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RESUMO

Este trabalho avalia a eletro-oxidacdo de etanol e glicerol em catalisadores a base de Pt e Pd
modificados com Rh. Os nanomateriais foram preparados com sucesso pelos métodos
“Bromide Anion Exchange” (BAE) e Poliol. Os materiais foram caracterizados pelas técnicas
Anélise Termogravimétrica (ATG), Difracdo de Raios X (DRX) e Espectroscopia de
Fotoelétrons de Raios X (XPS), Energia Dispersiva de Energia de Raios X (EDX) e
Microscopia Eletrénica de Transmissdo (TEM). A avaliagdo da atividade eletrocatalitica dos
nanomateriais PtxRhy/C para a reacdo de oxidagéo do etanol (EOR) revelou que a composicéo
PtsoRhso/C apresentou a maior atividade. A analise da solucdo eletrolitica do compartimento
anodico por Cromatografia Liquida de Alta Eficiéncia (CLAE) mostrou que a quantidade de
carbonato (COs?*) aumentou com o teor de Rh na composicdo bimetalica. Para os
nanomateriais do tipo PdxRhy/C, PdsoRhso/C apresentou a maior atividade para EOR e reagédo
de eletro-oxidacdo de glicerol (GEOR). A avaliacdo dos produtos de reagédo realizada por
CLAE e técnicas de espectroscopia de infravermelho com transformada de Fourier (FTIRS)
in situ revelaram que durante a EOR, a quantidade de carbonato (de didxido de carbono (CO>))
aumentou quatro vezes em comparagdo com a obtida com Pd/C. A reacdo de oxidacdo do
glicerol (GEOR) ocorre no PdsoRhso/C com um desvio negativo de 200 mV comparado a
Pd/C. No caso do catalisador Rh/C, a analise dos produtos intermediarios por CLAE e FTIRS
in situ confirmaram a habilidade da quebra da ligacdo C-C a baixos potenciais. Dois caminhos
de reacdo foram sugeridos para a EOR em Rh/C. Para GEOR, a adicdo de Rh aumentou a
formacdo dos produtos de elevado valor agregado, como: ions glicerato. Com o objetivo de
aumentar a atividade catalitica do catalisador de Rh/C, foi utilizado o compésito SnO,-C como
material suporte. O Rh/SnO>-C foi preparado a partir do método Poliol. Em meio alcalino, a
atividade eletrocatalitica para a ROG foi aproximadamente 5 vezes maior que para a
composi¢do Rh/C. A andlise dos produtos intermedidrios por CLAE e FTIRS in situ
demonstraram que a 0,55 V vs. RHE os principais produtos de oxidacdo foram os anions
glicerato e CO3%. A formagdo de COs? sob baixos potenciais confirmam a quebra da ligagio
C-C a partir da estrutura C3 do glicerol. Os testes em configuracdo de AEM-DAFC foram
realizados em uma célula construida em acrilico a temperatura ambiente usando Rh/SnO2-C
como anodo. A densidade de poténcia maxima atingida foi de 390 pW cm, em densidade de
corrente de 1.250 mA cme voltagem de célula de 0,8 V. A performance do Rh/SnO,-C como
anodo em DGFC demonstrou que a eletro-oxidacao de glicerol permite a producdo sustentavel
de energia e compostos de alto valor agregado.

Palavras Chave: Platina, Paladio, Rédio, Células a Combustivel, Glicerol, Etanol.



ABSTRACT

This work evaluates ethanol and glycerol electrooxidation on Pt and Pd-based catalysts
modified with Rh. The nanomaterials were successfully prepared by Bromide Anion
Exchange (BAE) and the Polyol methods. The nanomaterials were characterized by
Thermogravimetric Analysis (TGA), X-ray diffraction (XRD) techniques, and X-ray
photoelectron spectroscopy (XPS), X-ray energy dispersive (EDX) and Transmission Electron
Microscopy (TEM). The evaluation of the electrocatalytic activity of the synthesized PtxRhy/C
nanomaterials through the ethanol oxidation reaction (EOR) revealed that the PtsoRhso/C
nanomaterial presented the highest activity. The analysis of the electrolytic solution of the
anodic compartment by HPLC showed that the amount of carbonate increased with the Rh
content in the bimetallic composition. For the PdxRhy/C nanomaterials, the PdsoRhso/C
catalyst presented the highest activity for EOR and glycerol electro-oxidation reaction
(GEOR). The assessment of reaction products was made by HPLC and in situ Fourier-
transform infrared spectroscopy (FTIRS) techniques which revealed that during the EOR, the
amount of carbonate (from carbon dioxide (CO3z)) increased four times compared to that
obtained with a Pd/C nanomaterial. The glycerol oxidation reaction (GEOR) occurs on
PdsoRhso/C with a shift of 200 mV to low potential values. The addition Rh increases the
formation of high added-value products, such as glycerate and tartronate anions. In the case
of Rh/C catalyst, the analysis of the products generated by in situ FTIRS and later using HPLC
confirmed its ability to cleave the C-C bond at low potentials. Two reaction pathways can be
suggested for EOR on Rh/C. For the GEOR, the addition of Rh increases the formation of
high added-value products, such as glycerate ions.

In order to enhance the electrocatalytic activity of Rh, it was dispersed on SnO.-C powder.
The Rh/SnO2-C was prepared by the polyol method. In alkaline medium, the electrocatalytic
activity of this nanomaterial toward glycerol oxidation was almost 5 (five) times higher than
that of Rh/C. Products analysis by in situ FTIRS and by HPLC demonstrated that at 0.55V vs.
RHE the main reaction products were glycerate and carbonate (COs%) anions. The formation
CO3? anions at low potentials confirmed the C-C bond cleavage from C-C-C structure. The
DAFC tests in a home-made acrylic cell were performed at room temperature using Rh/SnO»-
C as anode. A maximum power density of 390 uW cm was reached at 1,250 mA cm for a
cell voltage of 0.8 V. The performance of this DGFC demonstrated that the oxidation of
glycerol permitted to produce sustainable energy and high added value products.

Keywords: Platinum, Palladium, Rhodium, Fuel cell, Glycerol, Ethanol



RESUME

Cette étude traite de la synthese des nanocatalyseurs a base de platine et de palladium modifiés
par le thodium pour I’oxydation de I’éthanol et le glycérol en milieu alcalin. Elle a permis de
mettre en évidence l'effet de I'ajout d'un meétal comme le rhodium (Rh) sur l'activité
électrocatalytique du Pt ou du Pd. Différents catalyseurs ont été synthétisés par la méthode
Bromide Anion Exchange (BAE) et la méthode Polyol puis analyses par thermogravimétrie
(ATG) et caractérisés par diffraction des rayons X (XRD), énergie dispersive des rayons X
(EDX), par microscopie électronique a transmission (MET) et par la spectroscopie
photoélectronique (XPS). L'évaluation de I'activité électrocatalytique des différents matériaux
PtxRhy/C synthétisés par la réaction d’oxydation de 1’éthanol (EOR) a montré que le matériau
PtsoRhso/C est le plus performant. L'analyse par chromatographie liquide a haute performance
de la solution électrolytique contenue dans le compartiment anodique montre que la quantité
de carbonate produit augmente avec la teneur en Rh pour les matériaux bimétalliques. Pour
les nanomatériaux PdxRhy/C, celui dont la composition est PdsoRhso/C présente I'activité
électrocatalytique la plus élevée pour EOR et l'oxydation du glycérol (ROG). La
détermination des produits de réactions par HPLC et FTIR in situ a montré que la quantité de
carbonate (provenant du dioxyde de carbone (CO>)) a été multipliée par quatre par rapport a
celle obtenue avec Pd/C. Pour la ROG, le potentiel de début d'oxydation est décalé de 200 mV
vers des potentiels plus bas. L'ajout de Rh favorise la formation de glycérate et de tartronate.
Pour le catalyseur Rh/C, les résultats obtenus par analyse de chromatographie liquide a haute
performance (HPLC) et par spectroscopie infrarouge a transformée de Fourier (FTIRS) in situ
permettent de confirmer la rupture a de faibles potentiels de la liaison C-C le Rh. Deux
mécanismes peuvent étre proposés pour la EOR sur le Rh/C. Dans le cas de la ROG, I'ajout
de Rh augmente la formation I'ion glycérate.

Dans le but d'améliorer I'activité électrocatalytique de Rh/C, la méthode de synthese polyol a
été aussi utilisée. C'est ainsi que le Rh supporté sur un composite d'oxyde d’étain sur carbone
(Rh/Sn0O2-C). En milieu alcalin, I'activité électrocatalytique du matériau Rh/SnO»-C pour la
ROG est presque 5 (cinq) fois supérieure a celle de Rh/C. Les analyses par FTIR in situ et par
HPLC des produits générés ont montré qu'a 0,55 V vs. RHE, les principaux produits de
réaction sont les anions glycérate et carbonate (COs%). De plus une rupture a de trés bas
potentiels de la liaison C-C de la chaine C-C-C a été démontrée avec la formation de COs>".
Les tests en pile " pile & oxydation directe du glycérol DGFC ont été réalisé a température
ambiante avec Rh/SnO,-C comme d'anode. Une densité de puissance maximale de 390 pW
cm a été atteinte & 1,250 mA cm2 & une tension de cellule de 0,8 V. Ces tests en pile compléte
montrent que le glycérol peut étre valorise par la génération de I'énergie durable et des produits
a haute valeur.

Mots clés : Platine, Palladium, Rhodium, Pile a combustible, Glycérol, Ethanol
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Introducéo

INTRODUCAO

Diante do crescente debate sobre o uso de combustiveis fosseis acerca das mudangas climéticas,
a tecnologia de Células Combustiveis Diretas a Alcool (DAFCs) abre uma possibilidade no
cenario mundial como fonte de energia limpa e eficiente. A necessidade de desenvolvimento
de dispositivos com autonomia energética, aliada ao uso de fontes renovaveis traz luz ao uso e

valorizacdo de combustiveis liquidos como o etanol e o glicerol.

Especialmente no Brasil, por ser um dos maiores produtores mundiais, o etanol como
combustivel liquido é uma opcéo considerada economicamente atrativa apresentando menor
toxicidade em relacdo ao metanol, sendo produzido a partir da biomassa. Ja o Glicerol, é um
subproduto valioso que atualmente pode ser obtido por diferentes processos industriais. Além
disso, com a crescente demanda de producéo de biodiesel ocorre aumento na geracéo de glicerol
como subproduto e, consequentemente, surge a necessidade de sua valorizacdo em novos

processos.

Uma das principais problematicas quanto ao uso dos combustiveis liquidos em DAFCs é em
relacdo a cinética da eletro-oxidacdo de alcoois ser mais lenta que a do hidrogénio (Hz). Com
isso, durante as reacdes de eletro-oxidacdo dos alcoois, € gerado um sobrepotencial no sistema
eletroquimico, que por fim atinge menores densidades de corrente que o esperado.
Consequentemente, torna-se fundamental o desenvolvimento de eletrocatalisadores adequados
para aumentar a velocidade da reacdo de oxidagdo dos combustiveis elevando a eficiéncia das

DAFCs.

A Platina (Pt) e o Paladio (Pd) séo considerados importantes catalisadores usados para reagdes
de eletro-oxidacdo de alcoois. No entanto, sofrem efeitos de adsorgcdo de intermediarios
reacionais o que promove um envenenamento dos catalisadores e prejudica o desenvolvimento

das DAFCs. Como alternativa, eletrocatalisadores deste tipo tém sido utilizados em combinagéo
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com diferentes metais, que atuam como co-catalisadores, objetivando limitar os efeitos de

envenenamento mantendo a eficiéncia de eletro-oxidagdo do alcool em célula.

Desta forma, neste trabalho foram preparados eletrodos a base de Pt e Pd modificados com
Rdédio (Rh) em diferentes composi¢des molares a fim de avaliar a atividade eletrocatalitica dos
materiais frente as reacfes de oxidacao de etanol e glicerol em meio alcalino. A caracterizacéo
realizada pelas técnicas de Analise Termogravimétrica (ATG), Difragdo de Raios X (DRX),
energia dispersiva de raios X (EDX), espectroscopia de fotoelétrons excitados por raios X
(XPS) e microscopia eletronica de transmissdo (MET) permitiu compreender efeitos
relacionados a diferentes parametros, como: tamanho, formato, composi¢do elementar e de
superficie. O desempenho eletrocatalitico foi avaliado com auxilio de técnicas eletroquimicas
de Voltametria Ciclica (VC) e Cronoamperometria (CA) além de testes em configuracao similar
as DAFCs. A identificacdo dos produtos intermediarios reacionais realizadas com o auxilio de
técnicas analiticas, como a Cromatografia Liquida de Alta Eficiéncia (CLAE) e a
Espectroscopia de Infravermelho in situ (FT-1V), possibilitou a proposicdo de mecanismos

reacionais dos diferentes eletrodos preparados.

Diante do exposto, este trabalho foi dividido em sete Capitulos em que o Capitulo 1 relaciona
importantes conceitos referentes ao tema e mostra prévios estudos relacionados com a tematica

sob forma de uma recente revisao bibliogréfica.

O Capitulo 2 descreve detalhadamente a metodologia empregada neste trabalho de pesquisa
realizado em cotutela com a Université de Poitiers (Franca) no laboratério localizado no
UInstitut IC2MP (UMR CNRS 7285) para o preparo dos materiais bem como para os testes de

caracterizagdo e avaliacdo de desempenho eletrocatalitico.

O Capitulo 3 apresenta os resultados de avaliacdo da reacdo de oxidacdo de etanol em meio

alcalino sob os catalisadores do tipo PtxRhy/C preparados pelo método “Bromide Anion
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Exchange” (BAE). Os dados apresentados e discutidos sédo parte da publicagdo intitulada
“Rhodium effects on Pt anode materials in a direct alkaline ethanol fuel cell” do jornal RSC
Advances sob o doi: 10.1039/DORA06570F 1. Os resultados de caracterizagdo fisico-quimica
foram demonstrados e relacionados com a formacéo de liga metélica entre a Pt e o Rh durante
0 processo de sintese. A caracterizagdo eletroquimica dos eletrodos foi realizada para verificar
se a adicdo de rdédio provocou um expressivo aumento da atividade catalitica. Os produtos de
reacdo foram verificados para as diferentes composicoes de eletrodo e os resultados foram
comparados objetivando destacar os efeitos benéficos da adicdo de Rh sob o mecanismo

reacional.

O Capitulo 4 apresenta os resultados do estudo das reacdes de eletro-oxidacdo de etanol e
glicerol sob os eletrodos do tipo PdxRhy/C preparados pelo método BAE. Os resultados de
caracterizacdo fisico quimica foram diretamente relacionados com a formacédo de liga entre o
Pd e o Rh durante o processo de preparo dos materiais. Foi verificada a influéncia do grau de
liga dos catalisadores no desempenho catalitico. A caracterizacao eletroquimica foi acoplada a
Infravermelho com Transformada de Fourier (FT-IV) in situ aplicando a técnica “Single
Potential Acquisition Acquisition Infrared Spectroscopy ”(SPAIRS) para verificar a influéncia
dos efeitos eletrdnicos na superficie dos materiais com a adsor¢do de intermediarios, como por
exemplo: monoxido de carbono (CO), durante o processo de eletro-oxidagdo dos combustiveis.
Os testes em condicdo similar a DAFCs mostraram o efeito benéfico da adicdo de Rh como co-
catalisador. Os produtos de rea¢do foram avaliados para a proposi¢édo de mecanismo de reacédo

para diferentes composicoes.

O Capitulo 5 apresenta os resultados referentes a investigacéo do real papel do Rh durante as
reacOes de eletro-oxidacdo de etanol e glicerol. A proposta deste Capitulo foi verificar as
contribui¢cbes do Rh como monocatalisador metalico suportado durante a eletro-oxidag&o dos
dois tipos de combustivel. Os resultados da técnica SPAIRS aplicada durante a analise de CO
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stripping mostraram os principais modos de adsorgéo do CO em catalisadores de Rh suportados
em carbono Vulcan. Os mecanismos de reagdo foram demonstrados com auxilio da técnica
SPAIRS e os resultados foram combinados aos obtidos com a Cromatografia Liquida de Alta
Eficiéncia (CLAE) para a proposi¢do do mecanismo de reacéo para o etanol e o glicerol. Estes
resultados sdo importantes para a compreensdo do papel do Rh como co-catalisador em

eletrodos bimetalicos.

O Capitulo 6 concentra o estudo realizado com o objetivo de preparar uma composicao de
eletrodo para aumentar a atividade catalitica para 0 Rh/C em reacdes de eletro-oxidacdo de
glicerol. A estratégia escolhida se deu por meio da modificacdo do material usado como suporte
empregando-se um composito de 6xido de estanho-carbono (SnO-C). O catalisador Rh/SnO3-
C foi preparado pelo método poliol e o efeito da modificacdo do suporte foi demonstrado com
as técnicas de DRX, EDX e MET. A caracterizacdo eletroquimica demonstrou o aumento
expressivo na atividade catalitica com base nos resultados de VC e CA. A performance foi
avaliada com testes em configuracdo de DAFC e os resultados de densidade de poténcia foram
comparados aos obtidos para o eletrodo de Pd/C preparado pelo mesmo método. Os produtos

de eletro-oxidacdo foram avaliados com a combinacao dos resultados de SPAIRS e CLAE.

Por fim, o Capitulo 7 mostra a conclusdo geral dos estudos realizados ao longo deste trabalho
de doutorado, o Capitulo 8 relaciona os anexos referentes a resultados suplementares obtidos
ao longo do estudo e o Capitulo 9 traz as referéncias bibliogréaficas utilizadas na producédo da

tese.
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Reviséo bibliografica

1.1 CELULAS A COMBUSTIVEL

Células a combustivel (CaCs), em inglés, Fuel Cell, sdo dispositivos capazes promover a
transformacéo de energia quimica dos combustiveis em energia elétrica de forma direta e com
elevada eficiéncia 2 3. Sdo conhecidas por apresentarem maior eficiéncia de conversdo de
energia, baixa emissdo de poluentes e facilitada instalagdo frente as fontes de geragdo de energia

convencionais*®.

Uma CacC é constituida por dois eletrodos porosos separados por um eletrolito e conectados por
um circuito externo permitindo o fluxo de fons entre o anodo e catodo "°. Como nas CaCs 0s
reagentes sdo separados espacialmente, a célula consegue captar o fluxo de elétrons que fluem
do combustivel (oxidado no &nodo) para o oxidante (catodo) e forcar o uso do fluxo em um
circuito elétricol®. A composicdo dos eletrodos varia de acordo com o tipo de célula e os
eletrodos séo expostos a um fluxo do combustivel de modo a suprir os reagentes. A Figura 1
mostra um esquema de funcionamento para uma célula do alimentada com hidrogénio

(H2)/Oxigénio (02)*. .

Figura 1 - Funcionamento e estrutura bésica de uma célula combustivel.

Carga
&
Combustivel ‘] l— Oxigénio
:':: ;Q_.
L ion Positivo !
ou
ion Negativo —l[—::D
. —_=
HO
Combustivel + ‘ Oxigenio +
produtos gasosos = produtos gasosos
Anodo [ L catodo
Eletrdlito

(Condutor I1&nico)

Fonte: Adaptado de Kirubakaran, A. et al.(2009)*.
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Diferentemente das baterias, as CaCs ndo séo limitadas pela quantidade de reagente disponivel
1113 'Neste tipo de dispositivo, a energia pode ser gerada continuamente, enquanto houver
combustivel sendo fornecido ao sistema 4. Com isso, a conversdo energética acontece através
de duas rea¢Ges quimicas que ocorrem simultaneamente nos eletrodos conectados pelo circuito
de modo que, no compartimento do &nodo ocorre a reacdo de oxidacdo do combustivel e no
catodo a reducdo de um oxidante, ambas em presenca de catalisadores adequados ao sistema.
Para células hidrogénio (H2)/Oxigénio (Oz) (Figura 1), as reacfes de funcionamento do

dispositivo estdo representadas a seguir com as equacdes 1, 2 e 3:

Anodo: 2H2+40H S4H,0+4¢ (E°=0V/ESH) Equacéo 1
Catodo: 2HO+4e +02, S40H  (E°=1,23 V/IESH) Equacdo 2
Reacdo Global: 2H>+ 02, 5 2H,O  (E°=1,23 V/ESH) Equacéo 3

De modo geral, as CaCs sdo classificadas em relacdo ao tipo de eletrélito utilizado durante a
operacgdo®. Entretanto, também podem ser classificadas de acordo com a temperatura de
funcionamento®®. A Tabela 1 relaciona alguns exemplos de tipos de células combustiveis

existentes e seus componentes de funcionamento.
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Tabela 1. Tipos de células combustiveis. Adaptado de Sharaf, O. Z. et.al

Temperatur
Tipo Eletrolito Transportador  Combustiv a de~ Referéncias
de carga el operacio
()
PEMFC H,
(Polymer
Elecirolyte  Nafion® H;0" l\getan‘l’l 60 - 180 17-21
Membrane ‘Fano
Fuel Cell) Glicerol
AFC
(Alkaline Fuel KOH OH H» 90-100 22,23
Cell)
PAFC H:P
(Phosphoric ’ Soié em H;0" H> 160-220 24-27
Acid Fuel
Cell)
Li2CO3/Ko

MCFC NC%(,)

(Molten 2L 0U3 2- ~ )
Carbonate fundido COs CHy 600-800 28-31
Fuel Cell)  liquido em

LiAlO;
Membrana
Microbial pohniérica H;0" Glicose 20-60 32-34
s de troca
10nica
Estabiliza
DCFC do com
(Direct carbon o 0 o> Carvio 600-1000 25 36
fuel cell) ar O.Ha 0 !
fundido
Hidroéxido
fundido
DFAC
(Direct formic Na,ﬁ‘%n@) H;0" HCOOH 30-60 37-39
acid fuel cell) solido
Ceramicas
SOFC , 0xidos
(Solid Oxide ~ so6lidos o* CHa4 700-1000 40-44
Fuel Cell) (ZrO2 e
Y203)
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As CaCs com estrutura de funcionamento do tipo PEMFC atraem bastante interesse por parte
da comunidade cientifica, principalmente devido a fatores como a alta densidade energética e
baixa temperatura de operagio*°. Quando utilizadas em modo de operagdo em condigdes acidas
utilizam Membrana Trocadora de Prétons (PEM), em condicBes alcalinas a operacdo ocorre
com o uso de Membrana de Troca Anidnica (AEM). Para efeito de comparagéo, dispositivos
do tipo PEM podem apresentar densidade energética até 5 vezes mais elevada que as baterias
fons litio*. As principais areas de aplicacio de células do tipo PEM/AEM se encontram
voltadas para 0s setores de transportes, equipamentos portateis e geracdo/distribuicdo

energética*” 8.

Empresas fabricantes de automoveis, como: Toyota, Nissan, VW, Hyundai, Honda, etc,
trabalham quase que exclusivamente com células do tipo PEMFC devido a alta densidade de
poténcia, resposta rapida a cargas variaveis e baixas temperaturas de opera¢do*®-. Ja no que
tange a utilizacdo em dispositivos eletronicos portateis, com a exponencial demanda de energia
nos novos dispositivos, 0 uso deste tipo de células é extremamente valioso®?>*. Isto porque,
como mencionado anteriormente, diferentemente das baterias nelas a energia pode ser gerada
continuamente!**®, Equipamentos como telefones celulares, laptops, barcos, brinquedos
roboticos, entre outros estdo entre os dispositivos que podem ser alimentados energeticamente

via CaCs °> %6,

O uso das células do tipo PEMFC traz um efeito de valorizacdo dos recursos renovaveis que
podem ser utilizados como fontes de combustivel, como por exemplo: gas hidrogénio (Hy),
metanol, etanol, acido férmico, amonia, hidrazina, ureia, etilenoglicol entre outros®’
63, Atualmente o hidrogénio é mais comumente utilizado neste tipo de dispositivo, porém, seu
uso apresenta alto custo e alguns entraves, principalmente, quanto a transporte, armazenamento
e manuseio?2, Com isso, os combustiveis liquidos acabam por ganhar destaque em aplicaces
deste tipo, uma vez que apresentam maior facilidade de transporte, manuseio e custo mais
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baixo® . Além disso, os alcoois também podem ser utilizados para producio de hidrogénio
via processo de reforma® ", que podem ser posteriormente utilizado para operacdo de
PEM/AEM ou utilizados como combustivel direto na célula. Quando as células do tipo PEMFC
utilizam &lcoois diretamente como combustivel sdo chamadas de Células a Combustivel a

Alcool Direto (DAFCs).

1.2 CELULAS A COMBUSTIVEL DIRETA A ALCOOL (DAFCs)

A busca por combustiveis alternativos com menor toxicidade, maior seguranca de manipulacao,
maior densidade de energia e maior taxa de transferéncia de elétrons eleva as possibilidades de
utilizacdo de etanol e glicerol como combustiveis nas DAFCs’? 73, Especialmente devido a alta
energia especifica que eles apresentam, que no caso da oxidacdo completa de etanol e glicerol

os valores sdo de aproximadamente 8,01 kwWh kg™ e 5,0 kWh kg™, respectivamente " 7°,

1.2.1 Valorizacdo do Etanol como combustivel

O etanol pode ser obtido a partir de processos de fermentagdo com diferentes matrizes, como
por exemplo: cana de aglcar, milho, beterraba, batata e etc 8. Portanto, é considerado um
biocombustivel por ser produzido a partir de biomassa renovavel, o que diminui
consideravelmente os impactos ambientais haja vista a baixa concentracdo compostos

aromaticos e a base de enxofre 8183,

Atualmente no Brasil a maior e principal fonte de matéria prima para a producdo do etanol se
concentra na cana de agtcar 8. Com isso, o pais tem elevada capacidade produtora de etanol
em duas diferentes categorias: o anidro e o hidratado®. A categoria do etanol anidro é usada
em misturas diretas com gasolina®. O etanol hidratado ganhou maior destaque nacional com a
introducdo dos veiculos adaptados para a tecnologia flex (gasolina-etanol), que atualmente

representam aproximadamente 70% da frota de veiculos leves no pais 8687,
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Em termos logisticos e econdmicos, a ja consolidada infraestrutura para a distribuicéo de etanol
em larga escala no pais traz uma excepcional vantagem quanto ao seu uso como combustivel
nas DEFCs 88 Segundo o Anuério Estatistico®, publicado em abril de 2020 pela Agéncia
Nacional do Petr6leo, Gas Natural e Biocombustiveis (ANP), o pais possui atualmente uma
rede de revenda de combustivel automobilistico contando com 40.021 postos distribuidos entre

todas as regides, incluso o Distrito Federal.

Ja em termos de producdo, o ultimo relatério apresentado pela Companhia Nacional de
Abastecimento (Conab)®® mostra que o Brasil atingiu a marca recorde historica de producao de
etanol na safra de 2019/2020. Foram produzidos 35,6 bilhGes de litros do combustivel durante
a safra representando um aumento de 7,5 % em comparagdo ao periodo anterior. Avaliando
ainda a producdo em niveis mundiais, o Brasil encontra-se em segundo lugar, atras apenas dos
Estados Unidos. Conforme os dados publicados pela “Renewable Fuels Association” em 2019
%1 o Brasil foi responsavel por 30% da producio mundial de etanol. Consequentemente, isto
demonstra a importancia da valorizacdo do etanol como possivel combustivel liquido para as

DAFCs no pais.

1.2.2 Valorizagéo do Glicerol como combustivel

A producéo de biodiesel no Brasil vem sendo alavancada desde 2004, ano de proposicéo da
introducdo de biodiesel na matriz energética do pais com o Programa Nacional de Producéo e
Uso do Biodiesel (PNPB). A partir da Lei n° 11.097/2005 do Governo Federal®?, em 2008 foi
iniciada a obrigatoriedade de insercao do biodiesel ao diesel fossil com um aumento gradativo
da porcentagem na composicéo. A mistura do biodiesel ao diesel fossil é realizada de maneira

analoga durante a adicdo de alcool anidro a gasolina®.
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De acordo com o Gltimo relatério da ANP (2019)%, a porcentagem de biodiesel corresponde,
atualmente, a 12 % do total na composicdo do diesel. Consequentemente, 0 aumento na
producdo de biodiesel acarreta uma alta também da producéo de glicerol, sendo estimando que
cada 10 kg de biodiesel produz 1 kg de glicerol ®°. Isso porque o principal processo de produgéo
de biodiesel é realizado através da reacdo de transesterificacdo, onde ocorre uma reacdo quimica
entre uma gordura (ou dleo vegetal) e um alcool (geralmente, metanol ou etanol) com auxilio
de um catalisador adequado®. O principal subproduto de reacdes deste tipo é o glicerol. A

Figura 2 mostra o esquema reacional durante o processo de transesterificacao.

Figura 2 - Esquema ilustrativo da producdo de biodiesel e glicerol via reacdo de
transesterificagéo.

H,C-O0-COR1

. :

, H,C-OH ' R1COOR

1 1

Catalisador [ ' &

HL-O-CORZ + 3 R-OH : HC‘-OH i + R2COOR

1 1

| 1 +
H,C-O-COR3 i HCOH R3COOR

l :

E Glicerol | Biodiesel

Gordura animal /éleo vegetal

4

R1, R2, R3 = cadeia hidrocarbonetos (longa)
R=-CH; (Metanol) -CH,CH; (Etanol)

Fonte: Adaptado de Monteiro, M.R. et al. (2018) *.

O glicerol é um alcool incolor, de aspecto viscoso, sem cheiro e que pode ser obtido a partir de
fontes naturais®’. Atualmente é utilizado em aplicagBes industriais, como por exemplo:
alimentacdo, farmacos, resinas e outros®. Entretanto, toda utilizacdo deste composto atinge
uma porcentagem consideravelmente inferior ao que é anualmente produzido de glicerol no
pais. Estima-se que 52 % do glicerol produzido a partir de reacdes de transesterificacdo ndo €
utilizado em novas aplicacdes®”. Com isso, é gerado um excedente de glicerol o que torna
necessario um plano de valorizacao deste composto.
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Além do uso como combustivel nas DAFCs, a valorizacéo do glicerol pode ser estudada por
diferentes rotas cataliticas para a producdo de novos compostos, como por exemplo:
hidrogendlise, desidratacdo, pirélise, oligomerizacdo, polimerizacdo, carboxilacdo, oxidacéo,
entre outras®®1%, Por se tratar de um alcool com elevada densidade energética e alto nimero
tedrico de elétrons por molécula oxidada (14 elétrons no total), a analise dos possiveis produtos

intermediarios formados durante a oxidacao de glicerol é promissoral® 5,

A maioria dos produtos intermediarios de oxidagdo do glicerol apresenta grande aplicabilidade
em diferentes setores industriais e comerciais. Sendo assim, 0 emprego de moléculas de glicerol
como fonte inicial para eletrossintese de moléculas do tipo C2 e C3 de elevado valor agregado
é extremamente vantajoso. A Figura 3 mostra os principais compostos obtidos a partir da

oxidacéo de glicerol.
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Figura 3 - Principais intermediarios de oxidagdo do glicerol
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Gliceraldeido Ho._J_ oH
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HO\/lYO
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Acido Glicérico HO\/u\fO
l OH
Acido Hidroxipiravico
OH
e 4
OH OH
Acido Tartr&nico\ 0
O NP
O ~ OH OH
“\ Acido Mesoxalico

OH
Acido Férmico / 1 \

HO OH 0\ OH HO OH
— r—
O O o O

Acido Glicolico : o =
Acido Glioxilico Acido Oxalico

Fonte: Adaptado de Simdes, M. et al. (2012).

Atualmente, a maioria das rotas de preparo para 0s principais intermediarios de oxidacdo do
glicerol apresentam rotas néo-eletroquimicas com alto custo de sintese. Com isso, 0
desenvolvimento de rotas de eletrossintese é de promissora vantagem econdmica.
Consequentemente, além da valorizacdo do glicerol como combustivel das DAFCs o
desenvolvimento de sistemas de cogeracdo de energia também se torna uma possibilidade em
termos de valorizacdo da molécula do glicerol. Tabela 2 mostra os valores atuais de mercado

para 0s compostos relacionados como intermediarios da GEOR.
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Tabela 2 -Valores de mercado para possiveis intermediarios de oxidacao de glicerol

Preco/ R$ grama
Reagente / Sigla Fornecedor (Valores referéncia
outubro/2020)

Glicerol (> 99%) 0,62
Gliceraldeido (>90%) (GA) 842,0
1,3-Dihidroxiacetona (97%) (DHA) 52,60

B-Hidroxipiruvato (>97%) (HP) 1,762.00

Acido Glicérico (>99%) (AG) 2.093,0
Acido Tartronico (>97%) (AT) 21%:’?;-] 54,0
Mesoxalato de Sodio (>98%) (MS) 48,70
Acido Glicélico (>99%) (AGly) 9,33
Acido Glioxilico (>98%) (AGX) 25,30
Acido Oxalico (>99%) (AO) 4,34
Acido Formico (>95%) (AF) 1,89

Fonte: https://www.sigmaaldrich.com/brazil.html. Acesso em: 01/10/2020.

Diversos autores demonstraram a importancia da oxidacao seletiva de glicerol para produtos de
alto valor agregado'®”% isto devido ao potencial econdmico na reducdo dos custos de sintese
destes compostos por meio de eletro-oxidagdo seletiva a partir do glicerol. Por exemplo,
Yongfang, Z. et al.'** demonstraram a sintese de dihidroxiacetona (DHA) a partir da eletro-
oxidacdo de glicerol utilizando catalisadores & base de Pt modificados com Prata (Ag). Os
resultados apresentaram seletividade elevada (82,6 %) para a obtencdo de DHA, o que torna o
processo vantajoso para o preparo deste composto que é amplamente utilizado em producdo de
cosméticos. JA Ahmad, M.S. et al. 1'? estudaram a obtencéo de Acido Mesoxalico (MS) a partir
da eletro-oxidacao de glicerol com seletividade reacional superior a 80 % sob catalisadores de

Pt-Pd suportados em nanotubos de carbono (CNT). A principal aplicacdo de MS se encontra
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em inddstrias de polimeros, quimica fina e farmacéutica, todas com um elevado custo de
preparo, sendo a via de sintese a partir do glicerol um grande atrativo econdmico para a

valorizagéo do glicerol.

1.2.3 Funcionamento das DAFCs

O sistema mais avancado de DAFCs que utiliza combustivel liquido é a Célula a Combustivel
Direta a Metanol (DMFC). No entanto, 0 metanol também apresenta algumas desvantagens em
relacdo a outros alcoois, por ser toxico e sua producdo ser baseada em combustivel fossil ndo

renovavel 2.

Utilizando como exemplo a Célula a Combustivel Direta a Etanol (DEFC), elas podem ser
operadas tanto em meio &cido quanto em meio alcalino. Em meio alcalino sdo denominadas de
Células Combustiveis Diretas a Etanol Alcalinas (AEM-DEFCs)*¢. Em uma célula AEM-DEFC
o funcionamento ocorre com a conducdo de uma solucdo de etanol através do compartimento
anodico e um fluxo de oxigénio (obtido por injecdo de ar comprimido) € conduzido no
compartimento catédico. A solucdo de etanol conduzida no anodo promove a hidratacdo da
membrana trocadora de anions. Em casos de operacdo em temperaturas acima de 100 °C é
importante 0 aumento da pressdo no compartimento do anodo para a garantia de manutencéo

do etanol sob forma liquida® 3 14,

As Células a Combustivel Alcalinas de Alcool Direto (AEM-DAFC) tem o transporte idnico
realizado do catodo para o anodo, de modo a ocorrer a formagao de 4gua no anodo da célula!™
116 " I1sto faz com que o fluxo idnico seja realizado contra a dire¢éo do fluxo do &lcool na célula.
Essa diferenca de fluxo traz beneficios diretos para o desempenho e, consequentemente, a
eficiéncia da célula por promover o arraste de combustivel e subprodutos por via eletro
osmoticall’. Esse arraste diminui a permeabilidade do combustivel no eletrélito fazendo com

que se aumente os potenciais de equilibrio da célulat® 114118 Sendo uma variante positiva para
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contornar as limitagdes nas células do tipo PEM. Além disso, uma interessante vantagem das
AEM-DAFCs é em relagdo a velocidade das reacfes anddicas e catddicas, que ocorrem de
forma mais répida quando comparadas aquelas em meio &cido. Isso permite a utilizagdo de
eletrodos que ndo sejam apenas de platina, o que aumenta a performance deste tipo de célula?.

A Figura 4 mostra o esquema de funcionamento de uma AEM-DEFC.

Figura 4 - Esquema de funcionamento de uma célula a combustivel direta a etanol em meio
alcalino (AEM-ADEFC).

e-e-e-

Etanol y > 0,
—[4" Catodo |
30,
Produtos de reacao Produtos de reacao

Fonte: Autoria prépria

As equacdes 4, 5 e 6 representam as reacdes que ocorrem durante o funcionamento das células

AEM-DEFCs!'®:

Anodo: CoHsOH + 120H" S 2CO; + 9H,0 + 12¢° Equacao 4
Catodo: 302,+6 H,O+12¢” 5 120H" Equacao 5
Reagéo global: C>HsOH + 3 O 5 2C0O- + 9H.0 E° =1,145V/ESH Equacéo 6
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A principal dificuldade para a aplicagdo desta tecnologia se relaciona diretamente a cinética dos
processos reacionais, tanto para a oxidacdo dos alcoois no &nodo, quanto para a reagdo de
reducéo do oxigénio (RRO) que ocorre no catodo 12122 |sto se d4, principalmente, devido a
limitacdo das reacOes por efeitos de transporte de massa e ainda, em razdo da adsorcdo de
intermediérios formados durante a oxidagao dos combustiveis. Consequentemente, é necessario
aumentar o enfoque no desenvolvimento de catalisadores anddicos que auxiliem na oxidagdo
completa dos alcoois, com a formagcao de CO- e clivagem das ligagdes C-C. E importante avaliar
as composicdes eletrddicas de modo a empregar nanomateriais multifuncionais que apresentem

elevada eficiéncia, especialmente para as reacdes de eletro-oxidacao de alcoois.

1.3 REACAO DE ELETRO-OXIDACAO DE ALCOOIS
1.3.1 Reagdo de eletro-oxidagdo de Etanol (EOR)

A reacdo de eletro-oxidagéo de etanol (EOR), quando ocorre de forma completa, fornece 12
elétrons (Equacéo 4). Entretanto, na préatica, 0 processo ocorre em etapas e isso faz com que
sejam formados produtos intermediarios!?*t’. A formagc&o destes intermediarios pode interferir
no desempenho da célula, uma vez que estes podem se adsorver ao catalisador bloqueando os
sitios ativos de modo a diminuir a atividade catalitica do sistema 2. Os principais compostos
intermediarios identificados durante a oxidacdo parcial sdéo mondxido de carbono adsorvido
(COags) na superficie do catalisador, residuos de hidrocarbonetos C1 e C2, e os principais
produtos acetaldeido e &cido acético*®* 125, A Figura 5 mostra a representagio esquematica dos
possiveis produtos formados durante a oxidacdo completa (CO2) e a parcial (acetaldeido/ou

acido acético)'?,
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Figura 5 -Representacdo esquematica da oxidacdo do etanol (total e parcial).
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Fonte: Adaptado de Camara, G. et al. (2005)*?’

Lai et al.?® propdem um mecanismo com dois caminhos para a reacdo de oxidagdo em meio
alcalino. No caminho C1 ocorre a quebra da ligacdo C-C através da adsorcao dissociativa da
molécula do etanol com a formacao inicial da espécie etdxi que fica em equilibrio com o etanol
no sistema reacional. Além disso, a reacdo de formacdo do acetaldeido ocorre por uma Unica

etapa de desidrogenacéao da espécie etoxi.

O acetaldeido formado pode se transformar em anion que possui uma ligacdo do tipo C-C
menos blindada e, consequentemente, mais facil de ser rompida o que facilita a oxidagao para
CO.. Paralelamente, o caminho C2 pode ocorrer com a formacao de acetaldeido, mantendo-se
intacta a ligacdo do tipo C-C, que posteriormente pode ser oxidado a acetato, sendo este o
produto final da reacdo. A Figura 6 mostra 0 mecanismo proposto por Lai et al. para a reacao

de oxidag&o do etanol.
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Figura 6 - Mecanismo para a reacao de eletro-oxidacao de etanol em meio alcalino.

CH,CH,O- CH;CHOHO" --------- » CH,COO-
A . bud
I”, \\a II &
CH,CH,OH QH3CHO
E ;'/ Caminho - C1
T ¥
E ‘CH,CHO
é ‘:'/
CH,,+CO,y " > 2C0O,y " > 2CO, /| HCO; /| CO>
Caminho - C2

Fonte: Adaptado de Lai, C.S. et al. (2010)%,

A atividade catalitica para a oxidacdo de etanol em meio alcalino apresenta um aumento de
eficiéncia quando comparada a realizada em meio acido*?®. Este aumento pode ser atribuido a
formacdo da espécie etdxido sobre o eletrodo ocorrer mais rapidamente quando comparado em
meio acido uma vez que o etanol ja se encontra parcialmente dissociado sob forma de etoxido
com base em seu valor de pKa. Além disso, estudos em meio alcalino também proporcionam a
avaliacdo efeitos de interacfes ndo covalentes que ndo s&o muito estudados para o etanol e séo
muito importantes para melhorias no desempenho do processo de funcionamento das células a

combustivel128 130,

Um desafio para os estudos de oxidagdo de etanol é quanto a cinética do processo & 13!, A
cinética de eletro-oxidacao de etanol é lenta uma vez que, sua estrutura apresenta ligacao do
tipo C-C que tem que ser quebrada durante o processo. A presenca de um catalisador eficiente
é fundamental para completa reacdo de oxidacdo. Isto porque, o catalisador deve facilitar a
desidrogenacdo da molécula de etanol, a quebra da ligacdo C-C e a oxidagdo da espécie
COadsorvido (COags)!®2. Além disso, a ativagdo da molécula de dgua em baixos potenciais é
crucial para oxidagdo do COags e dos intermediarios adsorvidos nos sitios ativos do

catalisador'®® 3, Consequentemente, diversas composicdes de catalisadores vém sendo
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estudadas para EOR* 119 135-137 " dentre elas destacam-se os catalisadores a base de Pt e de Pd

(especialmente em meio alcalino)!!? 123, 138-145,

1.3.2 Reagao de Eletro-oxidacéo de Glicerol (GEOR)

A eletro-oxidacdo de glicerol ¢ uma via catalitica considerada verde para a producdo de
compostos de alto valor agregado'“®. Sendo assim, as principais vias de eletro-conversio de
glicerol seguem basicamente duas rotas: a primeira com o rompimento das ligacbes C-C e
formacdo do COads (3 moléculas) sobre a superficie do eletrocatalisador. A segunda rota, ocorre
com a oxidacao inicial do carbono contendo a funcédo de alcool primario, sem a quebra inicial
da ligacdo C-C, sendo formados varios produtos intermediarios a partir de reacdes paralelas
destes subprodutos'4’1%°, Os eletrocatalisadores e o pH de estudo das reacdes desempenham
importante papel no favorecimento de composicdo dos subprodutos gerados ao longo da
GEOR?07. 137 151-155 A Fjgura 7 mostra 0 esquema com 0 mecanismo de oxidagio proposto

por Know, Y. et al*>® para a GEOR em meio alcalino sob eletrodos de Pt e ouro (Au).

Figura 7 - Mecanismo de reacdo de eletro-oxidacdo de glicerol sob eletrodos de Pt e Au em
meio alcalino.
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Fonte: Adaptado de Know, Y. et al (2011),
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Geralmente, acido glicérico, acido glicélico, acido glioxilico, acido oxalico, acido tartronico,
dihidroxiacetona, gliceraldeido, sdo os principais subprodutos observados durante a eletro-
oxidacéo de glicerol. Por exemplo, Garcia, A.C. et al.*®" utilizando a combinag&o de CLAE on
line e Espectrometria de Massa online demonstraram o favorecimento de formagédo de
gliceraldeido, acido glicérico e dihidroxiacetona ao longo da GEOR em eletrodos de Pt (111)

em eletrélitos acidos.

Ja em meio alcalino, Holade, Y. et al. 1% estudou a GEOR em eletrdlito alcalino de 0.1 mol L
1 NaOH usando eletrocatalisadores a base de Pd. Os resultados demonstraram que os principais
subprodutos identificados com auxilio das técnicas de FTIRS e CLAE foram os ions glicolato
e glicerato. Chin Liu et al. 2 demonstraram a seletividade para a formacdo de DHA usando
eletrodos a base de 6xido de cobre (CuO). Zhiyong Zhang et al. *® estudaram a GEOR em
catalisadores a base de Au e concluiram que o Au/C favorece a formacdo de tartronato,
mesoxalato e oxalato e, 0 que consequentemente, aumenta a eficiéncia faradaica em

dispositivos de células a combustivel.

Long Huang et.al **° estudaram a GEOR em catalisadores modificados com Pt e Rh usando as
técnicas de FTIRS e Espectroscopia de Ressonancia Magnética Nuclear de Carbono-13 (*3C
NMR). Os resultados indicaram que a adicdo de Rh favorece a formacgdo de tartronato em
potenciais mais elevados. A composi¢édo da GEOR em catalisadores de Pd modificados com
Rh foi estudado por Ferreira-Jr et al. 134 e os principais produtos identificados por FTIRS foram

gliceraldeido, glicolato, oxalato e carbonato.

Em termos de aplicacdo em sistemas AEM-DGFC, a oxidagdo incompleta do glicerol diminui
a eficiéncia total do sistema, uma vez que diminui os elétrons gerados ao longo da reag&o®0-164,
Além disso, favorecerem o envenenamento da superficie do catalisador em sobrepotenciais
mais baixos aumentando a necessidade de desenvolvimento de eletrocatalisadores mais

eficiéncias para a GEOR®,
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1.4 ELETROCATALISADORES METALICOS

Um eletrocatalisador eficiente deve facilitar a desidrogenagdo da molécula de alcool, a quebra
da ligacdo C-C (em alcoois > C2) e a oxidacdo da espécie COads. Além disso, a ativacdo da
molécula de 4gua em baixos potenciais é crucial para oxidagdo do COags € dos intermediarios

adsorvidos nos sitios ativos do catalisador®®3 134,

A Pt é o melhor material eletrocatalisador para a oxidacéo de alcoois, porém ela sofre perda da
atividade catalitica. Da mesma forma, o Pd apresenta resultados de atividade satisfatorios em
eletro-oxidacdo de moléculas de élcoois, além de ser menos custoso, porém assim como a Pt
sofre perda da atividade catalitica. Para contornar esta limitagéo, Pt e Pd tem sido combinados
a outros metais para atuarem como co-catalisadores tais como, Iridio (Ir), Sn, Molibdénio (Mo),

Prata (Ag), Tungsténio (W), Niquel (Ni), Cobalto (Co), Rh, entre outros!t’ 142 166-172

Os metais associados a Pt e 0 Pd devem possuir maior tendéncia em formar espécies oxigenadas
em potenciais inferiores aos destes metais, assim promovendo a conversdao do COags a CO2
através do entdo chamado mecanismo bifuncional'’®, De acordo com este mecanismo as
espécies oxigenadas formadas nos sitios do metal adicional, em potenciais mais negativos, sao
transferidas as moléculas que se encontram adsorvidas e dissociadas sobre os sitios de Pt, o que

facilitaria a oxidagdo completa da molécula orgéanica? 16

O uso de Rh como co-catalisador tem despertado interesse em estudos de EOR e GEOR,
principalmente quanto a diminuigéo do potencial inicial para as reacfes de eletro-oxidacéo e a

habilidade de quebra das ligagOes do tipo C-C na estrutura dos &lcoois estudados!3®: 174177,

No estudo de eletrocatalisadores a base de Pt modificados com Rh, Juan Bai et.al'’
demonstraram que para a EOR catalisadores PtRh/C apresentam aumento na atividade catalitica
em meio alcalino. Os resultados foram atribuidos, principalmente, a efeitos de composicéao e

morfologia.
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Xu et al. 18 concluiram que a atividade eletrocatalitica para a EOR aumentada do catalisador
PtzRh/C em meio alcalino pode ser atribuida & melhoria da clivagem da ligagdo C—C na
presenca de Rh. Além disso, os autores demonstraram a melhora na cinética de oxidagdo de

COads a CO2 com o aumento de Rh na composigdo do material preparado.

Mukherjee, Roi e Bhattacharyal’® estudaram a oxidagéo de etanol em meio basico utilizando
catalisadores a base de Pt e Rh em diferentes composi¢des depositados sob Ni. De acordo com
o trabalho, a adi¢do de Rh aumenta a habilidade de quebra da ligacdo C-C e a formacéo de
carbonato como produto final. A técnica de FTIR foi utilizada para a confirmacédo da formacao

de acetaldeido, acetato e carbonato como produtos formados durante a reacdo de oxidacéo.

Fontes, E.H. et.al*® estudaram a caracterizacdo eletroquimica de catalisadores PtRh/C para
EOR em meio alcalino preparados a partir do método de reducéo de alcool. Com base nos dados
de FTIRS a composicdo contendo 50 % de Rh apresentou a maior seletividade para a formacéo

de fons carbonato.

Recentemente, alguns trabalhos reportaram a utilizacdo de Pd e Rh em composicbes de
eletrocatalisadores para a EOR. Entre eles, Maksic, A. et.al'®! avaliaram o comportamento
eletrocatalitico de catalisadores de Pd modificados com Rh por meio de eletrodeposicédo
espontanea. O efeito eletrdnico entre o0 Pd e o Rh foi demonstrado através de analises de XPS,
que permitiram corroborar com aumento da atividade catalitica da composicdo bimetalica

durante a EOR em eletrdlito alcalino.

Fontes, E.H, e colaboradores'®? avaliaram a atividade eletrocatalitica como anodo em AEM-
DEFC de PdRh/C e PdSn/C preparados pelo método redugdo por borohidreto (NaBH4). Os
resultados de caracterizagdo fisico quimica mostraram nanoparticulas de PdRh com tamanho
médio de 10,77 £ 2,30 nm com indicacdo de formagdo de liga a partir dos resultados de DRX.

Entretanto, a atividade reportada para a EOR foi considerada insatisfatoria para a composicéo
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PdRh/C, a densidade de poténcia obtida durante os testes de AEM-DEFC foi menor que a obtida
para os catalisadores de PdSn/C e Pd/C. Porém, é interessante levar em conta a necessidade de
maior aprofundamento na caracterizacdo destes materiais a base de PdRh para entender o real

papel do Rh no mecanismo reacional da EOR.

As reac0Oes de eletro-oxidacao de glicerol usando eletrocatalisadores modificados com Rh tem
demonstrado resultados promissores para a aplicacdo em AEM-DGFCs e sistemas de cogeragao
de energial® 183 Long Huang et.al™ demostraram a GEOR em eletrélito alcalino para
catalisadores do tipo PtRh/C e PtRu/C. Analises de FTIRS e *C NMR demonstraram que a
composicdo PtRh/C tem maior favorecimento de quebra da ligacdo C-C, com formacéo acido
glicérico em potenciais abaixo de 0,45 V (vs. ERH). Entretanto, em potenciais mais elevados,
a formacdo de 4cido tartronico é aumentada com a entrada de oxigénio na estrutura reacional

de modo a favorecer a formacéo de acidos carboxilicos.

Ferreira Jr, R.S et al*3* investigaram GEOR em eletrodo n&o suportado de PdRh preparado por
eletrodeposicdo utilizando a técnica de FTIRS in situ. Os resultados mostraram a formacao de
carbonato ao longo de todo experimento voltamétrico em presenca de glicerol. Os autores
também demonstraram que a concentracdo de OH™ no eletrélito influencia na clivagem das

ligagdes C-C do combustivel estudado.

Além das composic¢des bimetalicas, Rh monometélico suportado em carbono foi avaliado como
catalisador para a GEOR em meio alcalino. Binh, T.X.L, e colaboradores*®® avaliaram a GEOR
para Rh suportado em carbono black (CB) em comparagédo com as composicdes de Pd/CB,
AU/CB e Pt/CB. Os resultados voltamétricos indicaram que o eletrodo Rh/C apresentou menor
corrente méxima de oxidacdo quando comparado aos outros catalisadores preparados.
Entretanto, quando comparadas as densidades de corrente em potenciais mais baixos, o Rh
mostra uma atividade superior. Com isso, para aumentar a eficiéncia geral do monocatalisador

de Rh uma possibilidade é a modificacdo do material suporte, atualmente tem sido utilizados
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materiais a base de grafeno, nanotubos de carbono e compdsitos 6xido-carbono para contornar

esta limitagdo na densidade de corrente®®" 18 187,

Os eletrocatalisadores para células a combustivel atualmente tém sido desenvolvidos em
materiais suportados a base de carbono. Caracteristicas como abundéancia de sitios defeituosos,
alta porosidade e a presenca de grupos funcionais faz com que o carbono Vulcan XC72 seja um
dos materiais mais comumente utilizados como suporte de eletrocatalisadores!®. Estes
materiais tém sido testados como suporte com o objetivo de melhorar a atividade catalitica e
estabilidade dos catalisadores!® 188 18 Consequentemente, neste trabalho foram analisadas as
atividades eletrocataliticas de materiais preparados a base de Pt, Pd e Rh com carbono Vulcan
XC72. Diferentes técnicas eletroquimicas sdo utilizadas para a avaliacdo eletrocatalitica inicial

dos materiais preparados, como por exemplo a voltametria ciclica e a cronoamperometria.

1.4.1.Voltametria ciclica (VC)

A voltametria ciclica é uma técnica comumente utilizada em sistemas desconhecidos para
obtencdo de informacdes sobre as reacdes eletrddicas assim como sobre a reversibilidade do
processo'®. Embora seja uma técnica mais empregada na analise qualitativa do sistema, ela
possibilita uma ampla aplicacdo fornecendo informacdes sobre a termodindmica de processos
redox, da cinética de reagdes heterogéneas de transferéncia de elétrons, além da deteccéo de

intermediarios de reacio e produtos formados nos eletrodos®? 192,

O sinal de excitacdo obtido para o sistema eletroquimico em uma voltametria corresponde a
uma onda triangular. Essa onda realiza a varredura do sistema no sentido direto da reagéo e
depois no inverso em uma variacdo linear do potencial em fun¢do do tempo a partir de um

potencial inicial (Ei), até um potencial final (Ef) e retornando para Ei conforme mostra a Figura

3191, 192
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Figura 8 -Variagdo do potencial em fungdo do tempo em uma voltametria ciclica
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Fonte: Adaptado de Wang, J. (2006)*%,

As informacdes do sistema sdo obtidas em funcéo da corrente (i) gerada no eletrodo de trabalho
a partir de uma variacdo de potencial (E) imposta entre o eletrodo de referéncia e o de trabalho,
de modo que: i = f(E)'* 1. A corrente ¢ diretamente relacionada com a transferéncia de
elétrons na superficie do eletrodo de trabalho durante uma reacdo de oxirredugdo®® %1, A
concentracdo do analito na superficie do eletrodo pode ser relacionada com a carga medida ao

longo do processo. A Equacdo 7 mostra uma reacao de oxirreducdo genérica

O+ne=R Equacéo 7

em que, O € a espécie sob forma oxidada e R a espécie reduzida. Um voltamograma ciclico é a
resposta obtida em uma voltametria, conforme mostra a Figura 9. O voltamograma obtido com
esta técnica pode indicar o mecanismo de oxirreducdo que o analito vai sofrer na superficie do
eletrodo de trabalho que podem ser: a transferéncia de massa para a superficie do eletrodo por

difuséo e a transferéncia de carga entre o analito e o eletrodo de forma heterogénea®® 1%,
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Figura 9 -Sinal obtido em um tipico voltamograma ciclico de um processo redox genérico O +
ne- = R.
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Fonte: Adaptado de Wang, J. et al.(2006) 1%
1.4.2 Cronoamperometria

A cronoamperometria € uma técnica que envolve o estabelecimento de valores de potencial
para avaliacdo da resposta em valores de corrente!®. Nesta técnica € aplicado ao sistema em
estudo uma mudanca no potencial do eletrodo de um valor inicial, E1, para um valor final, E2,
monitorando a variacdo da corrente pelo tempo. A resposta eletroquimica de analise desta

técnica é feita diretamente no grafico corrente versus tempo .

Quando se trabalha com valores de potenciais catodicos ocorre a formacéo de depositos através
de uma reacdo de reducdo, dos ions presentes em solucédo, na superficie do eletrodo. Ja quando
0S experimentos potenciostaticos sdo realizados em potenciais anodicos serdo fornecidas
informacdes a respeito de reacOes de oxidacdo, por exemplo a oxidacdo de moléculas em
solucéo entre outros'®® 1%, A Figura 10a mostra um esquema acerca da programagcio imposta
em um experimento potenciostatico e a Figura 10b representa a resposta eletroquimica do

sistema em valores de corrente.
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Figura 10 — (a) Excitagdo da técnica potenciostatica; (b) sinal obtido pela técnica.

(a) (b)

Fonte: Adaptado de Bard, A.J. (2001)%°.

1.5 METODOS DE SINTESE DE ELETROCATALISADORES

A atividade eletrocatalitica é notavelmente dependente do modo de sintese escolhido para o
preparo dos eletrocatalisadores'*® 1%, Isso porque, o método de sintese vai determinar
caracteristicas como: tamanho da particula, porosidade, morfologia, entre outras, que

influenciam diretamente a atividade do material*.

Atualmente existem varias rotas de prepararacdo de eletrocatalisadores a partir métodos
quimicos abordados na literatura, tais como: microemulsdo agua/oleo®® 1% impregnagdo 7
198 ‘método de decomposicéo de precursores poliméricos'®®, método poliol ™4 120:200-202 ‘método
de troca de &nion brometo (BAE):104120203 entre outros. Dentre os métodos de sintese,
destacam-se 0 método de decomposicao de precursores poliméricos (método de Pechini), poliol

e 0 método de troca de anion brometo (BAE).

O método de troca de anion brometo (em inglés, Bromide Anion Exchange, BAE) foi
desenvolvido pelo grupo dos Professores Dr. Boniface Kokoh e Dr. Teko Napporn, ambos da
Université de Poitiers, na Franca. E considerado um método limpo, ambientalmente favoravel,

simples, de baixo custo relativo, de rota sintética acessivel e apresentou bons resultados de
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caracterizago e aplicacdo em eletrocatalisadores a base de ouro (Au), Niquel (Ni), Pd e Pt 104

120, 203, 204

O método BAE parte do principio de que para a maioria das rotas sintéticas de
eletrocatalisadores séo utilizados sais de cloretos dos metais precursores. Com isso, é proposto
que a sintese ocorra com a substituicdo total ou parcial do ion cloreto na estrutura do sal
precursor por ions brometo, que tem raio atbmico maior e com isso podem atuar como agentes
controladores no crescimento de particula de forma mais eficiente. A substituicdo é confirmada
pela alteracdo de cor da solugdo do precursor metélico ap6s a adi¢do do KBr. Por exemplo, para
os catalisadores a base de Pt, a partir de uma solucdo aquosa em que € inicialmente formado
[PtCls] 2, a adicdo de KBr vai promover a formagdo de um complexo misto [PtClex Brx ]2 (
com 0> x> 6), onde x tende a 6 tendo o ion Br ~em quantidade suficiente no meio aquoso. Esta
substituicdo promove um maior efeito estérico no complexo formado ao redor do atomo
metalico, estabilizando a particula durante o processo de reducdo®®” 24, A Equacao 8 a seguir

mostra a reacao envolvendo a substituicdo do CI:

HZPtCIG (aq) + 6KBI‘ (aq) — Hz[PtBI’a ] (aq) + 6HCI (aq) Equa(;é.o 8

A sintese BAE ocorre com a dissolucéo do sal de cloreto do metal precursor em agua seguida
da adigcdo do brometo de potassio (KBr) para que ocorra a substitui¢cdo dos ions cloreto (Cl-)
por brometo (Br-) na estrutura do complexo. Apds a substituicdo, é utilizado um agente redutor
para promover a redugdo das particulas metélicas e o sistema € mantido sob agitagdo vigorosa.
Ao final do processo, o sistema é filtrado, lavado e seco em estufa por 12 horas a 40°C 2%. A
otimizacdo da quantidade necesséria de Br- dependerd do metal precursor. Os trabalhos
apresentados na literatura para este método otimizam a quantidade de Br- em relacdo ao metal
para 0 Au, Pd e Pt 19:203 com isso, a utilizagdo deste método para a sintese de nanoparticulas

contendo Pt, Pd e Rh se torna favoravel e promissora.
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O método de decomposicao de precursores poliméricos (método de Pechini) tem sido reportado
na literatura por conseguir formar materiais nanoparticulados com caracteristicas importantes
para aplicacdo em eletrocatalisadores para células a combustivel, tais como: dispersdo
homogeénea e alta area superficial "+ 2%, Neste método, o material nanoparticulado é preparado
a partir da dissolugdo do sal dos metais de interesse em &cido citrico e etileno glicol. Apds a
dissolucdo, o sistema tem a temperatura aumentada para 110°C e com isso tem-se a formagéo
da rede polimérica com os cations metélicos dispersos de forma homogénea. A resina € tratada
termicamente para a decomposicao térmica e posterior formacdo do material 6xido. Esta rota
de sintese permite um controle estequiométrico importante para a homogeneidade do material.
Este método tem sido considerado satisfatorio e consolidado para o preparo de SnO, %8 " e com

isso foi escolhido para o preparo deste 6xido neste projeto de pesquisa.

O método poliol tem sido considerado um processo energeticamente e ambientalmente
favoravel sem a necessidade de materiais complexos para sintese e com baixo custo de
aplicacdo, e obtencdo de nanoparticulas com tamanho controlado e distribuicdo homogénea, o
que o torna também interessante para uso em escala industrial 125 17292 Qutra vantagem se da
por 0 processo permitir controle das propriedades a partir de otimizacGes experimentais das
condicdes de sintese . Neste método de sintese se torna possivel a utilizacdo de varios sais

de metais precursores, como: 0xidos, nitratos, sulfatos, acetatos, cloretos, etc.

A sintese consiste na utilizacdo de um poliélcool, que ir4 atuar como agente redutor e
estabilizante do sistema para a reducéo de ions metalicos. A mistura formada pelo sal metélico
e o poliélcool é aquecido a refluxo em temperatura média correspondente a temperatura de
ebulicdo do polialcool, o aguecimento induz a formacdo inicial do processo de nucleacdo. A
reacdo é controlada com a adicdo de iniciadores, por exemplo: hidroxido de soédio (NaOH). A
funcdo de um iniciador de reacdo nesse processo é de promover a desprotonacgdo do poliélcool
aumentando a capacidade redutora do mesmo 197-2%®_ O aumento da concentragdo do iniciador

49



Reviséo bibliografica

no sistema provoca um aumento na velocidade de reagdo. Apds a adi¢do do iniciador o sistema
é mantido sob agitacdo e completa reducdo dos materiais de interesse, 0 sistema passa pelas

etapas de filtracdo, lavagem e secagem para posterior aplicagdo 2°% 292,

Na literatura sdo descritos preparos de nanoparticulas, pelo método do poliol, a base de platina
201, 207-210 "paladiot?% 202 207 cobre?®2, cobalto?®” 211212 e varios outros metais com resultados
satisfatorios em termos de propriedades cataliticas para posterior aplicagdo por ser um método
que permite otimizacdes e variagdes?®t. O que faz com que este seja um método interessante e
versatil para a aplicagdo em sintese de materiais para aplicacdo eletrocatalitica em AEM-

DAFCs.

Com isso, diante de todo exposto, os métodos BAE e Poliol foram escolhidos para a preparacao
dos materiais a base de Pt, Pd e Rh visando a obtencdo de eletrocatalisadores dispersos com
propriedades fisicas capazes de elevar a eficiéncia de reacdo de eletro-oxidacdo de etanol e

glicerol em meio alcalino.
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Parte experimental

2.1 REAGENTES

Para o preparo dos catalisadores foram utilizados os sais precursores: acido cloroplatinico
hidratado (H2PtCle.6H20, > 37.5% Pt Basis), tetracloropaladato de potassio (1) (K2PdCly,
99%), de cloreto de rodio (111) hidratado (RhClz.xH20 base Rh> 38%), todos foram adquiridos
de Sigma-Aldrich e usado como recebido. Seguindo o protocolo de sintese pelo método BAE,
borohidreto de sodio (NaBH4, 99%) e brometo de potassio (KBr, 99%) foram também
comprados de Sigma-Aldrich e utilizados sem prévia purificacdo ou tratamento.

O substrato condutor de Carbono Vulcan XC 72R foi adquirido da Cabot e usado apos
realizacdo de pré tratamento para preparar nanoparticulas dispersas suportadas. Os dois
alcoois investigados como combustiveis, etanol (C2HsO, 99%) e glicerol (ReagentPlus>
99%), foram adquiridos da Merck e Sigma-Aldrich, respectivamente.

As medicdes cromatograficas (CLAE) foram realizadas por calibracdo interna. Com isso,
exigiu-se a compra (Sigma-Aldrich) de todas as moléculas que provavelmente seriam
formadas a partir da oxidacdo dos combustiveis sob investigacdo, ou seja, acido acético,
tartronico, glicérico, glicolico, glioxilico, oxalico, formico e carbonato de sddio. Além disso,
todas as solucBes foram preparadas com agua Millipore Milli-Q (18,2 MQ c¢cm a 20 °C), e o

eletrolito suporte, com hidréxido de sodio (NaOH, 97%, da Sigma-Aldrich).

2.2 SINTESE DOS CATALISADORES

2.2.1 Pré tratamento do material suporte dos catalisadores

Carbono Vulcan XC-72 foi utilizado como material suporte, ou parte dele, em todos o0s
catalisadores preparados. Sendo assim, foi realizado um pré tratamento térmico com
aquecimento do carbono a 900 °C durante o periodo de 5 horas utilizando atmosfera de argonio

em um forno tubular’ 213214,
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O principal objetivo do preé tratamento é a remocao de impurezas a fim de garantir a melhor
distribuicéo e dispersdo dos metais durante a preparacdo do catalisador. Consequentemente,
isso é uma etapa de extrema importancia para garantir a melhoria na atividade eletroquimica

dos catalisadores sintetizados'?2.

2.2.2 Sintese dos catalisadores do tipo PtxRhy/C pelo método BAE

O método BAE pode ser resumidamente explicado como a reducdo do metal precursor (sob
forma de complexo) em solucdo aquosa usando o ion brometo (Br-) como um agente de
estabilizacdo® 203, Consequentemente, parametros como concentragdo dos metais, volume
do reator, concentracdo do agente redutor, quantidade de Br-, a razdo entre 0 brometo:metal
(¢ =n(KBr)/n(metal (s)) e temperatura sdo extremamente importantes para o éxito da sintese.
Entretanto, a fim de adequar a preparacdo dos catalisadores ao sistema de sintese disponivel
no laboratdrio foi realizada uma nova otimizacgao do pard@metro ¢ com o preparo de diferentes

composicgdes de PteBr/C.

2.2.2.1 Otimizacédo do parametro ¢

O estudo de otimizagdo do pardmetro ¢ foi realizado com a com sintese de composigdes de
catalisadores de Pt/C mantendo-se fixa a quantidade de sal de Pt e variando a quantidade de
Br- o sistema (com ¢ variando de 0,0 - 6,5). Os materiais resultantes foram nominados
PteBr/C. Os pardmetros de concentracdo de Pt (1 mmol L™V, volume do reator (250 mL),
concentragdo do agente redutor (15 vezes — excesso) e temperatura (40 °C) foram mantidos
constantes. O intuito da otimizagdo é garantir a melhor condi¢do experimental para que ocorra
a troca de ligantes CI por Br-, consequentemente promovendo maior estabilizacdo e menor

tamanho de crescimento para as nanoparticulas durante o preparo dos materiais®®’.

Para o preparo dos catalisadores PtoBr/C foi realizada a dissolucdo do sal de Pt em &gua e em

seguida a adicdo de KBr na proporgéo adequada mantendo o sistema em agitacéo por 1 hora
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para a garantia modificagdo entre os ions ClI" e Br. Completa a modificagdo dos ions, Carbono
Vulcan X-72 foi adicionado mantendo-se o sistema em banho de ultrassom por 45 minutos.
A solucéo resultante foi aquecida a 40 °C, sob agitacdo vigorosa, e adicionou-se solugéo de
borohidreto de sédio (NaBHa) gota a gota com excesso de 15 vezes em relacdo a quantidade
de Pt no sistema, mantendo-se por agitacdo vigorosa por 2 horas a 40°C. A suspenséo obtida
foi filtrada, lavada com &gua e etanol e o material obtido colocado em estufa a 40°C para

secagem por 12 horas.

A avaliacdo da otimizacéo foi realizada com auxilio das técnicas de Espectroscopia UV-vis,
Difracdo de Raios X (DRX), Microscopia Eletronica de Transmissdo (MET) relacionando os

resultados com a caracterizacdo eletroquimica realizada com as técnicas de VC e CO

stripping.

2.2.2.2 Sintese de catalisadores PtxRhy/C pelo método BAE

Determinada a condicéo 6tima para ¢ (¢ = 5,5), os catalisadores PtxRhy/C foram preparados
com carga metélica de 20 % em relacdo a massa total do catalisador. Deste modo, a sintese
foi realizada a partir da dissolu¢do de massas correspondentes dos sais de Pt e Rh em agua
para as composicdes molares de PtxRhy (com x/y : 50/50, 60/40,70/30, 80/20) além das
composicdes Unicas de Pt/C e Rh/C. Apds a dissolucdo, o KBr foi adicionado respeitando o
parametro otimizado ¢ de 5,5 sob vigorosa durante 1 h. Sequencialmente, Carbono Vulcan X-
72 foi adicionado mantendo-se o sistema em banho de ultrassom durante 45 minutos. A
solucgéo resultante foi aquecida a 40 °C, sob agitagdo vigorosa, e adicionou-se solugéo de
borohidreto de sédio (NaBHa) gota a gota com excesso de 15 vezes em relacdo a quantidade
de Pt no sistema. Em seguida o sistema foi mantido sob agitagéo vigorosa por 2 horas a 40°C.
Por fim, a suspens&o obtida foi filtrada, lavada com agua e etanol e o material obtido colocado

em estufa a 40°C para secagem por 12 horas.
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2.2.3 Sintese dos catalisadores do tipo PdxRhy/C pelo método BAE

A sintese dos catalisadores do tipo PdxRhy/C foi realizada a partir do método BAE
considerando a otimizagédo do parametro ¢ apresentada no estado da arte para materiais a base
de Pd 104 120,197 |sto posto, foram preparados catalisadores PdxRhy/C em diferentes
composi¢des molares (com x/y: 50/50, 60/40,70/30, 80/20) e carga metalica de 20 % em massa
total do catalisador. Com isso, foi realizada a dissolucdo de massas correspondentes dos sais
de Pd e Rh em 4gua para as composi¢des molares de PdxRhy, aléem das composi¢des Unicas
de Pd/C e Rh/C. Ap06s a dissolucdo, o KBr foi adicionado respeitando o parametro otimizado
¢ de 1,5 sob vigorosa durante 1 h. O Carbono Vulcan X-72 foi adicionado mantendo-se o
sistema em banho de ultrassom durante 45 minutos. Sequencialmente, a solucéo resultante foi
aquecida a 40 °C, sob agitacdo vigorosa, e adicionou-se solucdo de borohidreto de sodio
(NaBHa) gota a gota com excesso de 15 vezes em relacdo a quantidade de Pd. Em seguida, o
sistema foi mantido sob agitacdo vigorosa por 2 horas a 40°C. A suspensao obtida foi filtrada,
lavada com agua e etanol e o material obtido colocado em estufa a 40°C para secagem por 12

horas.

2.2.4 Sintese de Rh/C catalisador pelo método BAE

O catalisador Rh/C foi preparado com carga metalica de 20 % em massa total pelo método

BAE seguindo o0 mesmo protocolo experimental descrito no topico 2.2.3.

2.2.5 Sintese dos catalisadores Rh/SnO2-C e Rh/C pelo método poliol

2.2.5.1 Sintese do compdsito éxido de estanho-carbono (SnO2-C)

Varios métodos sdo reportados para o preparo de SnO,21>?17, entretanto a rota de sintese com

uso de decomposicdo térmica de precursores poliméricos (DPP), também conhecido como
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método de Pechini, é considerado um método conveniente que proporciona satisfatoria
preparacdo®!® 219, Portanto, este método foi escolhido para producdo de SnO; e com isso,

inicialmente foi preparada a solugdo precursora de estanho (Sn)?%,

Inicialmente, o citrato de estanho foi dissolvido em etilenoglicol e &cido citrico sob constante
agitacdo e temperatura de 90-95 °C. Apo6s a dissolucdo, a propor¢do molar entre o
estanho/acido citrico/etilenoglicol foi de 1:4:16, respectivamente. A solucdo resultante foi
mantida sob aquecimento durante 4 h. A concentragdo de estanho na solucéo precursora foi
determinada a partir de analise gravimétrica. Por conseguinte, 0 composito SnO,-C foi
sintetizado com a adicdo de quantidade apropriada de solucdo precursora de estanho e
Carbono Vulcan -XC 72R e o sistema foi mantido durante 45 min em banho ultrassom.
Sequencialmente, a mistura resultante foi calcinada a 325 °C por 2 h. A proporcao de SnO2 e
Carbono no suporte (30 e 70 % m/m, respectivamente), e as caracteristicas do 6xido formado

foram confirmadas por anélises de ATG e DRX.

2.2.5.2 Sintese dos catalisadores Rh/SnO.-C e Rh/C pelo método poliol

A preparacao dos dois catalisadores foi inspirada no poliol método otimizado pelo grupo de
pesquisa de Gonzalez-Quijano em 2014 2%, Primeiramente, a massa apropriada de cloreto de
Rh foi dissolvida em 2 mL de etanol. Paralelamente, o carbono Vulcan/ou compdsito SnO,-C
foi misturado em 100 mL de etilenoglicol em banho de ultrassom durante 30 min. Apés a
homogeneizacdo da mistura, a solugdo preparada de Rh foi adicionada e o sistema mantido
sob constante agitacdo durante 1 hora. Entdo, o pH da solugéo resultante foi ajustado para 12
utilizando 1.0 mol L de NaOH. Posteriormente, a temperatura foi aumentada até 130 °C e o
sistema foi mantido em constante agitagdo durante 3 h. Depois, o pH da mistura foi novamente
ajustado até 2 com 1.0 mol L de H2SO4 em temperatura ambiente e a mistura foi mantida

sob agitacdo durante mais 3h.
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O catalisador resultante foi filtrado, exaustivamente lavado com acetona e o procedimento de
secagem foi realizado em estufa a 40 °C durante 12 h. Para efeitos de comparagdo de
resultados, foi também preparado o catalisador de Pd/C seguindo o mesmo protocolo
experimental. Todos os catalisadores foram preparados respeitando a carga metélica de 20 %

massa (Rh e Pd).

2.3 CARACTERIZACAO FISICO-QUIMICA DOS ELETROCATALISADORES
SINTETIZADOS

Os catalisadores preparados foram caracterizados atraves de andlises de Difracdo de Raios X
(DRX), Anélise Termogravimétrica (ATG), espectroscopia de energia dispersiva de raios X

(EDX), microscopia eletronica de transmissdo (MET) e analise termogravimétrica (ATG).

A otimizacdo do parametro ¢ realizada para o método BAE, com o intuito de verificar a
substituicdo entre os ions CI" e Br-, foi avaliada com acompanhamento via Espectrofotometria
de UV-Vis. As medidas de absorbancia na regido do UV-Vis foram realizadas empregando
um Espectrofotdmetro Evolution 100 UV-Visivel da Thermo Electron Corp., com varredura

do comprimento de onda entre 200 a 700 nm.

Os padrdes de Difracdo de Raios X dos catalisadores foram obtidos com um difratbmetro de
raios X (Bruker - D2 Phaser) operando com radiagdo Cu Ka (A =0,15406 nm) gerada a 30 kV
e 10 mA. Os parametros foram mantidos constantes durante a analise: intervalo 26 = 20 - 90°
e step = 0,025° s1. A fase de composicdo dos materiais foi obtida ajustando-se a faixa angular
experimental de interesse a funcdo pseudo-Voigt por pico cristalino com o programa de
refinamento Profile Plus Executable (Siemens AG). A equacédo de Debye-Scherrer (Equacéo
9) foi usada para estimar o tamanho do cristalito, e os parametros da célula unitaria foram

determinados usando o método dos minimos quadrados pelo programa UFit.v1.3-1992

180 ¢
KA =)

b= VB%-S2cos bg

Equacao 9
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onde, D é o tamanho aparente do cristalito, K é o fator geométrico (0,9 para cristalito esférico),
A o comprimento de onda da radiag¢do (0,15406 nm), S é a linha de precisdo do aparelho
(0,001°), B ¢ a altura de reflexdo de intensidade médio-maxima (FWHM) e 6 € 0 angulo

correspondente a méxima intensidade do pico.

A carga metélica de cada catalisador preparado foi estimada por Andlise Termogravimétrica
(TGA) realizada em um Q600 TA Instruments SDT2960 sob ar sintético usando uma taxa de

aquecimento de 10 ° C min™ de 20 a 900 ° C.

A Espectroscopia de Energia Dispersiva de raios-X (EDX) foi realizada em um Leica Zeiss
LEO 440 para verificar a homogeneidade da composicdo elementar local em cada material
preparado. Foram realizadas avaliacbes em diferentes regides amostrais em modelo de

triplicada, gerando valores médios de composicao atdmica entre 0os metais investigados.

A morfologia de superficie dos materiais preparados foi investigada com Microscopia
Eletrénica de Transmissdo de Alta Resolucdo (HRTEM) usando um microscopio eletrdnico

TECNAI G2F20 nos modos de campo claro e escuro juntamente com analise EDX.

A espectroscopia de fotoelétrons de raios-X (XPS) foi usada para sondar e caracterizar a
superficie e os estados de oxidacdo das amostras de material preparadas. As analises foram
realizadas em um espectrdometro Kratos Axis Ultra DLD equipado com uma fonte
monocromatica de raios-X Al Ka (1486,6 eV) operando a 15 kV e 10 mA (150 W). A pressdo
de base do instrumento era de 9 x 10 Pa. O p6 da amostra foi prensado em um suporte de
cobre de 3 mm de didmetro e introduzido na camara de preparacao apds ser liberado durante
a noite. O tamanho do ponto de anélise é de aproximadamente 300 um x 700 um e a energia
de passagem é de 20 eV para registrar espectros de alta resolucdo. O espectro de C1s foi usado

como referéncia interna e é centrado em 284,6 eV. Os espectros foram ajustados com o
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software CasaXPS (versdo 2.3.17). O fundo de Shirley foi escolhido e as fungdes de perfil

gaussiano-Lorentziano assimétricas foram usadas para ajustar 0s espectros.

2.4 CARACTERIZAQAO ELETROQUIMICA DOS ELETROCATALISADORES
SINTETIZADOS

Inicialmente todo o material de vidro utilizado foi completamente limpo em uma solucéo acida
de permanganato de potéssio e depois em uma solucdo acida/perdéxido de hidrogénio para
remover quaisquer impurezas organicas/inorganicas que possam resultar dos experimentos
anteriores. Apds a lavagem, as vidrarias foram enxaguadas com agua quente para remover

qualquer espécie remanescente.

Os experimentos eletroquimicos foram realizados em uma célula convencional de trés
eletrodos de volume igual a 60 mL. Os eletrodos empregados foram Hg/HgO/OH™ (NaOH 1,0
mol L) e um fio de platina platinizado usados como eletrodos de referéncia e contra,
respectivamente. Conforme mostra Figura 11 a célula convencional de trés eletrodos Pyrex
utilizada ndo apresenta divisao entre catodo/anodo e a atmosfera inerte foi criada com entrada

e saida de gas.
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Figura 11 - Célula eletroquimica convencional de 3 eletrodos utilizada nos experimentos
eletroquimicos.

Fonte: Autoria propria.

O eletrodo de trabalho foi preparado a partir da deposicdo de 3 UL da tinta eletrocatalitica em
um disco de carbono vitreo (GC) (3 mm de didametro) previamente polido com alumina e seco
em temperatura ambiente. A tinta catalitica foi preparada com 2,0 mg do p6 catalisador que
foi disperso em uma solucdo composta de agua (100 pL), isopropanol (95 pL) e uma
suspensdo de Nafion® (5 pL) (5% em peso em alcool alifatico Aldrich). Por fim, essa tinta

foi homogeneizada em banho de ultrassom durante 30 min.

Os experimentos foram realizados usando um Potenciostato Autolab (PGSTAT302N,
Metrohm) equipado com o software NOVA. Todas as solugdes foram preparadas com agua
ultrapura (Milli-Q) e purgadas com gas N2 por 15 minutos antes de iniciar as medicdes

eletroquimicas.

A voltametria ciclica (CV) foi empregada a fim de promover a inicial ativacdo eletroquimica
da superficie dos catalisadores, além de verificar os perfis voltamétricos em presenca e

auséncia do combustivel. Os experimentos de cronoamperometria (CA) foram empregados
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para acompanhar a atividade catalitica para a oxidacdo dos combustiveis em potencial

controlado ao longo do tempo.

Para facilitar a comparacgéo dos resultados obtidos, todos os potenciais estdo associados ao
eletrodo de hidrogénio reversivel (RHE) em relacao ao eletrodo de referéncia Hg/HgO/OH" (-
0,965 V vs. RHE). Os CVs foram registrados por ciclagem de potencial de 0,05 a 1,15V vs.
RHE em solucéo na presenca e auséncia de combustivel a uma velocidade de varredura de 10
mVs. Os testes de cronoamperometria foram realizados em solugéo alcalina contendo 0,20

mol L™ de combustivel durante 30 min em triplicata e a diferentes potenciais.

Para as andlises de CO stripping, a adsor¢do de CO foi realizada seguindo o protocolo
experimental proposto por Holade et al. 1% 1%, 0O CO foi borbulhado em solugéo de 0,10 mol
Lt NaOH por 5 min sob controle de potencial (determinado de acordo com o tipo de
catalisador estudado). Depois disso, 0 CO em solucdo foi removido por purga de nitrogénio
por 20 minutos, ainda sob potencial controlado. Por fim, o CV foi realizado para oxidar a
monocamada adsorvida entre 0,10 e 1,2 V vs. RHE com uma velocidade de varredura de 10
mVs™. As correntes obtidas durante os experimentos eletroquimicos foram normalizadas com

a massa de metais contida em cada catalisador depositado.

2.5 ANALISE DE PRODUTOS DE ELETRO-OXIDACAO DE ETANOL E

GLICEROL

2.5.1 Investigacao de produtos intermediarios de reagdo por Cromatografia Liquida de

Alta Eficiéncia (CLAE)

A deteccdo e identificacdo dos produtos de reacdo obtido a partir das reacdes de EOR e GEOR

foram realizadas usando analise de CLAE. Os produtos de reacdo foram determinados
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quantitativamente comparando seus tempos de retencdo com os padrfes comerciais puros

injetados nas mesmas condicGes de anélise isocréatica (calibracao externa).

Experimentos de eletrdlise a potencial controlado foram realizados com o ajuste do potencial
aplicado ao eletrodo de acordo com o tipo de catalisador estudado. As reacdes de EOR e
GEOR foram estudadas durante 4 horas. Os experimentos foram realizados em uma célula de
vidro (Figura 12) composta por dois compartimentos separados por uma membrana trocadora
de anions (Fumatech). Em cada compartimento o volume utilizado em cada compartimento

foi de 25 mL.

Figura 12- Exemplo de célula eletroquimica de dois compartimentos empregada para a
realizacdo dos experimentos de eletrdlise.

: ',‘ Eletrolito Suporte + Combustivel

Fonte: Autoria propria

Especialmente para as analises de GEOR, a configuracdo do potencial aplicado durante a
eletrdlise foi realizada com a variacéo de pulsos controlados de potencial (PCP). O intuito de

utilizar esta configuracdo experimental é obter uma maior quantidade de subprodutos para
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realizar uma quantificacdo das espécies de maneira mais precisa. Diante disto, foram aplicados
dois patamares distintos: o primeiro Eoxid (Onde o E varia de acordo com o catalisador testado)
durante 60 segundos para a ocorréncia da reacdo de oxidacdo de glicerol a superficie do
material; o segundo patamar foi fixado em Eges = 1.4 V vs. RHE durante 2 s com a finalidade
de remover possiveis espécies da superficie do catalisador que podem causar prejuizos a
atividade (envenenamento, inatividade, etc). A Figura 13 mostra a metodologia aplicada para
o0s experimentos e o perfil de cronopotenciograma obtido com este tipo de configuracao.

Figura 13 - Metodologia aplicada para aplicacdo de pulsos durante o experimento de

eletrdlise; (b) Cronoamperograma representativo sobre o perfil visualizado ao longo do
experimento de eletrélise de 0.20 mol L para catalisador PdsoRhso/C.
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Fonte: Autoria propria

O eletrodo de trabalho utilizado para as eletrolises era composto por uma folha de uma folha
de Papel de Carbono Toray (dois lados de 1,0 x 1,0 cm = 2,0 cm? de area geométrica
superficial). A tinta catalitica depositada neste papel foi preparada seguindo o mesmo
protocolo experimental do item 2.4, variando apenas o volume de tinta depositada em cada
lado, sendo nesta etapa a quantidade 50 puL/lado. O contato elétrico com a o eletrodo preparado

foi realizado com um fio de ouro moldado em formato de clipe de papel. O contra eletrodo
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utilizado foi um fio de platina platinizado moldado em formato de espiral. O eletrodo de

referéncia utilizado durante todos os experimentos foi o0 Hg/HgO/OH" (0,1 mol L™ NaOH).

Durante a realizacdo do experimento, foi recolhida, a cada 30 min, uma amostra da solugéo
do compartimento anddico para subsequente injecdo em um CLAE (Shimadzu modelo LC-
10AT), que era composto por um sistema de deteccdo on-line duplo, ou seja, um detector de
UV-vis (A =210 nm) seguido por um indice de refragdo (RID-10A). O injetor automatico foi
equipado com um loop de amostra de 20 pL. Foi utilizada a coluna de excluséo i6nica
(Aminex HPX-87H, da BioRad) e a fase movel foi uma solucédo diluida de &cido sulfurico

(3,33 mmol L HSO4 em fluxo de 0,6 mL mint).

2.5.2 Investigacdo de produtos intermediarios de reacdo espectroscopia de
infravermelho com transformada de Fourier com alteracdo Unica de potencial

(SPAIRS).

As experiéncias foram realizadas sob condicdes de reflexdo externa utilizando um
espectrémetro Bruker IFS66v modificado para reflectancia de feixe no angulo de incidéncia
de 65° e equipado com um detector de HgCdTe liquido resfriado a N2 com o sistema mantido
sob condi¢des de vacuo. A célula utilizada foi especialmente equipada com uma janela plana
de CaF> projetada para experimentos de infravermelho (IV) in situ, conforme mostra Figura
14. As medidas eletroquimicas realizadas foram CO stripping, voltametria ciclica e

cronoamperimetria na presenca de etanol ou glicerol, ambos em concentragédo de 0,20 mol L"

1
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Figura 14 - Esquema ilustrativo da célula espectroletroquimica empregada durante os
experimentos de espectroscopia de reflectancia de infravermelho

Eletrodo de trabalho

Raios incidentes Raios refletidos

Fonte: Autoria prépria

Dois eletrodos de trabalho diferentes foram utilizados neste trabalho: um substrato de carbono
vitreo (8 mm de diametro) para GEOR e um substrato de ouro (disco de 7 mm de didametro)
para medidas de remogédo de EOR e CO stripping. O eletrodo de trabalho foi preparado com
a deposicdo de 5 pL solucdo precursora no substrato. A tinta precursora foi preparada de
acordo com a composicao a seguir: isopropanol (375 L), agua (125 pL) e (30 pL) suspensdo
de Nafion® (5% em peso de alcool alifatico Aldrich) foram misturados e mantidos em banho

de ultrassom durante 30 min para completa homogeneizacao.

Para as analises de CO stripping, a adsor¢cdo de CO foi realizada de mesma maneira que 0
procedimento do item 2.4 deste trabalho, variando-se apenas a velocidade de varredura para
1 mVs™. Dois métodos foram usados neste trabalho: (i) a técnica SPAIRS (espectroscopia de
reflectancia infravermelha por alteracdo de potencial Gnico) foi usada para monitorar a

presenca de intermediarios de reacdo e a formacdo de produtos de reacao in situ. Os espectros
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foram registrados a cada 50 mV com valores potenciais entre 0,05 e 1,2 V vs. RHE a uma taxa
de varredura de 1 mVs™. O intervalo de niimero de onda registrado foi de 1000 a 4000 cm™?!
com uma resolucdo espectral de 8 cm™1; (ii) a segunda técnica foi 0 acoplamento de medidas
de cronoamperometria a aquisicdo de FTIRS em um potencial fixo (determinado de acordo
com o tipo de catalisador estudado) durante 30 min com uma aquisicéo de espectro a cada 3
min Independentemente do método aplicado, para cada espectro, um conjunto de 528

interferogramas foi acumulado e tratado por transformada de Fourier.

Os resultados sao apresentados em funcdo de AR/Ro (%) vs. nimero de onda (cm). A razédo
de refletdncia AR/Ro (%) foi calculada; onde R e Ro séo as refletdncias medidas na amostra e
no potencial de referéncia, respectivamente. Essa manipulacao de dados resulta em espectros
nos quais o0s picos apontando para cima surgem do consumo de espécies e 0s picos apontando

para baixo, para o ganho de formacao de espécies.

2.6 TESTES EM CONFIGURACAO DE CELULA A COMBUSTIVEL (AEM-DEFC e

AEM-DGFC)

2.6.1 Testes em configuracdo AEM-DEFC para catalisadores do tipo PtxRhy/C

A avaliacdo da tensdo de célula a combustivel direta de etanol foi realizada em uma Unica
celula de dois compartimentos de Teflon “home made”, conforme Figura 15. Estes testes em
célula de teflon foram realizados no laboratério da Universidade francesa. O teste de potencial
de corrente foi implementado com o catalisador PtsoRhso/C como anodo com uma carga de

metal de 0,13 mg cm™2.

A tinta catalitica foi preparada misturando a quantidade de amostra de material necessaria com
375 pL de agua milli-Q e 50 pL de Nafion 5% em peso. A mistura foi homogeneizada por
ultrassom antes de sua deposi¢do nos dois lados de um substrato de carbono Toray. O catodo

era composto de um catalisador de paladio-selénio (PdSe/C), selecionado por sua maior
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tolerancia ao etanol em caso de passagem de combustivel para o compartimento catédico. A
membrana de troca anidnica (AEM, Fumasep FAA, da Fumatech) pré-tratada em uma solugédo
de NaOH 1,0 mol L7, foi usada para separar fisicamente os dois compartimentos e para
garantir a passagem de corrente entre os eletrodos. A DEFC operava com eletrélito de suporte
de NaOH 1,0 mol Lt a 25 C em cada compartimento; enquanto o lado anddico continha uma

solugéo de etanol a 1,0 mol L, o oxigénio era fornecido no catddico.

Figura 15 - Dispositivo de célula “home-made” a etanol com esquema explicativo acerca da
configuracao.

A C

4

Fumatech Anionic membrane

Fonte: Adaptado de Lemoine, C. (2019)%*!

2.6.2 Testes em AEM-DEFC e AEM-DGFC para catalisadores do tipo PdxRhy/C e

Rh/Sn0O2-C

A forca motriz da célula de combustivel de alcool direto (DEFC e DGFC) foi avaliada em
uma unica célula “home-made” de acrilico de dois compartimentos (Figura 16). O teste de
potencial-corrente foi implementado com os catalisadores do tipo PdxRhy/C e Rh/SnO»-C
como &nodo com uma carga metalica de 0,2 mg cm™. A tinta catalitica foi preparada conforme

descrito no tépico 2.4 com deposicdo de 17 pL foi em ambos os lados de um substrato de
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carbono Toray (0,3 cm?). O céatodo era composto por um catalisador de paladio-ferro
(PdFe/C), que foi selecionado por sua maior tolerancia ao alcool no caso de passagem de

combustivel para o compartimento catodico.

A membrana de troca anidnica (AEM, Fumasep FAA, da Fumatech) pré-tratada em solugéo
de NaOH 0,1 mol L7, foi usada para separar fisicamente os dois compartimentos e para
garantir a passagem de corrente entre os eletrodos. A célula a combustivel operou com
eletrolito suporte de NaOH 0,5 mol L™ a 25 ° C em cada compartimento; enquanto o lado

anddico continha 0,1 mol L™ de combustivel, o oxigénio era fornecido no catddico.

Figura 16 - (a) Dispositivo de célula a etanol e a glicerol "home made"; (b) esquema
explicativo acerca da configuragéo.

(b)

Hg/HgO RE

membrane

Fonte: Autoria propria
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3.1 INTRODUCTION

The interest in sustainable energy sources and converter systems that combine efficiency and
reduction of environmental footprint is increasing 2?2, In this diversification of the energy
resources to face the growing energy demand, the development of Direct Ethanol Fuel cell
(DEFC) in the domain of renewable and green energy devices constitutes a breakthrough'®: 222,

Indeed, ethanol can be produced from biomass (sugar cane, corn, and wheat) 2.

Particularly in Brazil, there is a great interest in the development of ethanol containing devices
because of its current large-scale production and distribution 8 123.142.223 Fyrthermore, as in a
fuel cell the chemical energy is converted directly into electrical energy, the energy density of

ethanol is close to that of gasoline without the toxicity of the latter fossil fuel (8.0 vs. 10.5 kWh

-1\ 83, 197, 202
kg™) )

The key issue to improve the performance of DEFCs is the complete oxidation of ethanol to
CO; which involves 12 electrons 12142, However, the sluggish kinetics of ethanol oxidation
reaction (EOR) and the 2 or 4 electron-pathway efficiency still remain the main obstacle for the

development of this sustainable fuel cell 7 117:135.173

Importantly, this partial oxidation of ethanol is due to the weak cleavage rate of the C-C bond
through the electrochemical process at low temperature 22 22, Thereby, acetaldehyde and
acetic acid (or acetate) are the main reaction compounds obtained and often CO2 (or carbonate)
is obtained under traces state 292 226 Accordingly, the enhancement of the ethanol-to-CO;
conversion requires a dissociative adsorption at lower potentials and at the same time the

removal of poison species with an effective bifunctional catalyst 22/-2%°,

Platinum appears to be the most active catalyst material used in EOR 22 2%, However, it has a
catalytic activity loss throughout the reaction process due to the strong adsorption of

intermediates such as carbon monoxide (CO), which progressively blocks the electrode surface
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2231 One way to avoid this poisoning effect or at considerably decrease its effect is to combine
Pt with other metals such as ruthenium (Ru), iridium (Ir), molybdenum (Mo), nickel (Ni), cobalt
(Co), bismuth (Bi), tungsten (W), and rhodium (Rh) 17145 177,220,231-234 'Thege |atter elements
act as co-catalysts to enhance the EOR rate and the CO tolerance of Pt, which has been

explained by a bifunctional mechanism or an electronic effect 2.

Rh is reported to be an active co-catalyst in the C-C bond cleavage during the EOR. Indeed, its
presence in the Pt-based electrode composition leads to the shift of the onset potential towards
lower values 17> 176232 In acid medium, this modification can be noticed in the reaction
products distribution in which the concentration of acetaldehyde decreases when that of CO2

increases, compared to the findings at the surface of Pt alone 74 235 2%,

Recently, Mukherjee et al. 1’7 investigated the EOR in alkaline medium using Pt-Rh alloys
supported on nickel. They showed that the addition of Rh promotes remarkably the reaction
process, including the formation of carbonate-like final reaction product. The authors concluded
that the molar ratio Pt/Rh influenced the current density for EOR. However, more studies and
understandings in alkaline medium are required for bimetallic PtRh catalysts. Catalysts for EOR
can be more active in alkaline medium than in acid medium ®* 22237 hecause working at high
pH values increments the hydroxyl ions (OH-) concentration in the system and provides an
additional OH- adsorption on the catalyst surface, enhancing the oxidation reaction 7 2%,
Additionally, properties such as particle size, morphology and porosity also influence directly

the performance of the electrocatalyst and can be controlled by the synthesis method " 4%,

Several preparation methods of PtRh catalysts were proposed in the literature such as
electrodeposition 2 227 microwave-assisted "4, hydrothermal synthesis 174, polyol method 1%
236,239, 240 and, borohydride-reduction method 1°% 241244 However, to avoid any limitation in
activity due to the remained organic surfactants on the catalysts, a suitable synthesis approach

is required 2%, Therefore, the Bromide Anion Exchange (BAE) method considered as a cleaner
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and simple approach using water as solvent “>*#” was used to develop the electrocatalysts 2%
203,204 1t consists in exchanging chloride anion by the bromide one as ligand in the complex
structure of the metal salt in order to efficiently control the particles growth. Differently from
the direct borohydride reduction method, in the BAE synthesis route the use of bromide anion
promotes through its size a great steric effect, which stabilizes the particle during the reduction
process with sodium borohydride 2%, Thereby, it controls the particle size as well as
nanoparticles dispersion on the carbon support. Therefore, BAE method was revisited and
adapted for the first time to the development of PtxRhy alloys. In the present work, we
investigated in alkaline medium the electroactivity of PtxRhy catalysts prepared by BAE
method. The EOR was evaluated in alkaline medium to understand the central role of Rh in

high pH conditions and to determine the key parameters in the reaction products distribution.

3.2 RESULTS AND DISCUSSIONS

3.2.1 Physical characterizations

PtxRhy/C electrocatalysts were elaborated by using the bromide anion exchange method. This
method was revisited and optimized for PtxRhy/C nanomaterials. The optimized synthesis
procedure is extensively described in the electronic supplementary information (ESI) as well as

their corresponding characterizations.

The XRD patterns of the PtxRhy/C materials are shown in Figure 17. The diffractogram peaks
of the PtxRhy/C can be referred to the (111), (200), (220), and (311) reflection planes of
platinum fcc-type structure " and those of Rh/C correspond to the (111), (200), (220), and (311)
reflection planes of rhodium. Pt and Rh have similar crystallographic profiles, with very close
lattice parameters (0.39231 nm for Pt and 0.38031 nm for Rh) 2. Figure 17 also shows a shift
of the diffraction peaks of PtxRhy/C catalysts towards higher 20 values as the Rh content

increases in the Pt-based catalyst composition.
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Figura 17 - XRD patterns of the carbon supported PtxRhy materials prepared from the
revisited BAE method.
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Table 3 summarizes the data related to the structural properties and the morphology (Figure
39, SI-1 topic 8.1) of the PtxRhy/C catalysts obtained by the BAE surfactant-free route. In
comparison with recent literature, the proposed synthetic approach displays a good correlation
of crystallite size values and permitted to recover lower particle sizes, which is synonymous to
a gain of surface area and thus, an increase of the catalytic activity of the resulting electrode

materials 132,
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Tabela 3 - Physicochemical parameters issued from XRD, TEM and EDX measurements for
the PtxRhy/C catalyst compositions prepared from the revisited BAE synthesis method.

Particle
Experimental | Crystallite size Lattice .
g - 20 Alloying
Catalyst composition | size (XRD) parameter degree
(TEM) (degree) (%)
(EDX) (nm) (nm)
(hm)
Pt/C 2.8 3.0 39.58 0.3920 -
Rh/C 2.9 3.1 40.04 0.3790 -
PtsoRhso/C | PtsgRhs1/C 2.6 2.8 39.87 0.3861 51
PteoRhso/C | PtesRhss/C 2.4 3.0 39.98 0.3873 42
Pt7oRh3o/C |  Pt74Rh26/C 3.0 3.1 39.76 0.3892 20
PtsoRh20/C | PtzsRh22/C 3.4 3.6 39.99 0.3891 20

Figure 18a illustrates a TEM micrograph and a particle EDX analysis (Figure 18b) for the

PtsoRhso/C catalyst. The TEM images show that the catalyst particles are well dispersed. The

formation of Pt and Rh alloy is evidenced by EDX spectra which results were summarized in

Table 3. The other PtxRhy/C compositions are depicted in Figure 42 (SI-4 topic 8.1) for

comparison. As an example, the impregnation route led to PtxRhy/C materials with crystallite

sizes comprised between 5 and 12 nm diameter 176 24|t can be also noticed in Table 3 an

increase in the alloying degree 246248 in the PtyRhy/C catalysts as a function of the Rh content,

which may be deduced from the lattice contraction with an incorporation of smaller Rh atoms

into the Pt fcc-structure during the synthesis process

249, 250
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Figura 18 - (a) TEM images for PtsoRhso/C material. (b) EDX spectra of PtsoRhso/C particle.
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As the measurements above reveal that the PtsoRhso/C catalyst contains the highest alloying
degree and as its physical properties (good dispersion and distribution size of the particles) are
well correlated with the electrochemical ones (highest SECSA), the XPS analysis is first
addressed to probe its surface chemical composition. Table 4 summarizes the surface
composition analyses based on the intensities of XPS peaks. The results indicated that Pt/Rh
atomic ratios are quite different from the nominal values. This can be attributed mainly to the
difference in the reduction potentials between Rh and Pt (for Rn E® ~ 0.4 V and Pt E® ~ 0.74 V
in the presence of chloride ions) affecting the reduction species in case of simultaneous process,

like in BAE method 21 252,
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Tabela 4- Experimental data from XPS spectra obtained from the analysis of the Pt50ORh50/C
catalyst with binding energies collected every 0.1 eV.

Bindirzg\%nergy/ CorreBsapr(])Sding Species Es:zl;i:l/faggo&ig

PtsoRhso/C
71.4-75 Pt 4f Pt metallic 0.9
72.4-75.7 P{2*(PtO) 0.3
74.1-77.5 Pt oxide (PtOy) 0.3
496.8 Rh 3p 3/2 Rh metallic 0.6
499.8 Rh203 0.5
284.4 Cls C-C,C-H 67.3
285.6 C-O 4.2
286.7 C=0 8.9
289 0=C-0 13.8
531 Ols 4.3

Ratio Pt/Rh
1.25

3.2.2 Electrochemical characterization of the PtxRhy/C catalysts

Figure 19 depicts the cyclic voltammograms (CVs) of the targeted PtsoRhso/C electrode, which
is compared with those of Pt/C and Rh/C alone; the CVs of the other PtxRhy/C compositions
are depicted in Figure 44 (SI-6, topic 8.1) for comparison. All the current values were
normalized with respect to the metal loading deposited onto the conducting support for
evaluating similarly the mass activity of the prepared electrodes. One observes clearly the two
following beneficial features in Figure 19f displaying the ethanol oxidation reaction (EOR) at

the bimetallic PtsoRhso/C electrode surface:

the fuel oxidation starts earlier (at 0.14 V) than its oxidative transformation on Pt/C (0.29 V) or
on Rh/C (0.22 V vs. RHE). This shift toward lower potential values is well-known and
attributed to the electronic effect herein evidenced both with the 51% alloying degree (XRD)

and the shift observed in the binding energies of Pt4f (XPS) 2 17> 224: at the same time, the 2.5
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times increase in the current densities, compared to those on Pt/C, reveals a surface structure
effect due to the presence of Rh atoms on the Pt based structure.
Figura 19 - Voltammograms (CVs) of Pt and Rh based electrode materials prepared from the

revisited BAE route. These CVs were recorded at room temperature and 10 mV s and in 1 mol
L NaOH, in the absence (a, b and c) and the presence of 0.2 mol L™ ethanol (d,e and f).
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The EOR on the PtsoRhso/C electrode during the forward scan covers a large potential domain.
It hides various peaks at different Pt and Rh surface states, which involve reactive oxygenated
species for enhancing ethanol oxidation through the bifunctional or Langmuir-Hinshelwood
mechanisms. Interestingly, Figure 19e shows a remarkable ethanol oxidation at the surface of
Rh/C which was reported to be practically inactive towards the EOR in acid media %722, This
activity of the Rh/C catalyst may be due to an ability of hydroxides formation at low potential
on the material surface in alkaline medium (Figure 19b). Taking into account only the reaction
products detected by chromatographic analysis, a general mechanism for the conversion of

ethanol to acetate on PtsoRhso/C can be proposed according to the following equation:
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PtsoRhso o
CH; — CH,0H + 5HO™ — (CH;C00™ + 4H,0 + 4e~ Equacéo 10

In alkaline medium, the reaction can take place at both Pt and Rh sites, since in Figures 19e and
19f, it can be seen that ethanol is reactive on the two metals comprising the bimetallic anode.
On the other hand, the increase in the carbonate concentration can undoubtedly be explained by
the presence of Rh which provides a beneficial effect to Pt. It can be assumed that during the
dissociative adsorption of ethanol, a bifunctional catalysis occurs to facilitate the desorption of

poison species such as CO, as follows:
Pt — COu4s + Rh — OHyys + 3HO™ - CO3~ +2H,0 + e~ Equacdo 11

It was reported that bridge CO adsorbs on Rh?%, and in this case the CO oxidative removal can

be achieved with the contribution of neighboring Pt:
Rh—CO — Rh + Pt — OHgys + 3HO™ = CO2™ + 2H,0 + e~ Equacdo 12

Chronoamperometric measurements were also depicted in supplementary information (Figure
45, SI-7 topic 8.1). Although over the long term the activities of all catalysts are

undifferentiated, PtsoRhso has the highest current densities within the first ten minutes.
3.2.3. Electrochemical performances of PtxRhy/C in DEFC

The direct ethanol fuel cell (DEFC) testing was undertaken in a home-made Teflon cell.
Although the two compartments were separated with an AEM (from Fumatech) as reported
recently 24, and here showed in the supplementary material, the electrode materials were not
coated on the membrane as a MEA, the investigation is herein focused on the behavior of each
component during the operation of the EOR and the analysis of electrolytic solution by liquid
chromatography to obtain the reaction products distribution. On this way, a reference electrode
(AgCI/Ag/CI") was included in each compartment for recording separately the polarization

curves of each electrode (Figure 19). The PtsoRhso/C catalyst deposited onto a carbon Toray
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paper composes the anode in the two performed testing. In Figure 20a, the Pt/C prepared from
the BAE method is used as cathode. As can be noticed, the oxygen reduction reaction (ORR)
polarization curve starts at potential ca 0.95 V vs. RHE while that of the EOR is at ca. 0.26 V
vs. RHE. Beyond 1000 pA cm, the polarization curve of the cathode decreases dramatically,
while that of the anode profile increases resulting in a cell voltage drop.

Figura 20 - E-j polarizations curves obtained at the electrodes of a DEFC operating at room

temperature and in alkaline medium. a) (-) PtsoRhso/C / 1.0 mol L™ ethanol // 1.0 mol L™ NaOH,
02/ Pt/C (+); b) (-) PtsoRhso/C / 1.0 mol L ethanol // 1.0 mol Lt NaOH O, / PdSe/C (+)
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HPLC analysis of the electrolytic solution in each compartment allowed to explain that the
unexpected behavior in the ORR curve was due to the ethanol crossover through the membrane
to start depolarizing the Pt/C cathode. Therefore, a selenium-based catalyst well-known for its
alcohol tolerance, 2° 2% (herein PdSe/C), was used in place of Pt/C, which mitigated the
depolarization of the cathode as can be noticed in Figure 20b. The polarization curves have

similar profiles than those obtained by Fujiwara et al. 1'® with a PtRu anode in a real fuel cell.

Figure 21 depicts the cell voltage profile of the DEFC operating in alkaline medium and in
which the PtsoRhso/C and PdSe/C catalysts constitute the anode and the cathode, respectively.
The power density reaches an optimum of 343 uW cm™ at 1,250 pA cm?; furthermore, the

open circuit voltage (OCV) obtained at 25 °C is 0.58 V. This value is 0.1 V higher than that
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obtained by Soares et al. " in acid medium at 80 °C with a PtgoRh20/C anode catalyst (40 wt.%

metal loading).

Figura 21 - Electrochemical performances of a DEFC at 25 °C using Pt50Rh50/C (0.13 mg cm’
2) and PdSe/C (0.13 mg cm™) as anode and cathode catalysts, respectively; the anodic
compartment contains 1 mol Lt NaOH and 1 mol L ethanol separated to the cathodic one by
an AEM from Fumatech.
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3.2.4. Determination of the reaction products of ethanol oxidation

Considering the remarkable driving force obtained herein as compared to the literature, analysis
of the resulting reaction production should be addressed. Therefore, a chronoamperometry
experiment was undertaken at 0.6 V vs. RHE for 4 hours in a 1 mol L™ NaOH electrolytic
solution containing 0.2 mol L™ ethanol. The refractive index detector (RID) enabled to
determine 65% conversion of ethanol. The concentration of carbonate, which is the form of
COz in basic solution, was also quantified thanks to this RID. It can be observed in Table 5 that
the products distribution is strongly associated with the Rh content in the bimetallic anode
composition; and whatever the electrode, acetate, a 4-electron reaction product, remains the
major produced compound. The carbonate production is specifically high and attains 15.3% on

the PtsoRhso/C surface instead of 4% on Pt/C. This trend is in fair line with the previous results
80



Capitulo 3

showing that the Rh content strongly contributes to the activity of the catalyst, and particularly,
to the C-C bond cleavage??” 23% 245 Although their distribution is varying depending on the

electrocatalyst, the two reported pathways of the EOR must be considered on the PtxRhy/C

anodes 177,234, 257, 258.

v The acetate formation that involves 4 electrons and keeps the initial skeleton of the
molecule. It should be noted that acetaldehyde was not detected in the electrolytic
solution. However, at the end of the experiment, the electrolytic solution was slightly
yellow suggesting the polymerization of acetaldehyde through aldol condensation 3°,
To improve the mass balance the remaining reaction products must still be determined,
which must concern a low amount of compounds because a large part of acetaldehyde
is either transformed electrochemically into acetate or a nucleophilic attack by HO™ leads
to acetate suddenly 2%, In situ infrared spectroscopy measurements are ongoing to
scrutinize the eventual existence of this intermediate.

v The second route involves the C-C bond cleavage. One of the two carbonaceous groups
contains the alcohol function; one can easily imagine its conversion to CO and then,
carbonate at higher potential values. But the other one (CHyx) which is difficult to oxidize
to CO or carbonate at room temperature may induce a deficiency in the mass balance
226,259 Other complementary advanced techniques are needed to scrutinize the eventual

existence of this CHy intermediate or final product.
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Tabela 5 - Distribution of the reaction products issued from the EOR in alkaline electrolyte
and on PtxRhy/C anode materials.

Ethanol Reaction products bg/llgif:e
Catalyst C(OnTS:J T?;j Acetaldehyde | Acetate | COs*

(%) (%) | (%) (%)
Pt/C 0.03 -- 92.5 4.5 95.0
PtsoRhso/C 0.13 -- 33.6 15.3 49.1
PteoRha4o/C 0.09 -- 40 10.5 475
Pt7oRh30/C 0.05 -- 55 4.5 59.5
PtsoRh20/C 0.03 -- 66 55 71.5

3.3 CONCLUSIONS

In this work a revisited surfactant-free BAE method was used to synthesize PtxRhy/C catalysts
that turned out to be noticeably active towards ethanol oxidation reaction. The PtsoRhso/C
catalyst was used as anode for undertaking a DEFC in which the ORR was catalyzed on a
PdSe/C cathode, which is ethanol tolerant. The DEFC performed with a remarkable open circuit
voltage, indicating how promising is the catalyst prepared with a synthetic method without any
poisoning of the active site by heavy organics from the surfactant. Actually, the obtained PtRh
nanoparticles were well dispersed on the carbon substrate, with a small distribution size (3.0-
3.8 nm), which is associated with a high specific electrochemical active surface area. The
physicochemical properties of the anode such as the high alloying degree may explain the
beneficial ensemble (electronic and geometric) effects on the EOR. As a consequence, the
presence of the Rh content matches well with the Pt atoms, which induces a dissociative ethanol
adsorption to produce almost 4 times, more carbonate on PtsoRhso/C than on Pt/C. Nevertheless,
advanced techniques more sensitive than liquid chromatography are needed to improve the

mass balance. In situ infrared spectroscopy measurements are ongoing to contribute to
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identifying some intermediates in low concentrationsconclusions section should come in this

section at the end of the article, before the acknowledgements.
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4.1 INTRODUCTION

Direct alcohol fuel cells (DAFCs) are an promising technology for transportation and
portable electronic devices supplied by fuels resulted from biomass valorization 2.
Ethanol (C>) and glycerol (Cs) are popular organic fuels that present advantages in terms
of energy density, distribution, fuel cost and lower toxicity % 2%°. Brazil is one of the
largest producers of the two compounds. Ethanol is an attractive renewable fuel with low
toxicity, high-energy density (8 kWh kg™) & 8 while glycerol is not only interesting

because it is a co-product generated in large volume during biodiesel production and, but

it can also provide through a cogeneration fuel cell converter, molecules of high industrial

interest 104, 159, 184, 229, 261-264

Although DAFCs are more environmentally friendly and present sustainable
characteristics, the main issue of the development of these energy devices remains in their
process kinetics 8 15, For alcohols with more than two carbons, the complete oxidation
to COz (or carbonate) is not simple due to C—C bond cleavage. As a consequence, the
formation of species such as carbon monoxide (CO) during the reaction, is responsible
for the decrease of the efficiency process 2 18 227, Therefore, the design of more selective

and effective catalysts is crucial to this technology.

Palladium-based catalysts have been reported as an interesting option in terms of catalytic
properties, mainly in alkaline media 2% 2%, Used as a mono-metal, the Pd electrode has

catalytic properties close to those of Pt in alkaline media 26°

. Its electrocatalytic
performance is improved when another metal is associated with it, which as a co-catalyst,
strongly increases the activity and durability of Pd through a synergistic effect resulting
from the electronic effect on the d-band center of Pd and/or the resulting bifunctional

CataIySiS 142, 166-168, 170-172, 260, 266.
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Rhodium is known to promote C-C bond cleavage at low potentials on Pt-based catalysts
in Ethanol Oxidation Reaction (EOR) " 177 267. 268 and Glycerol Oxidation Reaction
(GEOR) '*°, Nevertheless, there are not many reports focusing on the beneficial effects
of Rh addiction in Pd-based materials for alcohol oxidation. Ferreira Jr et al. 84
investigated the electrooxidation of glycerol on PdzoRhso non supported catalyst by in situ
FTIRS in alkaline medium. They concluded that carbonate (CO3?") was the main product
of glycerol electrooxidation and that Rh favored the C-C bond cleavage at low potentials.

However, physicochemical characterization data were not evaluated in this study.

Recently, Fontes 82 and co-works studied the activity of PdRh catalyst on EOR in alkaline
medium. In this paper, the authors demonstrated the effect of the Rh addition on product
distribution by FTIR in situ analyzes. The results showed that the formation of acetate
and carbonate ions occur mostly during all the applied potential range with values higher
than the single Pd/C, indicating an associative character in ethanol adsorption on PdRh

catalyst.

Maksi¢ et al. 18! studied Rh deposited on polycrystalline palladium on EOR in alkaline
medium. The results demonstrate that the Rh addition into the catalyst increases the
reaction rate via electronic effect. However, more contributions are still necessary to

understand the effects caused by Rh addition.

The catalytic properties improvement is also related to the chosen synthesis method 142 75
198,220,269, 270 1 terms of applicability, it is essential to use clean, simple, low cost and low
toxicity methods for catalyst preparation 2. Within this context, our research group
developed the bromide anion exchange (BAE) method, which consists in exchanging
chloride ions to bromide ions as a ligand in the complex structure of the metal cation

followed by a reduction process 104 120203 - Consequently, this provides more efficient
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particle growth since bromide anion has a larger atomic radius. Compared to other
synthesis methods, such as the borohydride reduction method 227 243 271,272 the promide
exchange allows the nanoparticles obtained to have a more controlled size and shape

reflecting directly on the activity of the material.

The state-of-the-art of BAE method in Pd-based catalysts reports materials containing gold
(Au) 2%, silver (Ag) 1%, Iron (Fe) 12°, Manganese (Mn) 2% and Nickel (Ni) 1% %7, No
studies were cited with Rh containing catalysts to this synthesis protocol. On basis of the
previous explanation, the main goal of this work is to evaluate the role of the Rh addiction
in Pd catalysts and how this affects the catalysts structure, electrooxidation performance,
and the reaction products distribution. The products and intermediates generated after the
oxidation of ethanol and glycerol were identified by high performance liquid
chromatography (HPLC) coupled with refractive index detector (RID) and ultraviolet-
visible (UV-VIS) detector (HPLC-RID/UV) and in situ Fourier transform infrared (FTIR)

spectroscopy.

4.2 RESULTS AND DISCUSSION

4.2.1 Physicochemical characterization

The various synthesized PdxRhy/C materials were characterized physicochemically to
determine their effective metal loading, crystallographic structure, and elemental and
surface composition. As shown in Figure 46 (S1, topic 8.2) which represents the weight
loss of a sample as a function of the rise in calcination temperature (thermogravimetric
analysis - TGA), the materials obtained have metal loadings that are very close to the

theoretical values targeted during their preparation (Table 6).

Figure 47a (S2a, topic 8.2) depicts the XRD patterns of the PdxRhy/C materials. The first

peak located in all samples at a 26 = 25° is assigned to the (002) reflection plane of carbon
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Vulcan used as substrate. In comparison with Pd/C and Rh/C diffractograms, the
PdxRhy/C samples present the Pd face-centered cubic (fcc) profile with the main facets

(111), (200), and (220).

The crystallite size (Lv), determined from Scherrer's equation using the reflection plane
(111) 23, decreases in the bimetallic compositions and tends towards that of Rh, as the
Rh content increases (Table 6). The crystallite size (Lv), determined from Scherrer’s
equation using the (111) plane 273, Comparing with recent literature, the synthesis
approach used in this work displays satisfactory crystallite sizes for EOR and GEOR
applications. For example, Fontes et al. '8 prepared the PdsoRhso catalyst using the
borohydride reduction method and the particles presented size close to 10 nm, while
herein the same composition exhibits a 2.4 nm size. Additionally, it is known that the
reduction of the particle size promotes a gain of active surface and thereby increases the

catalytic activity.

Figure 47a (S2a, topic 8.2) depicts a positive shift in the 26 values that matches with the
increase of the Rh amount in the bimetallic compositions, suggesting the alloy formation
between Pd and Rh during the synthesis process. To confirm this effect, the crystal lattice

parameter (an) of each catalyst was estimated as described previously 17263,

The relation between the lattice parameter and the Rh content in the catalysts are shown
in Figure 47b (S2b, topic 8.2)From a 20% Rh content in the sample, a linear decrease of
the lattice parameter values is observed indicating a correlation to alloy formation with
the Vegard’s law (Table 6). The PdsoRhso/C catalyst displays the highest alloying degree,
which reaches 47%. Additionally, the Pd/C and Rh/C samples present the experimental
lattice parameter of 0.3817 nm and 0.3801 nm, respectively, which indicates

crystallographic profiles very close to theoretical values -0.3890 nm for Pd and 0.3803
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nm for Rh- 74274 The atomic ratio in each catalyst was also determined by EDX analysis.
As can be observed in Table 6, the different PdxRhy/C experimental compositions

prepared are very close to their theoretical values.

Tabela 6 -Physicochemical parameters determined by XRD and EDX measurements
for the PdxRhy/C catalysts.

20 theta ) Lattice Alloying
EDX Crystallite
Catalysts - (degrees) | parameter | Degree
Composition size (nm)
(nm) (%)
Pd/C 39.824 3.6 0.3917
Rh/C 41.109 2.2 0.3800
PdsoRhso/C PdssRhse 40.269 2.4 0.3876 47
PdeoRhao/C Pds2Rhss 40.121 2.2 0.3889 34
Pd7oRh3z0/C Pd7oRhso 39.973 3.8 0.3903 23
PdsoRh20/C Pd7sRh22 39.824 3.6 0.3917 --

Electrocatalytic reactions, such as those considered in this work, are surface reactions 42
176,275 This requires to examine the surface layer of each prepared material to gain insight
into the elemental composition that will be in contact with the organic molecules under
investigation. Accordingly, the surface layers of the materials that represent the active

ones, were characterized by XPS measurements.

After a survey of the sample PdsoRhso/C taken as example, to determine any impurities,
fine deconvolution analyses were performed on the 3d bands of Pd and Rh in the
bimetallic material. Figure 48 (S3, topic 8.2) shows the XPS spectra of Pd3d and Rh3d
fittings to the surface chemical composition and Table 7 displays the intensities of XPS
peaks for the oxidation states of the constituents. As result, the analysis of the surface

chemical composition reveals the presence of oxides of the two metals capable of
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interacting favorably to activate the electrode material by oxidative removal of the

reaction intermediates (L-H mechanism or bifunctional catalysis).

Tabela 7 - Experimental data from XPS spectra fitting related to the analysis of the

PdsoRhso/C material.

Binding Energy / | Corresponding Species Relative atomic
eV Band percentage / %
335.4 Pd 3d Pd metallic 0.3
336.9 Pd*" (PdO) 13
348.3 Pd oxide (PdO>) 0.4
307.2 Rh 3d Rh metallic 0.4
308.4 Rh3* (Rh,03) 1
311.2 Rh?* (RhO) 0.9
284.4 Cls C-C,C-H 77.9
285.6 C-OH 0.4
286.6 C-0-C 2.3
286.7 C=0 1.7
289 0=C-0 1
531 Ols 3.4

4.2.2 Electrochemical characterization of PdxRhy/C

To evaluate the effects of Rh on the catalytic behavior of Pd-based electrode materials, a

series of electrochemical measurements were conducted. This consisted either in

characterizing each electrode by cyclic voltammetry, or in assessing its electrocatalytic

activity through a probe molecule (CO-stripping), or in coupling electrochemical

polarization/in situ infrared spectroscopy technique.
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4.2.2.1 CO-stripping experiments coupled with FTIR spectroscopy

CO-stripping is an electrochemical method for probing the activity of a catalyst in the
process of studying an organic fuel such as ethanol or glycerol. Indeed, as CO is the
poison species of an electrode (often the anode) of a fuel cell 8, this type of
characterization enables to evaluate in real-time the ability of PdxRhy/C towards EOR and
GEOR. Figure 22a depicts the cyclic voltammograms (CVs) of the prepared electrodes
in the 0.10 mol L* NaOH supporting electrolyte. All the current densities were

normalized with the metal loading deposited onto the conducting substrate.

Pd/C and Rh/C exhibit typical voltammograms of catalytic nanoparticles supported on
carbon recorded in an alkaline medium. In the bimetallic compositions, one can easily
observe a strong Rh influence on the CV profile. The hydrogen adsorption/desorption
region is expanding as the Rh content increases. Figure 22b displays the first forward
linear scan during the CO stripping experiment at 10 mV s™. It can be noticed the CO-to-
carbonate oxidation strongly depends on the electrode material composition. More
importantly, the peak of CO oxidation shifts inexorably toward the lower potentials as the
Rh content increases; the shift value is up to 300 mV between the oxidation of CO on

Pd/C and that obtained on PdsgRhso/C.

Figure 22c shows the IR spectra of CO vibrations at the surface of the reference catalyst
(PdsoRhso/C). When the electrode potential varies from 0.1 to 1.15 V vs RHE at low scan
rate (1 mV s1), one notices the different modes of CO adsorption at the active sites of Rh
and Pd. Indeed, the of CO-to-CO3* oxidation (band at 1392 cm™) occurs through linear
adsorption (COL) on Rh at 1987 cm™ and bridged-bond CO on Pd (COg at 1909 cm™)

and on Rh (COg at 1863 cmY), respectively 276
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Figure 22d shows that the presence of Rh completely modifies the CO adsorption on the
bimetallic electrode when comparing its behavior on Pd/C (Figure 49 (S4, topic 8.2) to
those on PdgoRh2o/C and PdsoRhso/C (Figure 22d). The increase of the Rh content
decreases the intensity of the bands due to CO adsorption, spreads them into 3 modes
(COs on Rh and COL on Rh) instead of COg alone on Pd/C. It also leads to a shift of the
band due to COg on Pd from 1909 to 1896 cm, with an additional band which appears
at 1863 cm for COg on Rh, as though the trend towards low wavenumbers is strongly
related to an earlier oxidative removal. As a result, this behavior of the probe molecule
CO at the PdsoRhso/C surface highlights the ligand effect of Rh to Pd during alloy

formation, which weakens the Rh-COags interaction for the CO oxidation at lower

pOtentials 259 277-279 280, 281

Figura 22 -(a) Voltammograms of the PdxRhy/C electrodes recorded in 0.10 mol L*
NaOH at room temperature and at 10 mV s%; (b) CO stripping on Pd-based electrodes
recorded in a 0.1 mol L' NaOH solution at 10 mV s™!; (c) SPAIR spectra recording
during the CO stripping measurement in 0.1 mol L™! NaOH on PdsoRhso/C. Reference
spectrum taken at 0.10 V vs. RHE; (d) FTIR spectra obtained during the CO stripping at
0.20 V vs. RHE on Pd/C, Rh/C, PdgyRh20/C and PdsgRhso/C.
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4.2.3 Ethanol Oxidation Reaction on PdxRhy/C catalysts

Figure 23a shows the polarization curves of the ethanol oxidation reaction (EOR) on
PdxRhy/C catalysts. First, it can be noticed that adding Rh on Pd strongly increases the
current densities. Then the EOR starts earlier on Rh/C than on Pd/C, and a low Rh content
improves the structural effect on the anode material which results in an increase in the
current densities. When the Rh content reaches 50%, not only the oxidation peak keeps
increasing (2-fold at 0.7 V vs. RHE), but the aforementioned ligand effect exalts the
catalyst, leading to an ethanol oxidation that occurs earlier, i.e. at almost 0.14 V vs. RHE

instead of 0.35 V on Pd/C.

Several studies have shown that the ethanol oxidation is a reaction with an average of 4
electrons instead of the theoretical 12 ones for a complete oxidation 74 133 227, 235,236, 239,
282 This is due to the structure of the molecule which is composed of two carbons that do
not have the same oxidation states: a methyl group that is difficult to convert into CO>
and a primary alcohol function that is easy to convert into acetaldehyde and then into
acetate. Nevertheless, Kowal et al.?® 28 found that the presence of Rh rather improves

the C-C bond cleavage, whilst Sn as a co-catalyst leads to the acetate production.

Figure 23c shows that the ethanol conversion increases with the residence time in a batch-
type electrolysis cell and that the conversion rate is almost 4 times higher on PtsoRhso/C

than on Pd/C.
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Figura 23 - (a) Voltammograms (CVs) of the PdxRhy/C electrodes recorded in 0.10 mol
Lt NaOH in the presence of 0.2 mol L™ ethanol at room temperature and at 10 mV s™;
(b) Ethanol conversion on Pd/C and PdsoRhso/C catalysts after 2 and 4 hours of
electrolysis at 0.60 V vs. RHE; (c) evolution of carbon dioxide (or CO3?) formation on
Pd/C and PdsoRhse/C catalysts as function of electrolysis time.

70

——Pd/C (a) . I Pd/C
% 300 | —— pdg Rhy/C 1 S° 60 | Il PdsgRhs,/C
5 —— Pd7gRh30/C c
- E = PdgoRhg,/C g o ¥
=4 200 | = PdgoRhg/C @
£ 14 40
< —— RhIC 2
= S 30}
o =
=, 100 8 .l
]
T 10}
w
0 ™ B
0F

0.2 0.4 0.6 0.8 1.0 1.2
E/V vs. RHE Electrolysis time / h

25

= PdIC (c)
20 L ° PdSDRhSDIC

15¢

10

CO? Formation / %

0 3 2 3 4
Electrolysis time / h

Chromatographic analysis of the electrolysis solution at 0.6 V/RHE shows that the
predominant product formed is acetate (Table 8). The HPLC set-up is equipped with a
refractive index detector which allows the concentration of carbonate produced to be
determined using external calibration; carbonate particularly appears as a negative peak
on the chromatogram because its refractive index is lower than that of water, which is the
solvent. It is then observed that carbonate ions are formed 4 times more during oxidation
on PdsoRhso/C, which means that the presence of Rh in its oxidation states Rh®, Rh?* and

Rh3* (see Table 7) promotes and even enhances the dissociative adsorption of ethanol
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and the removal of the CO-type species as CO; (or carbonate) from the electrode surface

227

Tabela 8 -Distribution of the reaction products issued from the EOR in alkaline
electrolyte and on Pd/C and PdsoRhso/C materials.

Ethanol Reaction Products Mass
Catalyst
conversion (%) Acetate (%) CO3% (%) | balance (%0)
Pd/C 27.1 83 5 88
PdsoRhso/C 47.3 55 20 75

FTIR spectroscopy is an advanced and powerful in situ technique for identifying on real-
time reaction products and intermediates, i.e. during their adsorption or at the vicinity of
the working electrode. Figure 50 (S5, topic 8.2)show that the main band assigned to the
carbonate ions (1392 cm™) appears in the same spectral vibration region of the acetate
which has three characteristic wavenumbers at 1550, 1410 and 1345 cm™ (Figures 24a

and b) 2

The formation of acetate is so dominant that the final spectrum is similar to the reference
one recorded in alkaline medium, containing only a difference which is the appearance
of a weak band at 1836 cm™ and attributable to COg, synonymous to the C-C bond
cleavage of ethanol (Figure 24a). By performing a chronoamperometric experiment in
the spectroelectrochemical cell and under the same conditions as previous electrolysis (at
0.6 V vs. RHE), a spectrum with similar bands is obtained (Figures 24a and b). As a
result, the ethanol oxidation on the PdsoRhso/C catalyst leads mainly to the acetate
production. A double analysis of the electrolytic solution by HPLC and FTIRS reveals
that 20 % of ethanol undergoes a C-C bond cleavage to form carbonate through oxidation

of the COags intermediate.
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Figura 24-(a) SPAIR spectra recorded in 0.1 mol L™! NaOH electrolyte containing 0.2
mol L' of ethanol at 1 mV s™! on PdsoRhso/C and catalysts at potentials ranging from
0.10to 1.20 V vs RHE. (b) FTIR spectra recorded during chronoamperometry in 0.1 mol
L™ NaOH 0.2 mol L™! ethanol on Pd/C, PdsoRh20/C, and PdsoRhso/C catalysts at 0.6 V
vs. RHE in the reaction time of 3 min.
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4.2.4 Glycerol Oxidation Reaction on PdxRhy/C

In the case of glycerol, which is a 3-carbon fuel with 3 alcohol functions, as mentioned
in the introduction, its selective oxidation can lead both to renewable electrical energy
and to the recovery of value-added molecules. Being a low-cost compound because it is
considered as "industrial waste" in the biodiesel production, its use in cogeneration would

be a process of its valorization 2%,

Figure 25a shows its electrochemical behavior during its oxidation on Pd and Rh based
electrocatalysts. As has been observed for EOR, the current densities generated by the
glycerol oxidation are higher on Pd/C than on Rh/C; but the reactivity of this fuel
commences earlier on Rh/C. When the Rh content is low in the composition of the
bimetallic catalyst (< 40%), the oxidation peak increases with a superimposition of the
peak on that due to Pd. On the PdsoRhso/C catalyst a large oxidation peak is observed
which suggests a reactivity of glycerol on Rh (marked by a shoulder at 0.6 V vs. RHE)

and on the Pd sites whose peak maximum is centered at 0.83 V.
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Figura 25 - (a) Voltammograms (CVs) of the PdxRhy/C electrodes recorded in 0.10 mol
L NaOH in the presence of 0.2 mol L glycerol at 10 mV s?; (b) Glycerol conversion
on Pd/C and PdsoRhso/C catalysts after 2 and 4 hours of electrolysis at 0.70 V vs. RHE;
(c) Chromatograms obtained from HPLC analysis after 4 h of electrolysis at 0.7 V vs.

RHE in 0.1 mol L' NaOH electrolytic solution containing 0.2 mol L™! of glycerol for
Pd/C and PdsoRhso/C catalysts.
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Glycerol electrolysis was performed by chronoamperometry (at 0.7 V vs. RHE) on Rh
modified Pd/C electrodes (Figure 25b). As previously investigated on ethanol, the
electrocatalytic conversion of glycerol is 1.6 times faster on PdsoRhso/C than on Pd/C,
facilitating the recovery of more reaction products to further extend the chromatographic
analyses. Figure 25c shows that glycerol is transformed into glycerate, tartronate, and
undergoes C-C bond cleavage to yield oxalate, glycolate and formate. The characteristic
carbonate peak does not appear on the chromatogram of the refractive index detector

because of its low concentration and/or low sensitivity of RID.
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Figura 26 - (a) SPAIRS spectra recorded in 0.1 mol L™! NaOH electrolyte containing 0.1
mol L™ of glycerol at 1 mV s™! on PdsoRhso/C catalyst; (b) FTIR spectra recorded during
chronoamperometry experiment on PdsoRhso/C catalyst 0.55 V vs RHE; (c) FTIR spectra
rec recorded during chronoamperometry experiment on PdsoRhso/C catalyst 0.70 V vs

RHE; (d) FTIR spectra recorded during chronoamperometry experiment on Pd/C catalyst
0.70 V vs RHE.
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4.2.5 DEFC and DGFC testings in a home-made cell at room temperature

It is worth pointing out that the "cell volume/catalyst surface area™ ratio is not herein optimized.
Indeed, the OCV being a key indicator of the performance of a fuel cell but nevertheless
dependent-free on the cell volume, this configuration enabled the recovery of a suitable solution

to be analyzed chromatographically as a function of time.

To demonstrate the reliability of an alcohol fuel cell, the reference catalyst PdsoRhso/C was used
as anode in a direct ethanol (DEFC) and glycerol (DGFC) fuel cell. A home-made device with
two compartments separated by an anion exchange membrane was used for the testings. The
study was performed at room temperature and a PdFe/C material (reference in our research

group) was used as cathode.

Previous studies have shown its stability and tolerance to alcohols and CO species. Figures 6a
and 6b represent the polarization curves of each electrode of the fuel cell. It can be observed
that the activation of the ORR starts with a very high open circuit potential (OCP) at ca 0.9 V
vs. RHE, and the potential decreases very slightly as the current densities increase in both fuel
cells. Conversely, and although the oxidation of ethanol or glycerol start at low potentials, there
IS a sharp and continuous increase in current densities at the anode, which explains the current
instability and thereby a decrease in the electromotive force of the fuel cell (Figures 27c and
27d). In fuel cell configurations and for j < 100 nA cm, a drop in cell voltage is observed,
which would be due to the low performance of the PdsoRhso/C anode in this anode
configuration. Nevertheless, the power density at its surface is 1.8 times higher than on the Pd/C

anode for ethanol combustion.

It has been reported that the power density of a direct alcohol fuel cell decreases as the carbon
number of the organic fuel increases. This trend is confirmed herein since Pperc > Pperc.
Figure 27d also shows that the power density decreases as the fuel concentration increases;
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this is probably associated with the viscosity of glycerol which, through mass transport

phenomena, has a limiting effect at j < 600 uA cm™.

Figura 27 - Electrochemical performances of DEFC and DGFC in a home-made cell at 25 °C
using PtsoRhso/C (0.2 mg cm™) and PdFe/C (0.2 mg cm™) as anode and cathode catalysts,
respectively; the compartments are separated by an AEM from Fumatech. (a) Polarization
curves at each electrode in 0.5 mol L™ NaOH containing 0.1 mol L™ ethanol at the anode and
02 at the cathode; (b) Polarization curves at each electrode in 1 mol L™ NaOH containing 1 mol
L glycerol at the anode and O at the cathode; (c) Fuel cell testing in DEFC with Pd/ and
PdsoRhso/C as anodes; (d) Fuel cell testing in DGFC with PdsoRhso/C as anode and with two
glycerol concentrations.
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4.3 CONCLUSIONS

PdxRhy/C catalysts were successfully prepared by BAE method and used as anode in ethanol
and glycerol electrooxidation. A series of electrochemical measurements coupled with
spectroelectrochemistry (FTIRS) were correlated with physicochemical characterizations to
understand and interpret the reaction pathways of ethanol and glycerol oxidation on Pd and Rh

based nanocatalysts.

Taking PdsoRhso/C as reference anode for these investigations, CO-stripping/SPAIRS
experiments showed that this probe molecule adsorbs in a bridged form on Pd. But when Rh is
added to Pd, CO adsorption is spread under three modes (COg on Rh and Pd sites, and COL on
Rh). The XRD and XPS characterizations revealed that the alloying degree reaches 47% in
PdsoRhso/C, which provides to Pd a beneficial ligand effect for the depletion of the poison
species strongly adsorbed on the catalyst surface. On the other hand, Rh is available in the
bimetallic material through three oxidation states (Rh®, Rh?* and Rh*") which are known to
participate in the C-C bond cleavage as well as to promote the transformation of COags into CO>

(or carbonate in alkaline medium).

Chromatographic analyses undertaken to determine the conversion products of ethanol
indicated that apart from acetate as main compound, the carbonate concentration is 4 times
higher on PdsgRhso/C than on Pd/C. In the case of glycerol, its selective oxidation allows the
valorization of this molecule resulting from the synthesis of biodiesel into value-added
chemicals. Thus, electrochemical studies performed and coupled with analytical and
spectroscopic methods reveal that the electrocatalytic oxidation of glycerol on PdsoRhso/C leads
to tartronate eu glycerate. Additionally, C-C bond cleavage products (oxalate, glycolate,
formate and carbonate) were also determined. Fuel cell testings (DEFC and DGFC) in a home-

made cell and at room temperature show that cogeneration (sustainable energy + recovery of
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value-added products) is promising to valorize a fuel such as glycerol considered for now rather

as "industrial waste".
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5.1 INTRODUCTION

Direct Alcohol Fuel cells (DAFCs) are well known devices for the chemical energy conversion
stored in fuels into electricity "+ 287, Due to increased energy demand and environmental
concerns, there is a growing interest for these devices based in renewable energy sources °.
However, a major challenge in making DAFCs attractive is the production of anodes that allow
complete alcohol oxidation into CO, with high efficiency 27. Therefore, the catalyst’s role in

the kinetic process is crucial to improve DAFCs anode performance % 117230, 288,289

The metal composition is an important parameter to develop anode catalysts. Platinum (Pt) is
widely reported as a highly active catalyst for alcohol oxidation reactions %4 230, 290-292
Nevertheless, the Pt surface is easily poisoned by intermediate species such as adsorbed CO
and CHx which considerably decreases the reaction rate process > 2%, To overcome this issue,
several studies focus on using bimetallic platinum-based catalysts. Therefore, metals such as
Cobalt (Co) 2*42%  Ruthenium (Ru) 2°% 297-2% Cuypper (Cu) 4390302 Tjn (Sn)303 394 Nickel
(Nii) 120,123, 219, 262,305,306 Njjobjum (Nb)3?, Molybdenum (Mo)®%, Rhodium (Rh) 7 177,210,224
245,267 "and others 12914239 are reported as co-catalysts on alcohol oxidation reaction. These
metals are suitable to promote a bifunctional mechanism through hydroxyl ions formation at a

low potential, improving the oxidative alcohol conversion 3%,

In particular, Rh is described as an active co-catalyst for Ethanol Oxidation Reaction (EOR)
and Glycerol Oxidation Reaction (GEOR)*® 138 174-177. 310 Eqor example, Juan Bai et.al ™
studied the PtRh/C catalysts for EOR and concluded that the bimetallic catalyst displayed high
activity and durability, particularly in alkaline medium. The results are attributed to

composition and morphological effects.

Concerning the GEOR studies, Long Huang et.al **° tested PtRh/C catalysts using in situ FTIR

and 3C NMR spectroscopies to investigate the reaction mechanism. The authors concluded that
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compared to Pt/C, the PtRh bimetallic composition shows higher activity and favors the

tartronic acid formation at high potentials.

Although the bimetallic catalysts have shown important benefits improving the catalytic
activity, the study of Rh role still requires more highlights. Some authors reported that Rh as a
monometal composition has a low electrochemical activity for EOR in an acidic solution 17,
Nevertheless, in alkaline medium Fangfang Zhang et.al 3!* demonstrated that Rh is active for
EOR. The results indicated that Rh/C shifts the EOR onset potential negatively, and presents

five times more selectivity for CO, formation compared with the Palladium catalyst (Pd/C).

Yange Suo and 1-Ming Hsing 32 reported the Rh/C behavior for EOR in alkaline medium by
impedance spectroscopy measurements. The results suggested that Rh/C shows a higher
activity for ethanol oxidation at low potentials, and the reaction pathway differs from the Pd/C

catalyst one. However, in this study the reaction mechanism was not probed.

The main Rh effect on GEOR is still not completely elucidated. Rodrigues et. al ' prepared
Rh/C catalyst for GEOR concluding that Rh is active for this reaction, and in the presence of
more oxygenated species increases the glyceric acid selectivity at high pressure conditions.
Meantime, more analyses are required to describe the reaction mechanism. Thus, it is essential
to improve the understanding of the reaction mechanism of the small organic molecules on the
Rh catalyst. Furthermore, several characterizations studies dealt with ethanol or glycerol
electrooxidation on a single crystal or polycrystalline electrodes. The characterization of
supported catalysts or fuel cell membrane electrode assemblies (MEAS) is thus essential to

enhance this topic.

Electrochemical methods coupled with analytical and spectroscopic methods such as High-
Performance Liquid Chromatography (HPLC), Differential Electrochemical Mass
Spectrometry (DEMS), Electrochemical Thermal Desorption Mass Spectroscopy (ECTDMS),

and in situ Fourier Transform Infrared Spectroscopy (FTIR) are extremely helpful to identify
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the adsorbed intermediates on the catalyst surface 15% 227 235 308,314 These combinations allow

the understanding of the selectivity reaction process, consequently, improving the anode
catalyst’s development. The literature using in-situ FTIR to determine the alcohol oxidation
mechanism reaction with Rh/C catalysts in alkaline medium is sparse. The main reports are
related to Pd and Pt-based catalysts 17> 227 259.315317 "Thys, this study aims to explore the role
of Rh supported catalyst on ethanol and glycerol oxidation reactions. The products and
intermediates generated after the oxidation of ethanol and glycerol were identified by HPLC

and in situ FTIR analysis.
5.2 RESULTS AND DISCUSSION

5.2.1 Physicochemical characterization of Rh/C

The metal loading was confirmed using TGA analysis. Figure 28a shows a typical Rh/C
thermogravimetric profile. Firstly, the water adsorbed on the surface was removed and detected
up to 302 °C. The carbon support combustion starts at 302 °C and the intended metal weight

was reached after 600 °C.

The Rh crystal phase is identified by XRD and Figure 28b depicts the Rh XRD patterns located
at 39.7°, 46.3° and 67.4°, respectively, corresponding to (111), (220), and (311) Rh face-
centered cubic (fcc) reflection planes. The diffraction peak at around 25° corresponds to the
carbon Vulcan XC-72 (002) plane. As described previously, the mean particle size was
estimated by Rh (111) peak according to the Debye Scherrer’s equation 2% 318, The obtained
mean size for Rh nanoparticles was 3.1 nm. Comparing with the literature, the proposed
synthetic method displays a good crystallite size correlation. For example, Fangfang Zhang et.
al 3! prepared Rh/C catalyst by microwave heating-glycol reduction method and the Rh
average crystals were about 3.8 nm size. Additionally, Rh lattice parameter was calculated from

the (111) diffraction peak positions in the XRD patterns. The Rh/C catalyst experimental lattice
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parameter of Rh/C is 0.3790 nm, which is very close to the theoretical value (0.3831 nm) 2%,

Figure 28c shows the TEM images for Rh/C catalyst where it is possible to observe few
agglomerations regions according to previous studies for this composition®® 320,
Figura 28 -(a) TGA curve for Rh/C catalyst under conditions of: air atmosphere, at 10 °C min

!linear temperature variation from 25 to 900 °C; (b) XRD patterns of the carbon supported Rh/C
material prepared from BAE method; (c) TEM images for Rh/C catalyst
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In order to investigate the surface chemistry and the electronic structures on the Rh/C catalyst,
XPS analysis was carried out. Table 9 indicates Rh, carbon (C), and oxygen (O) in the catalyst
composition. Furthermore, the Rh 3d presented the peak at 307.2 eV is attributed to Rh? state
(Rh metallic) 2. The two peaks at 308.4 eV and 311.2 eV can be assigned to oxidized Rh""
state (Rh203) 322324, According to their peak areas, the Rh®% Rh'"! ratio was found to be 47.1%,

indicating the presence of remaining Rh'"' on the catalyst surface.
107



Capitulo 5

Tabela 9 -Experimental data from XPS spectra fitting related to the analysis of the Rh/C

material.
Binding Energy / | Corresponding Species Relative atomic
eV Band percentage / %
307.2 Rh 3d Rh metallic 0.8
308.4 Rh3* (Rh,03) 1.7
311.2 Rh?* (RhO) 1
284.4 Cls C-C,C-H 76.2
285.6 C-OH 0.6
286.6 C-O-C 1.9
286.7 C=0 2
289 0=C-0 1
531 Ols 7.6

5.2.2 Electrochemical characterization

In order to evaluate the Rh/C electrochemical behavior, cyclic voltammetry test was carried
out. Figure 29 depicts the typical CV curve in 0.10 mol L' NaOH at 10 mVs?. The CV profile
shows three distinct potential regions; i) 0.05 — 0.35 V (vs. RHE) hydrogen desorption; ii) after
0.35V (vs. RHE) the surface oxidation starts immediately evidencing the double layer charging
region absence. RhO and Rh(OH) formation followed by Rh(OH)s are reported in the initial
oxidation stages 32> 32°; jii) the peak at 0.40 V (vs. RHE) in the cathodic scan corresponds to
the oxide reduction process. Additionally, after this peak it is clearly observed that the process

is superimposed with the hydrogen adsorption region.
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Figura 29 - Typical Rh/C voltammogram (CV) recorded in 0.10 mol L™ NaOH at 10 mVs-1.
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CO is recurrently used for electrochemical active surface area determination of electrocatalyst’s
materials 18 323 327 Moreover, during alcohol oxidation, the main prejudicial intermediate is
CO 123138328 The strong COags adsorption on catalyst surface limits the active sites decreasing
the catalytic activity of the material. Thus, CO is broadly studied as a probing molecule in order
to evaluate the material ability to catalyze the alcohol oxidation reaction. In this context, the

CO interaction was studied by CO stripping in 0.10 mol L NaOH.

Figure 30a displays the Rh/C CO oxidation curve at 10 mVs. The Rh/C surface coverage is
evidenced with the hydrogen desorption region locking (below 0.35 V vs. RHE) %', The
voltammetric peak centered at 0.58 V (vs. RHE) is observed for the CO oxidation process,
which is in agreement with what has been observed in previous reports 17:323.:329.330_Tq eyaluate
in detail the Rh effects on the CO adsorption modes, CO stripping experiments were coupled
with in situ infrared reflectance spectroscopy. This analysis provides microscopic-level insights

during the interaction between the catalytic sites to probe the chemisorbed molecule.

The investigation was performed by SPAIRS method, which consists in acquiring FTIR spectra

at 50 mV intervals during linear scanning at 1 mV s*. Figure 30b depicts the representative
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SPAIRS spectra recorded in the region between 2500 and 1000 cm™ during the CO stripping.

The CO spectra were calculated taking as reference a spectrum at 1.15 V (vs. RHE), where CO
is completely oxidized and the intensities of the negative-going bands are proportional to the
CO coverage at the respective potential. The water O—H bending mode band appears at

1640 cm 1331,

The main bands observed at 1965 and 1856 cm™ are attributed to the linearly adsorbed CO
(COL) and bridged bonded (COg) on Rh sites, respectively 3323 The COg adsorption was
reported previously in the bridging carbonyls band on Rh%33 while the CO. adsorption mode
is associated with the reduction process of Rh* to Rh*, which occurs on the catalyst surface
during the CO adsorption at low temperatures 332 3%, This is in good agreement with the XPS
results (Table 9) that revealed these two oxidation states for Rh. No evidence for gem-
dicarbonyl bond on Rh (at 2090 and 2020 cm™') was found since this conformation is related
as unreactive with oxygen 33" 3% Therefore, according with this study, only the linear and

bridge forms are active for CO oxidation reaction 3%,

Comparatively, via SPAIRS investigations, the CO oxidation onset potential on Rh/C was
confirmed starting at 0.35 V vs. RHE (Figure 30b) with the symmetrical carbonate (CO3?) ions
vs(COQ)) vibrations appearing at 1392 cm™* *31, The potential dependence of v(CO) frequencies
of COL and COg observed during the CV measurement (at 1 mV s in CO saturated 0.1 mol L-
! NaOH) is depicted in Figures 30c and 30d, respectively. These curves evidence the behavior
of COL and COg, in both cases the C—O stretching frequency exhibits a typical Stark shift with

a slope less than 34 cm™! /! 332,333,339,

The COL frequency increases (Figure 30c) with the potential between 0.10 - 0.25 V suggesting
the CO coverage on the surface 332, Consequently, after this region the frequency decreases
dramatically indicating the CO. oxidation above 0.25 - 0.30 V vs. RHE. On the other hand, the
COg frequency increases up to 0.40 V vs. RHE. After this value, the frequency downshift
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becomes evident indicating the COg oxidation. In consequence, it is possible to suggest that the
CO oxidation mechanism on Rh starts with the CO_ at 0.0.30V vs. RHE which is in good
agreement with the appearance of CO3? ions vs(COO)) vibration band (at 1392 cm™) in Figure

30b. Sequentially, after 0.45 V vs. RHE the COg oxidation starts, as showed in Figure 30d.

Some studies proposed that CO oxidation occurs in two consecutive steps to close the catalytic
cycle (two CO molecules)®*°. The main proposed mechanism is via the Langmuir—Hinshelwood
(L—H) reaction between chemisorbed CO molecules and dissociatively chemisorbed O atoms
341,342 'Moreover, it was shown that the CO oxidation kinetics on Rh is not directly dependent
on the surface morphology, from bulk Rh single crystals to relatively small supported Rh

particles 343344,

Finally, comparing the CO oxidation behavior on Rh with that occurring on Pt 3#°, for example,
it is observed that the reaction starts at lower potentials values on Rh surfaces. A suggested
straightforward explanation for this is that the Metal-CO strength (force constant) on Pt is
stronger than on Rh 3% Generally, the Metal—C bonds strength changes in the opposite way of
the CO force constants. Hence, the 4d orbitals are more available for n-reception to CO in Rh
catalysts. This information helps to explain the main effect to back-reception ability on Rh
based catalysts 3% These changes in the electronic properties are convenient to increase the

material catalytic activity towards alcohol’s oxidation reaction.
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Figura 30-(a) CO stripping on Rh/C electrode in room temperature and at 10 mVs-1; (b) SPAIR
spectra of the species from CO oxidation in 0.1 mol L' NaOH on Rh/C. Reference spectrum
taken at 0.10 V vs. RHE; (vs. RHE). CO adsorption at 0.1 V in 0.1 mol L™! NaOH; (d) v(CO)
frequencies of COB vs. electrode potential (vs RHE). CO adsorption at 0.1 V in 0.1 mol L™!
NaOH;
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5.2.3 Ethanol Oxidation Reaction (EOR) on Rh/C

Figure 31a shows the EOR linear polarization curve in the potential range of 0.05 — 1.2 V vs.
RHE. Firstly, it is possible to confirm that Rh/C is active for EOR in alkaline medium,
indicating the Rh ability of generating hydroxyl (OH-) species on the surface. The EOR starts
at 0.17 V and two different peaks were observed during the forward scan at 0.60 V and 0.76 V
vs. RHE in agreement with previous studies'®® 311 312,330 These peaks are related to the

chemisorbed species oxidation from ethanol adsorption 3%,

In order to propose a reaction mechanism, it is crucial to identify the EOR final products and
adsorbed species. Thus, the reaction pathways investigation was carried out by electrolysis

coupled with HPLC and in situ FTIR analysis. The chronoamperometry tests were performed
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in a 0.10 mol L** NaOH solution containing 0.20 mol L™ of ethanol during 4 hours in two

different potential regions: 0.55 V and 0.85 V vs. RHE. Table 10 shows the ethanol conversion
results after 4 hours of electrolysis. The ethanol consumption reaches 20 and 27 % at 0.55 and
0.85 V vs. RHE, respectively. The acetate ion (CH.COOQO-) was the majority product and for both
applied potential conditions, the CO3> formation capacity was confirmed. Based in previous
reports, the acetaldehyde detection is difficult in alkaline medium due to the aldolization
reaction 124, Nevertheless, the mass balance on Table 10 suggests the acetaldehyde compound

presence in the electrolytic solution, even though in a minority amount.

By comparing the reaction products, it was possible to verify that at high potential values (0.85
V vs RHE) the CH3;COO™ formation increases as well as the CO3? one. The main explanation
might be due to the acetaldehyde electrochemical transformation into acetate or a nucleophilic

attack by HO" leading to acetate®*’.

Tabela 10 - Reaction products distribution issued from EOR on Rh/C at different potentials
after 4 hours.

Eapp (V) Ethanol Reaction Products Mass

(vs. RHE) conversion (%) Acetate ion (%) CO3% (%) balance (%0)

0.55 20 67 6 73

0.85 27 78 8 86

In Situ Infrared Reflectance Spectroscopy Measurements

The FTIR analysis is essential to provide information’s about the reaction mechanism process.
Thus, Figure 32b brings the SPAIR spectra obtained during ethanol oxidation in the potential
range of 0.05 — 1.20 V vs. RHE. The ethanol consumption due to the oxidation is indicate in

the positive IR band at 1049 cm™' -characteristic ethanol absorption (C—O stretch)- 2°.
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At 0.15 V vs. RHE a negative band at 1815 cm™ is reported to CO assigned COg on Rh 1%,

Moreover, according to the HPLC results, acetate ion (CH3COQ™) formation is confirmed with
the negative bands at 1348, 1409, and 1553 cmt 124 182,227,347 "starting at 0.45 V vs. RHE.
Nevertheless, it is easily observed that the band shape at 1553 cm™ is affected with the water
O-H bending mode (1645cm™). As a consequence, in Figure 32b is not convenient to
evaluate the COs? formation based on the band at 1409 cm™! and 1553 cm™, since the water O—

H bending distorted the natural shape on the acetate band (1553 cm™™) 24,

To get more insights about the oxidation process, chronoamperometry tests were carried out at
0.55V and 0.85 V vs RHE in presence of 0.2 mol L™! of ethanol in 0.10 mol L' NaOH. Figure
32c shows the resulting spectra obtained during 3 to 30 min of reaction at 0.55 V vs. RHE.
Firstly, it is observed that a band at 1836 cm™ indicates that COg still adsorbed on this catalyst
at this potential condition. This emphasizes the C-C bond cleavage and the dissociative ethanol

adsorption on Rh/C at low potentials.

Sheng et.al 3*® demonstrated that the main positive Rh role is related to the OH* formation,
which increases the CO3z> surface selectivity. Furthermore, under high potentials the OH*
coverage on Rh sites is more accentuated than one a Pt. Thus, with this coverage the [-
dehydrogenation is facilitated at low potentials. At 0.55 V vs. RHE the CH3COO™ still the main
reaction product on this potential region. However, it is possible to verify more attentive that
the band shape at 1409 cm™ is not symmetrical compared with the reference material (Figure
55, S2 topic 8.3) and the intensity is significantly larger than the band at 1553 cm™' 227, This
change in the band’s shape is associated with CO3? formation species when ethanol is oxidized
124 The COs?* reference spectrum shows a band at 1390 cm™, in the same region then acetate

ions what hides the carbonate band.

Figure 32d shows the FTIR spectra for ethanol oxidation on Rh/C at 0.85 V vs. RHE during
30 min, and the same compounds than at 0.55 V vs. RHE are detected. It is important to stress
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that the COg still adsorbed on the Rh in this region potential. Notably, this emphasizes the

catalyst C-C bond cleavage ability during all the potential studied.

The ethanol oxidation mechanism is complex, involving many intermediates. However,
combining the HPLC results with the FTIR in situ investigations the two mains reported EOR

pathways must be considered to EOR Rh/C 267: 268,312,320, 349,

(i) The acetate pathway: involving 4 electrons keeping the molecule skeleton -C-C bond-. In
this pathway the main reaction products are acetate and acetaldehyde 22> 39; (ii) The second
route involves the C-C bond cleavage, herein with the FTIR results the COg presence during
the EOR evaluation was the evidence to the Rh capacity to facilitates the C; products selectivity
124,320,350 - additionally, another influence in the reaction pathway is the water adsorption on
the Rh site, which is stronger than one a Pt. This can affects the dehydrogenation reaction

decreasing the pathway (i) efficiency to the complete ethanol oxidation 348,
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Figura 31 - (a) EOR polarization curve oxidation on Rh/C catalyst at 10 mV s in 0.1 mol L—1
NaOH electrolytic solution containing 0.2 mol L™! of Ethanol; (b) SPAIR spectra recorded in
0.1 mol L' NaOH electrolyte containing 0.2 mol L™! of ethanol at 1 mV s™! and potentials
ranging from 0.10 to 1.20 V vs RHE; (c) FTIR spectra recorded during chronoamperometry in
0.1 mol L' NaOH + 0.2 mol L™! ethanol at 0.55 V vs. RHE; (d) FTIR spectra recorded during
chronoamperometry in 0.1 mol L~! NaOH + 0.2 mol L' ethanol at 0.85 V vs. RHE.
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5.2.4 Glycerol electro-oxidation reaction (GEOR) on Rh/C

Figure 32a depicts the glycerol oxidation polarization curve of glycerol oxidation on Rh/C
material. The GEOR was investigated in 0.1 mol L"* NaOH containing 0.2 mol L* of glycerol
between 0.05 — 1.2 V vs. RHE potential range. Firstly, is important to stress that Rh/C was
active to glycerol oxidation presenting a low onset potential. The GEOR starts at 0.26 V vs.
RHE main oxidation peak at 0.60 V vs. RHE was observed during the forward scan, according
to previous reports 18, Therefore, to gain further insights into how GEOR occurs on alkaline
medium the reaction products was evaluated by HPLC and FTIR analysis.
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The qualitative distribution product results -by UV-Vis detector- after 4 hours of electrolysis at

0.55 V vs. RHE is shown in Figure 32b. This potential value was chosen taking into
consideration the prospective the Rh effect on fuel cell devices application. The main identified
product was glycerate ion, however, the tartronate and formate ions are detected at low
concentrations. Compared to the reports presented for heterogeneous systems 31, it was
possible to confirm the same product’s composition. The formate ions presence highlights an

important issue: the Rh ability to cleavage the C-C bond from glycerol at low potentials.

The usual GEOR reaction mechanism follows two pathways involving glyceraldehyde and/or
DHA (dihydroxyacetone) route 22% 261. 263 However, both species are unstable in high pH
conditions due to the aldolization reaction, which difficult HPLC detection 251, An evidence of
the glyceraldehyde pathway is the large glycerate ion amount as confirmed in Figure 32b.
Consequently, the HPLC results suggested that on Rh/C GEOR the main route to glycerol
oxidation follows the glyceraldehyde pathway. Nevertheless, FTIR experiments were also

performed to identify all the intermediates species.
In Situ Infrared Reflectance Spectroscopy Measurements

Figure 32c shows the SPAIRS spectra during the 0.20 mol L glycerol oxidation in 0.10 mol
L NaOH. The band around 1845 cm™ at 0.15 V vs. RHE indicates the COg adsorbed formation,
which confirms a glycerol C-C bond cleavage at low potential according to the HPLC results
159 Moreover, COg adsorption on bridged mode indicates the glycerol dissociative adsorption
at low potentials 8. The band at 2345 cm™* corresponds to the CO> formation, which is related
with the pH change in the thin layer, promoting a decrease in the OH" concentration and,
consequently, the is glycerol forced to reacts with water 32, This band (2345 cm™) appears at
0.15V vs. RHE. Lately, at 0.55 V vs. RHE the band at 1583 cm starts the formation, indicating
the different carboxylate ions on this potential region, notably the glycerate ion 1% 159 184,351
Additionally, is important to stress that the band around 1583 cm™! is also tartronate and/or
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mesoxalate characteristic region vibration 2. Indeed, the band at 1386 cm™ is related to the

water and COs? formation at the beginning of the glycerol oxidation.

The COs* reference spectrum is presented in the supplementary material (Figure 2S).
Furthermore, carbonate formation at lower potentials was previously assigned to the glycolate
and oxalate production on this potential region . Still at 0.55 V vs. RHE , the band at 1308
cmt corresponds to the oxalate formation °8, in sequence, at 0.65 V vs RHE, the glycerate (1111

cm ') and glycolate (1074 cm™") formation starts to increase 1°% 184351,

Finally, at higher potentials (0.80 — 1.20 V vs. RHE), the band located in the region around
1300 cm* changes the shape with the formate formation at 1352 cm™. Figure 33d depicts the
FTIR spectra for glycerol oxidation in potential fixed at 0.55V condition during 30 min. In this
potential condition, was detected characteristics bands to COg adsorbed on Rh site (1846 cm’
1y, oxalate at 1308 cm™?, glycerate fon (1583¢cm™1)1°0: 159,184,351 The presence of COg emphasizes
the ability of Rh to improve the C-C bond cleavage at low potentials 312, These results are in
agreement with the HPLC analysis where the Rh addition promotes an increase in the glycerate

ion production.
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Figura 32 - (a) Polarization curve oxidation of GEOR on Rh/C catalyst at 10 mV s™! in 0.1 mol
L~! NaOH electrolytic solution containing 0.2 mol L™! of glycerol; (b) SPAIR spectra recorded
in 0.1 mol L' NaOH electrolyte containing 0.2 mol L™! of glycerol; at 1 mVs™ and potentials
ranging from 0.10 to 1.20 V vs RHE; (c) FTIR spectra recorded during chronoamperometry in
0.1 mol L' NaOH + 0.2 mol L™! glycerol at 0.55 V vs. RHE;
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5.3 CONCLUSIONS

Rh/C catalysts were successfully prepared following the BAE method and applied for ethanol
and glycerol electro-oxidation. The nanoparticles showed 2.9 nm crystalize size, and XPS
results indicate the Rh® and Rh""' on the catalyst surface composition. The Rh effect in EOR
concern in the dissociative ethanol adsorption favoring the C-C bond cleavage at low potential.
The major intermediate species detected were acetic acid and COs%in both potential conditions
applied (0.55 and 0.85 V vs. RHE). Therefore, on Rh/C EOR follows both pathways in the
alkaline medium. The GEOR results evidenced that Rh was active in this reaction in alkaline

medium. The reactions products investigations by HPLC and FTIR in situ concluded that the
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main Rh contribution was the glycerate ion formation. The results indicate that on Rh/C

catalysts the reaction follows the glyceraldehyde pathway. Overall, these insights will

contribute to developing fuel cell materials for energy and value-added chemicals cogeneration

systems.
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6.1 INTRODUCTION

Direct Alcohol Fuel Cells (DAFCs) have been extensively studied as power sources for mobile,
stationary and portable applications 1 2. Efficient electrochemical energy conversion in DAFCs
is a sustainable and environmentally friendly alternative to decrease fossil fuel dependence in
the society 3. Recently, C, and Cs-alcohols have been used as fuel in DAFCs resulting in
substantial study interests, especially due to less toxicity, low cost, and easy transportation * °.
In particular, glycerol use and valorization as fuel appear to be a very attractive process due to
their large availability &%, That is because the recent biodiesel production growth led to an
increased glycerol accumulation as a by-product of this process, and it is estimated that each 10

kg of biodiesel produces 1 kg of glycerol 2,

Brazil is the second world biodiesel producer with several fabrication processes using different
materials, such as animal fat, sunflowers oil, waste oil from frying, and others & 1,
Consequently, the glycerol valorization interest explores several catalytic routes such as
electrochemical, alcohol reforming, additives development, and biotechnological 26, The
electrochemical one appears as an attractive process and several studies indicate that this route
can generate high purity value-added chemicals, moreover, more power source applications "
8 12 1719 For example, Nahay et al. % studied the Direct Glycerol Fuel Cell (DGFC)
performance using a palladium-gold (PdAu/C) electrocatalyst in the anode compartment,
reaching 7.0 mW cm2 power density. Recently, Chin Liu et al. 2 studied the Electrochemical
Glycerol Oxidation Reaction (GEOR) and the results demonstrated the high selectivity to
Dihydroxyacetone (DHA) formation using copper oxide (CuO) as an electrocatalyst, which is

extremely valuable in the fine chemical and pharmaceutical industries 2.

Concerning power source applications, DFGC's main development challenge remains in the
anode Kinetics process, consequently, is crucial to improve the catalyst design, activity, as well

as its durability 2324, Platinum (Pt) and Pd based catalysts are widely studied as anode catalysts

122



Capitulo 6

in DFGC’s 18 22 2531 However, different approaches for non-Pt and -Pd metal catalysts
development and prospects have been discussed. Houache et al. 3 prepared Nickel (Ni) based
catalysts for GEOR in alkaline medium and concluded that glyceraldehyde was the main
reaction product. Zhiyong Zhang et al. *3 studied the Au/C anode catalyst performance in DGFC
and found the 57.9 and 30.7 mW cm peak power densities at 80 °C. They concluded that Au/C
promotes tartronate, mesoxalate, and oxalate formation, consequently, increasing the Faradaic

efficiency in fuel cells.

Rhodium (Rh) is considered a promising anode material in Ethanol Oxidation Reaction (EOR)
studies, since it is known for promoting C-C bond cleavage at low potentials 343, At the same
time, there are not enough reports focusing on GEOR. For example, Xuan Lam et al. * prepared
Rh supported on carbon black catalyst and evaluated its performance in an alkaline medium.
They concluded that the onset and peak potential were more negative than the ones on Pt/C and
Pd/C catalysts, however, the GEOR current density did not reach higher values. Therefore, it is

necessary to improve the catalytic activity to overcome this issue.

Some authors proposed the support material modification using different compositions such as
graphene, carbon nanotubes, and oxide-carbon composites 2% 3% %, In particular, the oxide-
carbon composites as support material for electrocatalysts have gained attention mainly due to
enhancements in the catalytic properties in noble metals catalysts such as high oxidation
resistance, metal-support interaction that modifies the electronic effect, and stability properties

of the catalytic center 4043,

Matsubu et al. ** investigated the oxide composite supports -TiO2 and Nb,Os- effects on Rh
catalysts applied to the CO2 reduction process. The main effect was evaluated using in
situ spectroscopy and microscopy, showing that the catalysts have increased the CO2-reduction
selectivity. Another important oxide-carbon composite reported is tin oxide (SnOy)

incorporated with carbon (C). Studies demonstrated that this combination is effective to
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upgrade the electrochemical properties in SnO- electrodes *°. The main benefit of carbon oxide
composite addition is related to the electronic conductivity increase, which facilitates the

electronic and ionic transports, consequently, improving the catalytic performance %4648,

Soares et al 3 investigated the SnO,-C composite effect in the EOR on Pt-Rh catalysts. The
authors demonstrated that the SnO; increases the ethanol electro conversion in acid medium
due to the ligand effect and the bifunctional mechanism combination. However, more
contributions are still necessary to understand the beneficial effects of using oxide-carbon

composites on Rh monometal catalysts, especially in GEOR studies.

The catalytic properties enhancement is also associated with the chosen synthesis method#®-52,
That is because, size, dispersity, porosity, and nanoparticles surface area are parameters directly
related to the proposed synthesis route %24 In terms of applicability, designing high-
performance electrocatalysts is considered as a great goal in DGFCs technology %% %°. In this
context, the polyol method presents several advantages in nanoparticles fabrication, such as well
crystallized, controlled particle growth, short preparation time, low cost, and simples process

steps %657,

This synthesis protocol consists in using polyalcohol as a reducing agent and solvent, especially
the ethylene glycol (EG), which presents a high boiling point (197 °C), leading to the inorganic
salts solubility increase %> 8. Furthermore, this route allows the easy experimental conditions
optimization facilitating metallic precursor reduction %% €. Concerning Rh nanoparticles
fabrication processes, the polyol method appears to be an interesting approach 1. Zhang et al.®?
prepared Rh nanocubes using a simple optimized polyol method and they applied them to the
pyrrole hydrogenation and CO oxidation. Kim et. al % investigated the Rh nanoparticles
preparation by polyol method and applied the material to CO hydrogenation and C2-higher

alcohols production.
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Based on all the previous studies, the main goal of this study is to evaluate the role of Rh/C and
Rh/SnO,-C composite material performances in GEOR in alkaline medium. The Rh nanoparticle
was deposited on the conductive support by polyol method. The performance in DGFC was
evaluated using a home-made acrylic cell. The main products and intermediates generated during
GEOR are identified by in situ Fourier transform infrared spectroscopy (FTIRS), High-
performance liquid chromatography (HPLC) coupled with Refractive index detector (RID), and

Ultraviolet-visible (UV-VIS) detector.

6.2 RESULTS AND DISCUSSION

6.2.1 Physicochemical characterization

The physicochemical characterization was carried out to determine the crystallographic
structure and element composition. Figure 33a depicts the SnO,-C, Rh/C, and Rh/SnO2-C XRD
patterns collected between 20 and 90 °. The first peak assigned in all samples at 26 = 25° is the
carbon Vulcan (002) reflection plane. The material’s crystallinity was confirmed by the well-
defined and sharp peaks. Firstly, evaluating the SnO>-C composite it was found that the
observed diffraction patterns at 26 = 33.9, 38.0, 51.8, 64.8, and 78.72° corresponded to the
(101), (200), (211), (112), and (321) planes, respectively, according to standard JCPDS values

(JCPDS No. 01-088-0287) for SnO structure .

No peaks to SnO or metallic Sn are detected indicating the materials phase purity, which
highlights the SnO>-C composite preparation method efficiency. Rh/C diffraction peaks at
41.03 and 70.09 ° correspond to Rh face-centered cubic (fcc) structure with the main facets
(111) and (220), respectively. Finally, the Rh/SnO,-C electrocatalyst depicts the diffraction
pattern at 39.53 ° related to Rh (111) facet. This result indicates a negative shift in the 20 value

suggesting the alloy formation between Sn and Rh during the synthesis process.
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As described previously®® ©, the mean particle size was estimated by Rh (111) peak according
to Debye Scherrer’s equation and summarized in Table 11. The average crystallite sizes were
about 1.8 and 2.7 nm, for Rh/SnO.-C and Rh/C respectively, which indicated that the use of
SnO>-C composite could effectively prevent Rh crystallites from further growing up. The small
crystallite sizes indicate a nanometric scale in the prepared materials. As an example, Nishida
et al.”* prepared Rh/C by microwave-assisted alcohol reduction method and the Rh crystals
were about 9.5 nm size. Therefore, the proposed synthetic polyol approach displays an

interesting crystallite size correlation.

The lattice parameter (a..) shown in Table 11 was calculated from the Rh (111) diffraction peak
positions in XRD patterns 2. The Rh/C sample experimental lattice parameter was 0.38072 nm,
which is similar to the theoretical value (0.3831 nm) . On the other hand, Rh/SnO.-C
formation showed an expansion effect in the lattice parameter value (0.3945 nm) in agreement
with previously reported studies for Rh-Sn alloys nanoparticles system 74, This expansion effect
could be attributed to the incorporation of Sn« atoms into Rh= lattices formed "°. Therefore, the
alloying degree for Rh/SnO.-C sample was calculated using Vegard’s law ’® reaching a
maximum value of 58%. Some authors demonstrated that the high alloy degree in the catalyst

implies the catalytic activity and stability increase %0 7" 78 |

Figure 33b shows SnO>-C and Rh/SnO»-C TEM images where it is possible to observe the
alloy formation. Firstly, the SnO, nanoparticles prepared were well dispersed on the carbon
support as demonstrated for SnO>-C (Figure 33b). Then, it was observed in Rh/SnO.-C
composition that Rh nanoparticles were evenly dispersed on SnO2.C composite support with
few agglomerations. Moreover, the Rh nanoparticles were small and did not present a defined
and even morphology, although they were mostly spherical. Additionally, it was noted a
different color intensity in the regions where Rh was deposited compared to regions with only
SnO2 nanoparticles. Therefore, the main goal in this synthesis approach can also be related to
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the Rh position during the deposition. It is important to know if the Rh deposition occurred over
the SnO; or C particles in the composite support, leading to an explanation of what is the support
role in the catalytic activity enhancement. Exemplifying, Hanys et al”® demonstrated that during
the Rh/SnO:> preparation SnO> can be reduced to Sn with Rh deposition. EDX analyses were
performed, and Figure 33c shows the spectra recorded on isolated particles where it can be

seen the presence of two metals in the nanoparticles, therefore, highlighting the Rh-Sn alloy

formation.

Tabela 11 - Physicochemical parameters determined by XRD measurements for Rh/C,
Rh/SnO>-C, catalysts.

20 theta ] Lattice Alloying
Crystallite
Electrocatalyst (degrees) ) parameter degree
size (nm)
(nm) (%)
Rh/C 41.03 2.7 0.3807 --
Rh/SnO»-C 39.53 1.8 0.3945 58

Figura 33 - (a) XRD diffraction patterns of the Rh/C, SnO-C, and Rh/SnO>-C catalysts; (b)
TEM images of SnO.-C and Rh/SnO,-C catalyst; (c) EDX spectra recorded on the isolated

Rh/SnO>-C nanoparticle.
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6.2.2 Electrochemical characterization

Rh/C and Rh/SnO»-C electrochemical performance was evaluated in N2-saturated and 0.1 mol
L NaOH at 10mV s~'. Figure 34a shows the CVs normalized respecting the Rh loading
deposited onto the glassy carbon support. Both CV curves exhibited a typical Rh supported
profile in alkaline medium®. However, it is easily observed the carbon-support influence on
the CV area, which increased compared to Rh/C, indicating that Rh/SnO,-C presented a larger
electrochemically active surface area corroborant with previous Soares et al** study. Also,
evaluating the positive scan, the hydrogen adsorption/desorption region increased with the

composite support addition.

The double layer region became absent on Rh/SnO,-C (0.33-0.36 V vs. RHE), and the
hydroxide/oxide oxidation region became larger. Furthermore, during the negative scan the Rh
oxide reduction process was shifted to positive potential values (0.40 V vs. RHE) on Rh/SnO2-
C, indicating that the oxide composite support weakens the OH™ adsorption®. Consequently, it
increased the active sites reducing the electricity amount necessary to reduce the Rh oxide

species.

Carbon monoxide (CO) is widely reported as one of the main poisoning intermediates that
damages the electrode active sites during the alcohol oxidation reaction in fuel cell systems,
especially anodes 8%, Thereby, evaluating CO tolerance ability on the catalyst surface is
crucial to develop these materials. Figure 34b shows the linear curves in 0.10 mol L™ NaOH
and at 10 mVs? during the CO stripping. Firstly, the density current increased in Rh/SnO2-C
composition and the curve shape changed compared with Rh/C suggesting a high CO oxidation
efficiency. Moreover, it was observed that the CO oxidation peak on Rh/SnO»-C exhibited a
negative energy shift (~ 60 mV), indicating that the SnO, may facilitate the catalytic activity
by removing the adsorbed CO from the Rh surface. Two different effects may corroborate to

explain this sudden improvement on CO-poisoning in Rh-SnO./C; (i) the bifunctional
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mechanism 7878 and (ii) the ligand effect due to electronic properties changes in the catalytic
center 9-%4 Therefore, to verify more carefully the main effect on Rh/SnO,-C sites during CO

oxidation reaction, CO stripping experiments were conducted coupled with in situ FTIRS.

Figure 34c depicts a series of spectra acquired during the CO stripping at 1 mV s on Rh/SnO.-
C, with a reference spectrum obtained at 0.10 V vs. RHE. Initially, the main bands at 1987 and
1856 cm™* were assigned, respectively, to linearly adsorbed (COL) and bridged bonded (COg)
CO on Rh* %8, According to previous studies®’, no CO adsorption band on SnO, was reported
since CO is not adsorbed on its surface. Then, the bands at 1392 and 1610 cm™ were assigned
to the symmetrical (vs(COQ)) carbonate (CO3?) ions vibrations and the water O-H bending

mode band, respectively®,

The alloy formation effect, according to XRD results, was highlighted in the onset potential for
carbonate formation, which starts at 0.20 V vs. RHE on Rh/SnO2-C while on Rh/C is at 0.40 V
vs. RHE. These results emphasize the Rh/SnO>-C ability of CO> formation at lower potentials.
Now, concerning the effect between the catalytic sites and probe chemisorbed molecules,
previous studies demonstrated that CO adsorbed band’s intensity as a function of applied
potential brings to light relevant information on how the vibration frequency strongly depends
on the electronic properties of the adsorption site®® %. However, in some studies, it was not easy
to establish these direct relations between potential applied and CO adsorbed bands' intensity
due to the Stark effect'®, which can influence the band intensity during the reaction shifting
the potential of CO adsorbed bands to lower or higher wavenumbers. This effect was previously
reported on Rh catalysts wherein the C-O stretching frequency exhibits a typical Stark shift
with a slope reaching 34 cm™! V1% %, Therefore, to minimize the Stark effect Figure 34d
depicts the CO adsorption bands frequency spectra on the Rh/C and Rh/SnO»-C at 0.15 V vs.
RHE; this potential was chosen to avoid CO oxidation, which starts at 0.20 V vs. RHE. It was
observed that on Rh/SnO2-C catalyst a decrease in the vibration frequency in both CO. and
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COgs moods on Rh adsorption was depicted, although, in the COL the shift effect was more

pronounced. These shifts can be interpreted in terms of electron-donating properties of the oxide

composite support, where the SnO- increases near to Rh and reduces the Rh—COags bond

strength by donor effect (where SnO acts as an electron density donor to Rh)01-193,

Figura 34 -(a) Rh/C and Rh/SnO.-C electrodes voltammograms (CVs) recorded in NaOH 0.10
mol L at room temperature and at 10 mVs™; (b) CO stripping on Rh/C and Rh/SnO,-C
electrodes recorded in a 0.1 mol L' NaOH solution at 10 mV s™!; (c) SPAIR spectra of the
species from CO oxidation in 0.1 mol L™! NaOH on Rh/SnO,-C. Reference spectrum taken at
0.10 V vs. RHE; (d) FTIR spectra obtained during the CO stripping at 0.15 V vs. RHE on Rh/C
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6.2.3 Glycerol Oxidation Reaction on Rh/C and Rh/SnO2-C catalysts

Figure 35a depicts the CVs profiles for 0.2 mol L glycerol oxidation in alkaline medium at

10 mV s on Rh/C and Rh/SnO,-C. The CVs were normalized using the Rh amount deposited
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onto the conductive support. Initially, it was observed that Rh/SnO»-C showed a higher current
density towards glycerol oxidation compared to Rh/C composition. The current density
increased almost 5-fold on the metal oxide composite catalyst in the oxidation peak (at 0.63 V
vs. RHE). Moreover, the onset potential was also affected, and on Rh/SnO»-C the GEOR started
almost 100 mV earlier, evidencing that the Rh interaction with the composite support improves
the structural effect (i.e donor effect) on the anode material, which results in a glycerol oxidation

kinetics enhancement?,

The stability is also an important parameter for evaluation when developing anode catalysts
toward DGFC’s. Then, the electrochemical Rh/SnO»>-C durability was investigated using
chronoamperometry. Although this measurement is not similar to the polarization curve of an
electrode material operating in a single fuel cell, these results allowed us an insight in terms of
reaction Kinetics at a given potential. Therefore, Figure 35b shows the Rh/C and Rh/SnO,-C
chronoamperometric curves at 0.55 V vs. RHE. The Rh/SnO,-C catalyst exhibited much higher

current density values than Rh/C over the entire time range.

These results stressed the metal oxide composite catalyst ability to decrease the poisoning effect
due to intermediates compounds of the incomplete GEOR and increased stability of this
electrode. This tendency was also discussed in other studies using SnO»-C carbon oxide
composite as support in EOR and Methanol Oxidation Reaction (MOR) 3447 due to the Sn
capacity to bond with OH molecules and the electronic effect (as demonstrated in Figure 34d)

between the metal and the oxide composite’ 88 %,
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Figura 35 - Rh/C and Rh/SnO2-C CVs recorded in NaOH 0.10 mol Lt in presence of 0.2 mol
L glycerol at 10 mVs™; (b) Chronoamperometry curves for GEOR at 0.55 V vs RHE during
1800s.
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Concerning DGFC’s device applications, the main interest is developing anode materials that
provide higher density currents at low potentials’®. Consequently, during the electrolysis
measurements it is crucial to evaluate the chosen potential value that comprises both aspects.

Thereupon, chromatographic analyses were performed at 0.55 V vs. RHE on Rh/SnO.-C .

Recently, Lima et al'® investigated the GEOR on Ag/C and PtAg/C catalysts by HPLC at 0.8
V vs. RHE in alkaline medium, which highlight that the beneficial in the onset potential shift (-
250 mV) in the GEOR on Rh/SnO2-C. Then, Figure 36a shows the quantitative glycerol
conversion results at 0.55 V vs. RHE for Rh-SnO/C, which reached 30 % of glycerol
consumption after 4 hours electrolysis time. This result can be considered attractive toward
electrochemical glycerol conversion, mainly due to its performance ability at low potential
values. As an example, Holade et al'® demonstrated that in PdAg/C glycerol conversion

reached 24 % after 4 hours at 0.8 VV vs RHE.

The reaction products distribution (Figure 36a) has shown glycerate (28.2 %) as the major
identified reaction product followed by tartronate (8.1 %), oxalate (9.2 %), glycolate (8.3 %),
and formate (11.2 %). Furthermore, the Rh/SnO»-C ability to break the C-C bonds at low

potentials was confirmed with oxalate, glycolate, and formate production during the
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electrolysis. However, it is important to stress that mass balance was calculated, reaching 65.0
%, suggesting that some compounds were not detected by HPLC probably due to the RID low
sensitivity (CO3%)1%®, and/or aldolization reaction in alkaline medium (Glyceraldehyde and

DHA)™®,

In order to get further insights on the GEOR mechanism on Rh/SnO»-C at low potentials, FTIRS
experiments were coupled with chronoamperometry measurements. Figure 36b shows the
accumulated FTIR spectra obtained at 0.55 V vs. RHE during 1800 s. According to HPLC
results, the same functional groups (carboxyl, hydroxyl...) were identified by comparing them
with standards recorded in the same electrolytic medium (Figure 56, 3S topic 8.3). Therefore,
as suggested by HPLC measurements, the C-C cleavage was confirmed at 1838 cm

corresponding to the COg adsorbed formation band %7,

The main bands were assigned as follows: 1581 cm (tartronate), 1389 cm™ (C0s.%), 1108 cm"
! (glycerate), 1074 cm™ (glycolate), and 1220 cm™ (glyceraldehyde) %1% The FTIRS
aldehyde determination is important because, as mentioned above, the HPLC determination is
complicated due to the nucleophilic attack on the carbonyl function resulting in glycerate.
Similarly, the RID low sensibility can make the COs.2 quantification difficult, however, it was
demonstrated by Lima’s group'® that it is possible to confirms the high CO3 concentration
due to difference in the relative intensity band between carbonyl containing compounds (at

1581 cm™!) and CO32 (at 1389 cm ™).

Therefore, it was easily observed the COs.2 band (at 1581 cm™) superior intensity indicating
that the carbonate formation is higher than glycerate at 0.55V vs. RHE. Thus, this might suggest
that Rh/SnO,-C facilitates the C1 formation at 0.55 V vs. RHE by C-C-C cleavage as previously
noticed by Garcia et al*'® for PtAg catalyst supported on manganese oxide-carbon composite.
Some approaches can be proposed to explain the beneficial effect in the activity and selectivity

of Rh/SnO2-C. (i) The electronic effect with the Rh-Sn alloy formation” (Figure 33b), which
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weakens the intermediates adsorption strength formed during the oxidation reaction; (ii) The
SnO2-C as a source of oxygenated groups (OHags) by bifunctional mechanism and following a

Langmuir-Hinshelwood mechanism’* 87,

At last, the band at 2343 cm™ corresponded to CO- production and was previously reported by
some authors® 1% as the pH value changes in the thin layer leading to a decrease in OH-
concentration even in alkaline medium allowing the CO3 to diffuse into the bulk solution to be

converted into carbonate.

Figure 36¢ depicts the accumulated FTIR spectra obtained at 0.70 V vs. RHE, where the main
changeset was noticed in the bands centered around 1400 cm™'. Cleary it was observed two
distinct bands centered at 1310 and 1358 cm™ corresponding to oxalate, and formate ions,
respectively. This result indicated a decrease in CO3% species formation when increasing the
applied potential, which evidenced that the C1 species generation was favored at low potentials
(Figure 36b). These results were similar to the ones noticed by Hiltrop et al*!! on Pd/CNT
catalyst at 0.77 V vs. RHE. It was demonstrated by increasing the potential, the lack of
carbonate band intensity indicates an overall lower degree of glycerol conversion and extent of
oxidation producing COs? as the final product. Finally, the GEOR on the Pt-based and Pd-
catalysts usually follows two pathways involving glyceraldehyde and /or dihydroxyacetone 12
114 The HPLC combined with FTIRS results suggested that on Rh/SnO2-C the main route in

the alkaline electrolyte involving the glyceraldehyde was the most probable.
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Figura 36 - GEOR products distribution by HPLC on Rh/SnO>-C after 4 hours of electrolysis
at 0.55 V vs. RHE; (b) FTIR spectra recorded during chronoamperometry experiment on
Rh/SnO,-C catalyst at 0.55 V vs RHE; (c) FTIR spectra recorded during chronoamperometry
experiment on Rh/SnO,-C catalyst at 0.70 V vs RHE.
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Additionally, based on HPLC and FTIRS results, the glycerol oxidation reaction scheme over
Rh/Sn0O,-C catalyst was proposed and illustrated in Figure 37. Firstly, during the beginning of
GEOR, Glycerol is initially converted into Glyceraldehyde, unstable in NaOH media, and

subsequently oxidized to Glycerate ion.

Eventually, the glycerate was rapidly oxidized into tartronate and/or glycolate, indicating that
at this stage the C-C cleavage occurred. However, as demonstrated by Liu et al. 2* and herein
confirmed by HPLC quantification, the glycerate conversion also allows the formate production
and, subsequently, the carbonate. Holade et al*®® also demonstrated that in this stage, the
formate occurs on CO adsorbed conditions. On the other hand, the carbonate is also formatted

when the glycolate was oxidized in oxalate and, finally, carbonate. According to Figure 36c,
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when increased the potential value, the C-C-C cleavage decreases dramatically, promoting the

majority of the formate and oxalate ions.

Figura 37 - Reaction pathway scheme for GEOR on Rh/SnO>-C catalyst in alkaline medium
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6.2.4 DGFC testing in a home-made cell at room temperature

To evaluate the promising characteristics of the Rh/SnO»-C proposed catalyst, the DGFC tests
were conducted in a home-made acrylic cell, which was composed by two compartments
separated with an anion exchange membrane!®. Firstly, it is essential to emphasize that this
investigation was focused mainly on each component's behavior during the GEOR, aiming at
performing an analysis of the electrolytic solution by liquid chromatography. Consequently, as
can be observed in the supplementary material, the electrode materials were not coated on the
membrane as an MEA. Therefore, the polarization curves were carried out at room temperature
and using a PdFe/C as a cathode (prepared by our research team). This cathode composition was
chosen due to the recently reported performance in the ORR and high tolerance to alcohol and

CO species® 116117,
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Figure 38a shows the polarization curves of Rh/SnO.-C and PdFe/C as anode and cathode,
respectively. A reference electrode (Hg/HgO/OH- 0.1 mol L™?) was included in each
compartment, and the polarization curve was recorded separately. The ORR starts at 0.90 V vs.

RHE and the potential decreases slightly during the working interval.

The anode profile shows an increase in the potential from 0.25 vs. RHE and then, was observed
a dropwise up to 1,300 HA cm. This behavior demonstrated that the anode was the electrode
that limits the GEOR reaction in this cell configuration. Nevertheless, Figure 38b shows the
output power density of 390 pW cm compared to 97 pW cm on the Pd/C catalyst (prepared

by the same polyol method for comparison).

As can be observed, the Rh/SnO2-C electrocatalyst presents the superior electrochemical
performance with the largest current densities in the whole studied range. By evaluating the
power density it was observed that on Rh/SnO>-C it is 3.9 times higher than on the Pd/C anode
for GEOR. Thus, it was possible to confirm that the GEOR is proceeding more rapidly on
Rh/SnO»-C surface. The promoting effect is highlighted due to the alloy formation and the

increased oxygenated groups' presence from SnO»-C in the catalyst.

Figura 38 - E-j polarizations curves obtained at the electrodes of a DGFC operating at room
temperature and in alkaline medium where: Rh/SnO,-C anode fed with 0.1 mol L Glycerol and
0.5 mol L NaOH; PdFe/C cathode fed with Oz ; (b) Electrochemical performances of a DGFC
at 25 °C using PdFe/C (0.2 mg cm™) as cathode catalyst; the anodic compartment contains 0.5
mol Lt NaOH and 0.1 mol L glycerol separated to the cathodic one.
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6.3 CONCLUSIONS

Rh/C and Rh/SnO»-C catalysts were successfully prepared by polyol method and used to
evaluate the GEOR in alkaline medium. The nanoparticles showed a distribution size of 2.7 and
1.8 nm in Rh/C and Rh/SnO.-C, respectively. Electrochemical measurements were coupled
with spectroelectrochemistry (FTIRS) and the results were correlated with physicochemical
characterizations to understand the electronic effect between Rh and Sn during the synthesis
process. Additionally, the HPLC and the FTIRS results demonstrated the glycerate and CO3*
as the main GEOR products at 0.55 V vs. RHE. The carbonate formation highlighted the C-C-
C bond cleavage ability on Rh/SnO»-C catalyst surface. FTIRS results demonstrated that when
increased the potential value the majority reaction products were oxalate and formate ions. The
results indicated that on Rh/SnO»-C catalysts the reaction follows the glyceraldehyde pathway.
The DGFC tests were performed and showed that on Rh/SnO2-C the power density peak is 3.9
times higher than on the Pd/C anode. The physicochemical properties of the anode such as the
high alloying degree may explain the beneficial ensemble (electronic and bifunctional) effects

on the GEOR.
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Conclus0es gerais

Neste estudo foram propostas a sintese eletrocatalisadores a base de paladio, platina e rodio
para promogdo da eletro-oxidacéo de etanol e glicerol. Os resultados de caracterizagéo fisico
quimica e eletroquimica foram integrados para avaliar a atividade eletrocatalitica dos materiais

preparados. Foram preparados catalisadores do tipo PtxRhy/C, PdxRhy/C e Rh/SnO,-C.

Inicialmente os catalisadores do tipo PtxRhy/C e PdxRhy/C foram preparados a partir do
método BAE. Esta metodologia foi escolhida por ser reportada anteriormente como uma rota
simples e eficiente para a obtencdo de nanomateriais com propriedades fisico quimicas
interessantes para a aplicagdo em estudos para AEM-DAFCs, como: tamanho de particula,

dispersdo e possibilidade de formacéo de liga metélica.

A avaliacdo da atividade eletrocatalitica para a EOR em eletrocatalisadores do tipo PtxRhy/C
foi realizada inicialmente com a avaliacdo dos parametros fisico quimicos. As andlises de DRX
e XPS confirmaram a formacéo de liga entre a Pt e Rh, sendo para a composicao PtsoRhso/C
encontrada a porcentagem de 51 % de formacdo de liga (a partir da lei de Vegard). O tamanho
médio das particulas variou entre 2,8-3,6 nm, de acordo com as andlises realizadas por MET.
A composigdo PtsoRhso/C apresentou maior atividade eletrocatalitica frente a EOR. Os
resultados de voltametria ciclica em presenca de etanol demonstraram que a composicao
bimetalica promoveu uma diminuic¢do no potencial de inicio da eletro-oxida¢do do etanol o que

é vantajoso em comportamento como anodos para AEM-DAFCs.

A EOR nos catalisadores do tipo PtxRhy/C foi avaliada por meio de experimentos de eletrélise
de longa duracdo com potencial fixo em 0,6 V (vs. RHE) durante 4 horas. Aliquotas colhidas
em periodos de tempo pré-determinadas foram analisadas por meio de CLAE e os resultados
indicaram que a adicdo de Rh as composi¢des bimetalicas aumentou concentragdo de COs*
formado como produto final. As anélises também indicaram a quantificacdo de acetato como
intermediario de reacdo, o que indicou a ocorréncia da EOR pelos dois caminhos de reagdo

possiveis. A avaliacdo do comportamento como anodo foi estudada com o eletrocatalisador
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PtsoRhso/C mostrando um potencial de circuito aberto de 100 mV mais elevado em comparacéo
a trabalhos anteriores de catalisadores do tipo PtxRhy/C, além de maior estabilidade quando

utilizado catodo de PdSe/C substituindo a Pt/C.

Os eletrocatalisadores do tipo PdxRhy/C preparados pelo método BAE foram testados em EOR
e GEOR. A caracterizacao fisico quimica mostrou a formacéo de liga entre o Pd e Rh, com a
maior porcentagem de formacéo de liga sendo para a composi¢do PdsoRhso/C, com 47 % de

liga formada (lei de Vegard).

Os resultados da analise de XPS para a composicdo PdsoRhso/C demonstraram a presenca de
espécies oxidaas de Rh e Pd na superficie do catalisador, o que corrobora com a formacéao de
liga demonstrada pelo DRX o que favorece a remocao oxidativa dos intermediarios de reacao.
A caracterizacdo eletroquimica realizada por meio de analises de CO stripping acoplada a
FTIRS in situ indicou a presenca o efeito eletrénico presente nas composicdes bimetalicas com
a doacdo de elétrons do Rh para o Pd. Consequentemente, ocorreu o favorecimento da eletro-
oxidacdo de COags a carbonato, evidenciado também com a resposta voltamétrica do CO
stripping em que o pico de eletro-oxidagdo do COags é deslocado negativamente mais de 300

mV.

Os resultados de avaliacdo da EOR em catalisadores demonstraram que para a composicao
PdsoRhso/C ocorre um aumento de 2 vezes na densidade méxima de corrente de oxidagdo. Alem
disso, ocorre também o deslocamento negativo de quase 200 mV no potencial de inicio de
reacdo evidenciando o efeito do ligante corroborado pelas analises de XPS e FTIRS in situ. As
andlises para a quantificacdo de produtos intermediarios de reacdo demostraram via CLAE e
FTIRS que a adi¢do do Rh aumentou a concentragdo de COs% ao longo dos experimentos de
eletrolise (0,7 V vs. RHE) para o catalisador bimetalico, o que indica o favorecimento da quebra

das ligac@es do tipo C-C no combustivel.
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Para a GEOR utilizando a composi¢do PdsoRhso/C, 0s resultados voltamétricos em presenca de
glicerol mostraram que a densidade mé&xima de corrente alcan¢ada ndo é muito elevada quando
comparada a composicéo Pd/C. Entretanto, ao avaliarmos GEOR ao longo de todo intervalo de
potencial estudado é facilmente verificado o efeito benéfico da adicdo do Rh a composicdo em
potenciais mais baixos. A conversdo de glicerol foi avaliada por CLAE e mostrou que apos 4
horas de eletrolise em potencial constante (0,70 V vs. RHE) a composicdo PdsoRhso/C
converteu 34 % do combustivel. Os principais produtos de reacdo encontrados por meio de
CLAE e FTIRS in situ foram tartronato e glicerato, com a confirmagdo da quebra de ligagOes

C-C em potenciais baixos.

Para entender melhor a contribuicdo do Rh nos catalisadores bimetalicos, Rh/C foi preparado a
partir do método BAE. As analises de caracterizacao fisico quimica mostraram o tamanho de
particula proximo de 3,0 nm. Os resultados de MET indicaram a presenca de aglomerados de

Rh sobre o suporte de carbono.

As andlises de XPS para o Rh/C demonstraram a formacao das espécies Rh'"' e Rh° na superficie
do eletrocatalisador, sendo posteriormente conformado pelas analises de CO stripping
acopladadas com FTIRS in situ. Com isso, foi demonstrado que em catalisadores de Rh
suportados em carbono Vulcan a adsorcéo de CO ocorre sob as conformagdes linear e em ponte.
As analises in situ de FTIRS mostraram a facilidade do Rh em doac&o de elétrons na banda 4d,
0 que ajuda a explicar as mudancas em propriedades dos materiais bimetalicos contendo Rh. A
avaliacdo dos produtos de EOR mostraram que Rh consegue romper as liga¢es C-C em baixos
potenciais e a rea¢do segue 0s dois principais caminhos de reagcdo com a formacao de acetato e

carbonato.

As contribui¢des do Rh/C durante a GEOR foram avaliadas por meio de CLAE e FTIRS in situ
e mostraram que o ion glicerato é o produto majoritario em condigdes de baixo potencial

aplicado, e a reacdo segue o mecanismo reacional do gliceraldeido. A formacédo do glicerato é
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interessante para sistemas de cogeracdo de energia, uma vez que o &cido glicérico € um produto

de alto valor agregado.

Considerando que a atividade eletrocatalitica de eletrodos de Rh/C apresenta valores baixos de
densidade de corrente de eletro-oxidagéo, a forma escolhida para aumentar a atividade desde
tipo de eletrocatalisador foi a mudanca do material suporte. Com isso, foi realizada a preparagéo

de um suporte composito de 6xido de estanho-carbono utilizando o método de Pechini.

Ap0s o preparo do compésito o eletrodo Rh/SnO»-C foi preparado a partir do método poliol por
se tratar de um método explorado na literatura mostrando resultados de aumento de atividade
catalitica com a diminuicdo dos tamanhos de nanoparticulas preparadas de modo a impactar

diretamente na area superficial dos materiais.

A caracterizacdo fisico-quimica indicou que a modificacdo com o suporte diminuiu o tamanho
de cristalito dos materiais (DRX). As imagens de MET indicaram a formacdo de alguns
aglomerados com baixa definicdo morfologica das nanoparticulas de Rh para a composicao
com o suporte modificado. As imagens de MET indicaram também a posicdo do majoritaria do
Rh sob as nanoparticulas de SnO> e ndo sobre o carbono o que favorece a ocorréncia de efeito
eletronico entre Rh e Sn. Consequentemente, analises de DRX e EDX indicaram a formacéo de
liga metéalica entre o Rh e o0 Sn (58 % lei de Vegard), sendo corroborado pelas analises de CO

stripping acopladas com FTIRS in situ.

A caracterizacdo eletroquimica Rh/SnO.-C mostrou o efeito benéfico do uso do suporte
modificado com o aumento de &rea eletroquimica a partir dos voltamogramas em presenca de
eletrolito. Avaliagdo do mecanismo de eletro-oxidacéo de COags N0 eletrocalisador demonstrou
a facilidade de oxidag&o a carbonato a partir de efeito bifuncional e eletrénico. A avaliagdo da
GEOR sobre Rh/SnO,-C mostrou que comparado a Rh/C, a reacdo aumentou a eficiénciaem 5

vezes de acordo com os dados de densidade de corrente méxima (voltametria ciclica). As
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analises de cronoamperometria demonstraram a estabilidade do eletrodo compoésito em
condigdes de corrente fixa ao longo de 30 minutos. Os resultados obtidos com as anélises de
CLAE e FTIRS in situ indicaram a formac&o de carbonato e glicerato como principais produtos
de reacdo a 0,55 V vs. RHE. Quando avaliado em potencial mais elevado (0,70 vs. ERH), os
ions oxalato e formato foram os produtos majoritarios. Os testes em composi¢cdo de AEM-
DGFC demonstraram uma densidade de poténcia para Rh/SnO,-C como anodo 5 vezes mais
elevada que para a composicdo Pd/C preparada pelo mesmo método. Com isso, foi considerado

um promissor anodo para aplicacéo neste tipo de dispositivo.

Espera-se que resultados obtidos ao longo deste trabalho sirvam como direcdo para o
aperfeicoamento e potencial aplicacdo de materiais modificados com Rh em reacdes de EOR e
GEOR com proposito de geracdo de energia limpa e renovavel. Além disso, para o caso de
aplicacdo em reacdes de GEOR a possibilidade de geracdo de energia e simultanea producdo

de produtos de elevado valor agregado ampliam a gama de atuacdo dos dispositivos DGFCs.
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8.1 SUPPLEMENTARY MATERIAL: CHAPTER 3

Rhodium effects on Pt anode materials in a Direct Alkaline Ethanol fuel cell

Thamyres Fernandes Messa Moreira 2°, Sidney Aquino Neto ? Charly Lemoine b Kouakou
Boniface Kokoh®, Claudia Morais®, Teko Wilhelmin Napporn®“and Paulo Olivi *

dLaboratdrio de Eletroquimica e Eletrocatalise Ambiental, Departamento de Quimica da
Faculdade de Filosofia Ciéncias e Letras de Ribeirdo Preto, Universidade de Sao Paulo, Av.
Bandeirantes, 3900, 14040-901 Ribeirdo Preto, SP, Brazil,

bUniversité de Poitiers, IC2MP UMR 7285 CNRS, 4, rue Michel Brunet B27, TSA 51106, 86073
Poitiers Cedex 09, France

8.1.1. Optimization of Pt¢Br/C catalysts

As pointed out above and before adding Rh co-elements, the preparation of the Pt-based
catalysts from the state-of-the-art BAE method was revisited by varying the parameter ¢ =
n(KBr)/n(metal (s)) from 0 to 6.5. Indeed, it can be observed a color change when adding under
VIGEOROous stirring the bromide solution to the precursor metal salt solution composed of the
Pt chloride. The bromide effect which consists in replacing the chloride ligands on the metallic
ion was followed by UV-vis measurements for 1 h. The Pt0.0/C spectra showed intense
absorption band at 262 nm corresponding to ligand-to-metal charge transfer transition for
[PtCle]* ion complex 353354 KBr addition leads to a decrease in the intensity of this band, which
can be explained by the formation of mixed complex of [PtClexBrx] 2 (with 0 > x > 6) 1°7:204,
One can also notice the band appearance as shoulder at ca. 308 nm indicating a partial
substitution of Brin the structure of the initial complex.

Otherwise, the resulting powders obtained after the reduction step (with NaBH4) and
recovering of the Pt¢Br/C samples, XRD and TEM characterizations were undertaken to check
the steric effect of the bromide ion on the crystallite size. From Debye’s Scherer equation 2%,
the crystallite sizes of the Pt¢Br/C samples were estimated, decreasing when the ¢ value
increases up to 5.5. Highlighting the (111) plane peaks, Pt5.5Br/C has the smallest size (2.79
nm), and Pt0.0Br/C has the largest one (4.94 nm), which provides sound evidences to the steric
effect playing by the bromide ligand around the metal atom, and stabilizing the particle during

the reduction process into Pt5.5Br/C. Nevertheless, in terms of catalytic applications, the metal
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dispersion on the conducting substrate is also a key factor of enhancing the catalytic activity of
the electrode material.

Therefore, the Br~ behavior on the dispersion of particles was characterized by TEM analysis
for Pt0.0Br/C and Pt5.5Br/C. As can be observed on Figure Sl-1, the images clearly show
differences in the shape of the nanoparticles. The Pt0.0Br/C (Figure Sl-1a) shows dark spots
with more agglomeration and less spherical shape particles, while in Figure 1b the Pt5.5Br/C
particles are well dispersed on the carbon substrate, with the presence of more particles under
spherical shape. Additionally, the mean particle size (Dm,p) confirms the bromide capping effect
on the particle size control. In the case of Pt5.5Br/C the mean particles diameter decreases
down to 3.03 nm £ 0.6 nm in comparison with 4.5 nm + 0.7 for Pt0.0Br/C. Compared to the
particle size (5.4 nm) of Pt/C catalyst recently prepared by Huang and co-works *° using
borohydride reduction process, it is clear that the insertion of Br- has a great effect for
controlling the particle growth during the BAE reduction process when the ratio ¢ is equal to
5.5.

Figura 39 -Figure SI-1 TEM images for optimizing the BAE synthetic method on Pt-based
electrode materials. (a) Pt0.0Br/C and (b) Pt5.5Br/C samples in two different amplified regions
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The prepared PtoBr/C samples were then characterized by cyclic voltammetry in a supporting
electrolyte (1.0 mol Lt NaOH) in the potential range of 0.05 - 1.15 V vs. RHE at 10 mV s
scan rate. As the specific electrochemical active surface area (SECSA) depends on the current
associated with the hydrogen adsorption/desorption region, the recording of the
voltammograms of each Pt¢Br/C electrode (Figure S1-2a) allowed calculating the catalytic
activity of the BAE-synthesized samples (considering a 210 uC cm coulombic charge for a
Pt-Hags monolayer). It can be observed a main change in the hydrogen adsorption/desorption
region according to the ¢ parameter. Indeed, the Pt0.0Br/C composition presents a lower peak
intensity, which means a lower voltammetric area and subsequently, a smaller amount of
available active sites. Conversely, the Pt5.5Br/C composition depicts the highest definition in
this characteristic potential domain, which provides another trend of the bromide ligand effect
on the electrode surface prepared from the BAE synthetic approach. Figure SI-2b shows that
SECSA of the Pt5.5Br/C composition reaches 40 m2 g, while that of the Pt0.0Br/C catalyst is
25 m?gt, which represents a 37% enhancement.

Figura 40 - (a) Voltammograms of the Pt¢Br/C electrodes recorded in NaOH 1 mol L-1 at

room temperature and at 10 mV s-1; (b) Specific electrochemical active surface area as function
of the ¢ parameter for each prepared Pt¢Br/C catalyst; evaluation done from Figure Sl-2a.
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From the previous optimization of the BAE protocol probed on Pt-based materials to optimize

¢ at 5.5, different PtxRhy/C catalyst compositions were synthesized under similar conditions
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and their metal loadings were measured by thermogravimetric analysis (TGA). Typically, the

thermogravimetric profiles present similar mass loss behavior as can be seen in Figure SI-3.

The small weight loss observed at the beginning of the curves (up to 390 °C) is associated with

the removal of water adsorbed on the surface. The greatest loss of mass starts at 390 °C (Pt/C)

and 423 °C (PtxRhy/C), corresponding to the carbon support combustion, as already reported

204, 262

Figura 41 - Figure SI-3: TGA curves for the PtxRhy/C nanoparticles in air atmosphere, at 10
°C min-1 linear temperature variation from 25 to 900 °C.
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Beyond 600 °C, one an asymptotic trend of the weight is reached, the experimental mass

loading of each sample can be deduced. It is comprised between 17.5 (Pt/C) and 22.4%

(PtxRhy/C), which is close to the expected 20 wt.% mass loading.
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Figura 42 Figure SI-4: (a) TEM images for PteoRh4o/C material. (d) EDX spectra of
PtsoRh4o/C particle; (b) TEM images for Pt;o0Rh3o/C material. (e) EDX spectra of
PtzoRh30/C particle; (¢) TEM images for PtgoRh20o/C material. (f) EDX spectra of

PtgoRh20o/C particle.
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Figura 43 - Figure SI-5: X-ray photoelectron spectra of (a) Pt4f and (b) Rh3d in Pt50Rh50/C
catalysts.
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Figura 44 - Figure SI-6: Voltammograms (CVs) of Pt and Rh based electrode materials
prepared from the revisited BAE route. These CVs were recorded at room temperature and 10
mV s-1 and in 1 mol L-1 NaOH, in the presence of 0.2 mol L-1 ethanol.
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Figura 45 - Figure SI-7: Chronoamperometric curves at 0.6 V (vs. RHE) in 0.2 mol/L CH30H
+ 1.0 mol/L NaOH solution during 1800 s.
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8.2 SUPPLEMENTARY MATERIAL: CHAPTER 4

An FTIR study of the electrooxidation of C2 and C3 alcohols on carbon supported
PdxRhy materials in alkaline medium
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Figura 46 - Figure S1: TGA curves for the PdxRhy/C catalysts in conditions of: air
atmosphere, at 10 °C min-1 linear temperature variation from 25 to 900 °C.
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Figura 47 - Figure S2: (a) XRD patterns of the carbon supported PdxRhy materials
prepared by BAE method; (b) Influence of atomic percentage of the Rhodium on the
crystal lattice parameter of the PdxRhy/C catalysts.
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Figura 48 - Figure S3: X-ray photoelectron spectra of (a) Pd3d and (b) Rh3d in PdsoRhso/C
catalyst.
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Figura 49 - Figure S4: SPAIRS spectra of the species from CO oxidation in 0.1 mol L—1
NaOH on Pd/C. Reference spectrum taken at 0.10 V vs. RHE.
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Figura 50 - Figure S5: FTIR spectra of the reference solution of sodium carbonate (Na2CO3)
and acetic acid both in 0.1 mol X! NaOH.
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Figura 51 - Figure S6: SPAIR spectra obtained during 0.20 mol L-1 ethanol oxidation in 0.1
mol L—1 NaOH on Pd/C
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Figura 52 - Figure S7: SPAIR spectra obtained during 0.20 mol L-1 glycerol oxidation in 0.1
mol L—1 NaOH on Pd/C;
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Figura 53 - Figure S8: FTIR reference solution spectra in 0.1 mol L' NaOH.
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8.3 SUPPLEMENTARY MATERIAL: CHAPTER 5

The Role of Rhodium Supported Catalyst on Ethanol and Glycerol Oxidation in
Alkaline Medium: in situ FTIRS and Chromatographic studies
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Figura 54 -Figure 1S: (a) The electrode potential profile as a function of the electrolysis time;
(b) current variation profile during the electrolysis time.
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Figura 55 -Figure 2S FTIR spectra of the reference solution of sodium carbonate (Na2COz)
and acetic acid in NaOH 0.10 mol L™
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Figura 56 - Figure 3S: FTIR reference solutions spectra in 0.1 mol L~/ NaOH.
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