sn underpotential deposition (UPD), giving rise
to a peak around 0.60 V (vs. RHE) ascribed to an adsorbed hydroxyl spe-
cies, on which surface a significant decrease of the onset potential for CO
oxidation was found in H,SO, electrolyte. Zheng et al. [41] investigated
the irreversible adsorption of Sn on the three Pt basal planes in sulfuric
and perchloric acid media and found that Sn is adsorbed preferentially
in the threefold hollow sites of Pt(111) surface and on the fourfold hol-
low sites of Pt(100), whereas no significantly irreversible adsorption
was detected on the Pt(110) surface.

Although CO adsorption on Pt single crystals surfaces has been stud-
ied extensively, papers comparing the reactivity of Sn-modified Pt low-
index surfaces have not yet been published. In this work, the surface
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stoichiometry for the Sn surface reaction and the CO adlayer oxidation
on Sn/Pt(111), Sn/Pt(100) and Sn/Pt(110) electrodes is studied for dif-
ferent Sn coverages using cyclic and stripping voltammetry. Our results
suggest at least two different mechanisms through which Sn adatoms
on the Pt surface can enhance the CO oxidation activity.

2. Experimental

Bead-type Pt single-crystal electrodes, prepared according to the
Clavilier method, [42] have been used in this study. Prior to the experi-
ments, the single crystal electrode was flame annealed and cooled down
to room temperature in a hydrogen/argon atmosphere (1:3) and was
transferred to the cell under the protection of a drop of ultra-pure
water saturated with these gases. The experiments were carried out at
room temperature in a classical three-electrode cell connected to an
Autolab PGSTAT 302N potentiostat. A platinum wire was used as a
counter electrode and a reversible hydrogen electrode (RHE) in the
supporting electrolyte as the reference electrode. All potentials in the
text are referred to this electrode. The electrolyte employed was 0.1 M
HCIO, prepared from HCIO4 (Merck p.a.) and ultra-pure water
(Millipore MilliQ gradient A10 system, 18.2 MQ cm, 2 ppb total organic
carbon). The electrolyte was deaerated with pure Ar (N66, Air Liquide)
to remove oxygen and CO (N47, Air Liquide) to dose CO. Voltammetric
curves were obtained with the electrode in hanging meniscus configu-
ration. The stability of the voltammetric profiles was carefully checked
to ensure solution cleanliness and surface order. The CO stripping was
studied by bubbling the gas in the bulk of the solution for 10 min
while polarizing the electrode at 0.10 V followed by argon purging for
15 min to remove the excess CO. Next, the working electrode was
brought back into the meniscus configuration and the oxidation of the
CO adlayer was initiated by scanning the potential up to 0.90 V (vs.
RHE) at 20 mV s~ '. The CO was introduced in the same cell in which
the blank voltammograms for the Pt and Sn-covered Pt electrodes
were recorded.

Deposition of Sn adatoms onto the Pt single crystals was carried out
by immersion of the Pt single crystal, after flame-annealing process, into
a solution containing 0.1 M HCIO4 and 10 mM Sn?™ ions for different
time spans (2-15 min), depending on the coverage that we wanted to
obtain. The resulting Sn coverage was calculated from the suppression
of the hydrogen adsorption charge according to the following equation
[40,43]:

5 = (Qh—Qhrs ) /Q (1)

where Qff and Qff. s, are the charges for hydrogen adsorption in absence
and presence of deposited Sn.

3. Results and discussion
3.1. Pe(111)

Fig. 1a shows the stable voltammetric profiles in 0.1 M HClO4 obtain-
ed with Pt(111) and Sn/Pt(111) electrodes with different Sn coverage.
On Pt(111) one observes the usual hydrogen adsorption region from
0.10 to 0.40 V, and the OH adsorption region from 0.55 to 0.90 V, char-
acterized by a broad feature from 0.60 V and a sharp peak at 0.80 V. Sn
adsorption leads a change in the voltammetric profile depending on the
Sn coverage. At lower Sn coverage a small decrease in the hydrogen ad-
sorption charge can be observed as well as a decrease of the charge of
the peak at 0.80 V, while a new reversible peak arises at around
0.68 V. For Sn coverages between ca. 0.45 and 0.80, the adsorption of hy-
drogen is strongly inhibited and the initial peaks at 0.68 and 0.80 V
evolve into two new peaks at 0.62 and 0.85 V. The integrated charge
for the peak at 0.62 V is around 1/3 of the charge corresponding to the
peak at 0.85 V, which suggest an overall oxidation process from Sn to
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Fig. 1. Cyclic voltammograms of Pt(111) and Sn/Pt(111) electrodes in 0.1 M HCIO4; sweep
rate 50 mV s~ .

Sn*™, and a one-electron process, such as OH adsorption, for the peak
at 0.62 V, in agreement with previous suggestions [40,44]. The desorp-
tion of the OH from platinum in the negative-going scan appears to
overlap with the reduction of oxidized Sn adatoms in a broad peak in
the region between 0.50 and 0.70 V. If the Sn coverage is larger than
0.80, only a broad current peak due to the oxidation (from 0.60 to
0.90 V in the positive-going scan) and reduction (from 0.75 to 0.50 V
in the negative-going scan) of the Sn adatom, is observed. In order to es-
timate the surface stoichiometry for the adatom surface reaction, Feliu
et al. found in previous work with other adatoms [45] that the relation-
ship between the Pt charge density (gp,), which involves hydrogen plus
OH adsorption, and the charge density associated with the adatom
redox process (in this case gs,), provides information about the stoichi-
ometry of the adatom reaction. The quantity qp; is the sum of hydrogen
and anion adsorption processes on the Pt sites (given the Sn coverage
0):

Qb = G + Qon 2
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The charge corresponding to hydrogen adsorption on the free Pt
sites is given by:

ah = qir °(1—mé) 3
Similarly, the charge corresponding to OH adsorption is given by:
qon = Gon’ (1—mé) 4

where g5 ° and gf;=° are the OH and hydrogen adsorption charge den-
sities on the unmodified Pt(111), g% and g3y are the hydrogen and the
OH adsorption charge densities on Sn/Pt(111) for a given Sn coverage
0, respectively, and m is the number of Pt sites blocked by 1 Sn atom (as-
suming m is the same for H and OH).

However, it is important to note that the adatom oxidation and OH
adsorption on the free Pt sites overlap. Consequently, a refinement to
the analysis would be to calculate g97 © according to:

9 o0 I
Aon = 9oH —p—5 5
dy

The charge density associated with the oxidation of adsorbed Sn, qs;,,
can be calculated by subtracting g9y from the total charge density mea-
sured in between 0.45 and 0.90 V (g% sn) [46]:

0
0 _ 0 -0 i
QSn *qOHJrSn qOH q9:0 6
H

Fig. 2 shows the relation between g and qZ,. From the slope of the
curve the relation between the numbers of blocked platinum sites
with respect to the electrons exchanged per adsorbed Sn adatom can
be calculated. In this case the value of the slope is around — 0.83. There-
fore, assuming that 4 electrons are involved in the oxidation of the
adatom (assuming the surface reaction Sn + 4H,0 < Sn(OH),; +
4H™ + 4e7), it is estimated that each Sn adatom blocks 3 Pt(111)
sites, suggesting that Sn adsorbs in three-fold hollow sites in a (V'
3 x V3) R30° structure, in agreement with suggestions made by previ-
ous work [47].

The effect of the irreversible adsorption of Sn on the oxidation of
adsorbed CO is shown in Fig. 3. CO stripping on the unmodified
Pt(111) (Fig. 3a) electrode occurs in one sharp oxidation peak at
0.74 V and a small pre-peak at around 0.65 V. The presence of this
pre-peak is well documented in the literature, attributed to the oxida-
tion of adsorbed CO by reaction with oxygenated species adsorbed at
steps and defect sites [48].
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Fig. 2. Plot of the platinum surface charge density (as defined by Eq. (1)) and the
corresponding Sn coverage vs. the charge density associated with Sn redox process on a
Pt(111) electrode in 0.1 M HCIO, solution.
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Fig. 3. Cyclic voltammograms of the CO oxidation on Pt(111) (a) and Sn/Pt(111)
electrodes (b) in 0.1 M HCIO,; sweep rate 20 mV s~ .

The catalytic enhancement of the activity of the Pt electrode for CO
oxidation by the irreversible adsorption of Sn, as characterized by a
lower potential for the CO stripping peak, is illustrated in Fig. 3b. On
the Sn/Pt(111) electrode, CO oxidation occurs in two distinct potential
regions: the region above 0.50 V, which includes the main CO oxidation
peak at 0.69 V, and the region below 0.50 V which we will call the pre-
peak whose position in the voltammogram depends on Sn coverage.
The onset for the main CO oxidation peak takes place at approximately
0.60V, corresponding to the onset for OH adsorption on Sn/Pt(111) sur-
face (peak at 0.62 V in Fig. 1). Thus, this peak may be assigned to CO ox-
idation by adsorbed OH through a bifunctional mechanism and then the
enhancement in the activity for CO oxidation on Sn/Pt(111) electrodes
can be explained by the fact that Sn atoms enable the electrochemical
dissociation of water at more negative potentials compared with pure
Pt(111).

On the other hand, the nature of the pre-peak is more difficult to ex-
plain. The pre-peak takes place at potentials below 0.50 V, where the
voltammetry does not give any indication for the formation of OH.
Moreover, the pre-peak shifts to more negative potentials with increas-
ing Sn coverage (see Fig. 4a), which may be rationalized by the fact that
smaller CO islands are forming giving rise to a more weakly bonded
state of CO due to a higher number of CO adsorbed on Pt sites adjacent
to Sn atoms.

Fig. 4b shows the charge corresponding to the two peaks as a func-
tion of Sn coverage. Whereas the charge corresponding to the high-po-
tential peak decreases with Sn coverage, suggesting that this CO is
oxidized at “free” Pt sites, the charge corresponding to the pre-peak ap-
pears to exhibit a maximum with Sn coverage. This would be in agree-
ment with the idea that the pre-peak is associated with CO oxidation
at the interface between Pt and Sn sites, because with increasing Sn cov-
erage the number of CO molecules adsorbed on Pt adjacent to Sn atoms
increases because the higher number of Pt surrounded by Sn. However,
at high Sn coverage there are fewer Pt sites left for CO to adsorb, leading
to a maximum in the charge corresponding to the pre-peak. The exact
nature of this low-potential CO,q oxidation remains somewhat specula-
tive. The FTIR measurements by Stamenkovic et al. [38] and the DFT cal-
culations by Dupont et al. [49] suggest that CO binds weaker to Pt near
Sn sites in a Pt3Sn alloy surface. Other DFT calculations [9,50] show
that OH binds stronger to Sn than Pt sites, though we have not been
able to resolve experimentally this low-potential OH formation on our
Sn-modified Pt surfaces. In a theoretical work by Anderson, the CO oxi-
dation in the pre-peak has been explained by oxidation at the edges of
Sn surface islands, i.e., at Pt atoms in between Sn atoms, by a mechanism
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Fig. 4. Peak potential of the pre-peak (a) and CO charge (b) as a function of the Sn-
coverage on the Sn/Pt(111) electrode in 0.1 M HCIO,. Values received by CO-oxidation
voltammetries as shown in Fig. 3.

of direct attack by H,O molecules [51]. An important aspect to point out
is that the charge corresponding to the platinum states and the Sn oxi-
dation peak are the same before CO adsorption and after CO oxidation,
which indicates that CO does not induce the adatom desorption.

3.2. Pt(100)

Fig. 5 shows the blank voltammetric profiles for Pt(100) and Sn/
Pt(100) in 0.1 M HClO4. The profile for the unmodified Pt electrode is
typical of a well-ordered Pt (100) surface and is delineated into various
regions according to the electrosorption process. The hydrogen adsorp-
tion region occurs from 0.15 to 0.40 V which consist of two states at ap-
proximately 0.30 and 0.40 V, although there is an overlap with a broad
feature extending to about 0.60 V, associated with OH adsorption [52].
At potentials higher than 0.75 V the oxidation of the Pt(100) surface be-
gins, associated with the formation of platinum oxide species [53],
which is almost negligible in the potential range chosen here. With in-
creasing Sn coverage, a suppression of the hydrogen adsorption charge
is observed together with the development of a new peak in the region
between 0.70 and 0.90 V in the positive-going scan and between 0.80
and 0.55 V in the negative-going scan. These features are attributed to
the oxidation of Sn adatoms, which takes place simultaneously with
the formation of platinum oxide. It is important to consider that the
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Fig. 5. Cyclic voltammograms of Pt(100) and Sn/Pt(100) electrodes in 0.1 M HCIO,4; sweep
rate 50 mvV s~ .

peaks due to OH adsorption observed on Sn/Pt(111) are not observed
(or not easily discerned) on Sn/Pt(100) in the same potential range.

The surface stoichiometry for the adatom surface reaction on
Pt(100) has been calculated in the same way as for Pt(111), although
in this case no overlap exists between Sn oxidation and OH adsorption
on Pt and the formation of Pt oxide in this potential range is almost neg-
ligible. Fig. 6 shows the linear correlation between Pt charge density
(determined between 0.15 and 0.6 V) and the charge density associated
with the Sn redox process. The slope of the curve is —0.5. Assuming the
transfer of 4 electrons in the adatom oxidation process, as was consid-
ered for Pt(111), this slope suggest that each Sn adatom blocks 2
Pt(100) sites, and consequently, Sn may be adsorbed in four-fold hollow
sites in a c(2 x 2) structure, in agreement with suggestions made in a
previous study [41].

Fig. 7 displays the profiles for the oxidative stripping of adsorbed CO
on Pt(100) and Sn/Pt(100) electrodes. The oxidation of CO on Pt(100)
electrode takes place in a single sharp peak at 0.76 V. In the presence
of Sn on the Pt(100) surface, the oxidation of CO also occurs in one
sharp peak, at lower potentials compared to clean Pt(100), with the
peak potential becoming lower with increasing Sn coverage. The pre-
peak observed on Sn/Pt(111) is not present on Sn/Pt(100). This en-
hancement in the activity of the electrode for CO oxidation on Pt(100)
with Sn adsorption can be linked to a bifunctional mechanism through
adatom oxidation since the onset potential for the oxidation of both
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Fig. 6. Plot of the platinum surface charge density (as defined by Eq. (1)) and the

corresponding Sn coverage vs. the charge density associated with Sn redox process on a
Pt(100) electrode in 0.1 M HCIO, solution.
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Fig. 7. Cyclic voltammograms of the CO oxidation on Pt(100) and Sn/Pt(100) electrodes in
0.1 M HCIO; sweep rate 20 mV s~ 1.

CO and the Sn adatom, takes place at a very similar potential. Once Sn
starts to oxidize, a fast stripping of the CO adlayer occurs simultaneous-
ly. Finally, the Sn adlayer on Sn/Pt(100) remains unmodified after the
CO stripping experiment, as indicated by the identical blank CVs before
and after stripping.

3.3. Pt(110)

The blank cyclic voltammetric features for the unmodified Pt(110)
and the Sn/Pt(110) surface are shown in Fig. 8. The hydrogen adsorption
region, between 0.10 and 0.35 V, consist of two states at 0.15 and 0.25 V.
The charge in this region is not only due to adsorption and desorption of
hydrogen, but also to the replacement of adsorbed H with adsorbed O
and/or OH [54]. In contrast to a previous work [41], in our experiments
we were able to achieve the irreversible adsorption of Sn on Pt(110).
This divergence with ref. 41 may be due to differences in the cooling
process after flame-annealing of the electrode, as can be noted from
the different shapes of the Pt(110) blank CV profiles. It is known that
an appropriate cooling in Ar + H, stream produces a Pt(110)-(1 x 2)
surface phase, characterized by two peaks between 0 and 0.40 V [55].
However, the Pt(110) profile in ref. [41] does not show two different
states in the same potential region, suggesting a different platinum sur-
face. Like with Pt(111) and Pt(100), the adsorption of Sn on Pt(110)-
(1 x 2) leads to a decrease of the adsorption hydrogen charge and to a
new peak due to the oxidation of Sn adatoms. The broad Sn redox
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Fig. 8. Cyclic voltammograms of Pt(110) and Sn/Pt(110) electrodes in 0.1 M HCIO,4; sweep
rate 50 mV s~ .

peak is centered at 0.70 V in the positive-going scan, and it becomes
more irreversible with increasing Sn coverage with a shift to more neg-
ative potentials in the negative-going scan.

The surface stoichiometry for the adatom reaction on Pt(110) has
been also obtained (Fig. 9). The slope of the curve is ca. — 1, which im-
plies that either 4e™ are involved in the oxidation of the adatom from
Sn° to Sn*™, or 2e™ are involved from Sn° to Sn?*. In the first case
(4e™), the slope suggests that each Sn adatom blocks 4 Pt atoms (cover-
age of 0.25 ML), and in the second case (2e ™), each Sn adatom blocks 2
Pt atoms (coverage of 0.5 ML). To be consistent with the Sn adatom
charge on Pt(111) and Pt(100), the 0.25 ML coverage seems more likely.

Fig. 10 shows the CO oxidative stripping profiles on Pt(110) and Sn/
Pt(110). The oxidation on Pt(110) takes place in a single sharp peak
with a peak potential at 0.66 V. As with Sn/Pt(111) and Sn/Pt(100),
the blank cyclic voltammetry after the CO stripping experiment is the
same as before CO stripping and, therefore, the adsorption of CO does
not lead to the desorption of the adatom.

Modification of the electrode with Sn leads to significant changes in
the CO oxidation profiles. Similar to Sn/Pt(111), two different CO oxida-
tion regions can be observed: one pre-peak at low potentials and one
main peak at higher potentials, which shift to more negative potentials
with increasing Sn coverage. Moreover, the oxidation of the adatom
takes place at potentials higher than that for CO oxidation which sug-
gest that Sn does not act as a bifunctional catalyst but rather modifies
the electronic properties of the Pt surface. In contrast to Pt(111) and
Pt(100), the CO oxidation peak on Sn-modified Pt(110) is very broad
and extends to potentials higher than the peak on unmodified Pt(110).

On the other hand, the nature of the pre-peak seems to be similar to
the pre-peak on Pt(111), since it shows a shift to more negative poten-
tials with increasing Sn coverage. The dependence of the charge of the
two peaks on Sn coverage is shown in Fig. 11. The plot shows that the
amount of CO oxidized in the pre-peak exhibits a maximum with Sn
coverage, whereas that oxidized in the main peak decreases. It suggests
that, similar to Sn/Pt(111), the CO oxidation in the main peak is due to
CO adsorbed at “free” Pt sites while the pre-peak is associated with CO
oxidation at Pt atoms vicinal to Sn atoms.

4. Conclusions

In this work we have demonstrated that Sn can be adsorbed irre-
versibly on all three basal planes of platinum and this adsorption is sen-
sitive to the surface structure of Pt single crystals. On all modified
surfaces, the presence of Sn blocks the adsorption of hydrogen on plat-
inum, and leads to the observation of a new oxidation peak ascribed to
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Fig. 9. Plot of the platinum surface charge density (as defined by Eq. (1)) and the

corresponding Sn coverage vs. the charge density associated with Sn redox process on a
Pt(110) electrode in 0.1 M HCIO4 solution.
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Fig. 10. Cyclic voltammograms of the CO oxidation on Pt(110) and Sn/Pt(100) electrodes
in 0.1 M HClO,4; sweep rate 20 mV s~ ',

the four-electron oxidation of the Sn adatom. On Pt(111), this adatom
oxidation happens near 0.6 V (vs. RHE), on Pt(100) at 0.7-0.8 V, and
on Pt(110) from ca. 0.5 V. From the CVs, the estimated maximum Sn
coverage is 0.33 (per surface Pt atom) on Pt(111) and 0.50 (per surface
Pt atom) on Pt(100), whereas for Pt(110) the surface stoichiometry for
the adatom surface reaction is not fully clear but most likely corre-
sponds to 0.25 ML (per surface Pt atom).

The results obtained for CO,4 oxidation on Sn/Pt(111), Sn/Pt(100)
and Sn/Pt(110) demonstrated that the irreversible adsorption of Sn en-
hances the electroactivity for this reaction on all three Pt single crystals.
On Sn/Pt(111) and Sn/Pt(110), oxidation of adsorbed CO occurs in two
distinct potential regions: a pre-peak region at potentials below 0.50 V
and the main peak at potentials higher than 0.50 V. From the depen-
dence of the charge of the pre-peak on the Sn coverage, we conclude
that for the former potential window, the oxidation of adsorbed CO
takes place at the direct interface between Pt and Sn through the forma-
tion of an activated water species on Sn that is not observable in the
blank voltammetry. In the main peak, the CO,4 oxidation reaction is

250
°
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Fig. 11. CO charge as a function of the tin-coverage on the Sn/Pt(110) electrode in 0.1 M
HClO,. Values for the charges obtained by integrating the corresponding CO oxidation
peak in the voltammetries as shown in Fig. 10. The charge for the CO oxidation in the
pre-peak and the main peak were calculated by subtraction of a capacitive background
charge estimated as a linear background between the onset potential of CO oxidation in
the pre-peak and the onset of the main CO oxidation peak, and from the onset of the
main peak to 0.90 V vs. RHE, respectively.

suggested to occur through the classical bifunctional mechanism of
OH adsorbed on Sn with CO adsorbed on Pt atoms that are not in direct
contact with Sn adatoms that is, on Pt atoms no adjacent to Sn atoms. On
the contrary, the “pre-peak mechanism” is not observed on Sn/Pt(100).
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