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Resumo

Esse trabalho teve como objetivo a aplicagdo de peneiras moleculares
mesoporosas de silica como suporte para metal em aplicagdes em eletrodos na
Célula a combustivel a metanol direto (DMFC). As peneiras moleculares mais
importantes, MCM-41, MCM-48 e SBA-15, foram escolhidas. Em um primeiro
momento a reprodutibilidade das sinteses foi verificada. Como pesquisa lateral foi
estudada a acidez de superficie da SBA-15 contendo aluminio obtida por sintese
direta. Além disso, foi desenvolvida a primeira sintese direta para a [Al]-SBA-15

Silica € um isolante elétrico e, portanto, ndo pode ser utilizada como um
eletrodo, deste modo, uma nova familia de compdsitos chamada Carbonos
Ceramicos Mesoporosos (MCC) foi preparada pela adigao de grafite comercial na
sintese das silicas mesoporosas (MCM-41, MCM-48 ou SBA-15).

A grafite ndo influenciou na formagao da mesofase de silica, de qualquer
maneira, a MCC-MCM-41 e a MCC-MCM-48 cresceram na superficie da grafite.
As MCCs preparadas com razao em massa silica/carbono de 1/1 e 1/1.25
apresentaram condutividades elétricas similares enquanto MCCs com menos
quantidade de carbono se mostraram isolantes elétricos.

As MCCs(1/1) modificadas com 20 % em massa de paladio foram usadas
na DMFC chegando no maximo a desempenhos 10 vezes menores que o do
sistema usando o suporte comercia Vulcan XC-72R. Esse comportamento foi
atribuida a menos condutividade elétrica dos MCCs.

Para aumentar a condutividade elétrica dos MCCs(1/1), o agente
direcionador organico usado na sintese da fase silicica foi carbononizado ( ao
invez de calcinado, como feito anteriormente) Alternativamente, os MCCs foram
sintetizados com uma razdo em massa silica/carbono de 1/3. Os testes dos MCCs
contendo 20 % em massa de platina no catodo da DMFC mostraram melhores
resultados para a MCC-SBA-15(1/3) e a MCC-MCM-48(1/1) pirolisada. Por outro
lado, o despenho do sistema usando o suporte Vulcan-XC-72R foi o dobro.

Modificados com 60 % em massa da liga PtRu, o MCC-SBA-15(1/3) e o
MCC-MCM-48(1/1) pirolisado foram aplicados no anodo da DMFC, alcangando

desempenhos 20 e 40 % maiores que a Vulcan XC-72R.
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Abstract

The present work aimed at using mesoporous silica as metal support for
Direct Methanol Fuel Cell (DMFC) electrodes. The most important mesoporous
silica, MCM-41, MCM-48 and SBA-15, were chosen. In a first moment their
synthesis were verified with respect to the reproductibility. As side results, the
surface acidity of aluminum containing SBA-15 obtained by direct synthesis was
also studied and it is also reported the first [All-SBA-16 obtained by direct
synthesis was reported.

Silica is electrically insulating and thus cannot be used directly in a cell
electrode, thus it was reported here the preparation of the novel composite named
Mesoporous Carbon Ceramics (MCC) obtained by the addition of commercial
graphite into the mesoporous silica synthesis (MCM-41, MCM-48 or SBA-15).

The graphite did not influence in the formation of the silica mesophase,
however, MCC-MCM-41 and MCC-MCM-48 grow on the graphite surface. The
MCCs prepared with silica/carbon weight ratio of 1/1 and 1/1.25 presented similar
electrical conductivities while lower carbon loading MCCs were found insulating.

The MCCs(1/1) modified with 20 wt % of platinum were used on Direct
Methanol Fuel Cell electrodes (DMFC) reaching performances more ten 10 times
lower than that of a system using the commercial metal support Vulcan XC-72R,
probably due to their lower electrical conductivity.

To increase the electrical conductivity of the MCCs(1/1), the surfactant used
to synthesize the silica phase was carbonized (instead of calcined as done for the
previous materials). Alternatively, MCCs was synthesized with silica/carbon weight
ratio of 1/3. The test of 20 wt. % platinum-containing MCCs on the cathode of the
DMFC showed that the best results were obtained for the MCC-SBA-15(1/3) and
for the template-pyrolysed MCC-MCM-48(1/1), however, the performance was
approximately half of that of the system using Vulcan-XC-72R.

When modified with 60 wt % of PtRu alloy, MCC-SBA-15(1/3) and to the
template-pyrolysed MCC-MCM-48(1/1) and applied on the DMFC anode, the
performances at 343 K was ca. 20 and 40 % higher that that obtained for the
system using Vulcan XC-72R.

xxiii



Indice

indice de Figuras XXxi
indice de Tabelas XXXiX
Capitulo 1 — Introducao Geral 1
Célula a Combustivel de Membrana de Condug¢éao Proténica 2
Eletrodos 6
Peneiras Moleculares Mesoporosas de Silica 10
Objetivos 14
Referéncias * 14

Capitulo 2 — Sintese e Caracterizacao de Peneiras Moleculares

Mesoporosas 17

Introdugao 18

Sintese e caracterizagao da MCM-41, [Al]-MCM-41, MCM-48 e [Al]-MCM-

48 20
Experimental 20
Sintese da MCM-41 20

Sintese da MCM-48 20

Sintese da [All-MCM-41 20

Sintese da [All-MCM-48 20

Calcinacao 21

XXV



Resultados e Discussao 21

Referencias 25

Artigo: Physico-chemical Characterization and Surface Acid Properties of

Mesoporous [Al]-SBA-15 Obtained by Direct Synthesis 27
Introduction 29
Experimental 31

Synthesis of [Al]-SBA-15(1) 31
Synthesis of [Al]-SBA-15(2) 32
Synthesis of [Al]-SBA-15(3) 32
Post-synthesis aluminated SBA-15 ([Al]-SBA-15(P) 32
Characterization methods 33
Results and Discussion 34
Synthesis of Materials 34
FTIR Studies of the [Al]-SBA-15 Acidity 40
Conclusion 56
References 57

Artigo: Surface Acidity of Novel Mesostructured Silicas with Framework

Aluminium Obtained by SBA-16 Related Synthesis 60
Introduction 61
Experimental 62
Discussion 63
Conclusion 68

References 68

XXVi



Capitulo 3 — Construgao de uma Estacdao de Provas para Testes

em Células a Combustivel a Metanol Direto 71
Introdugao 72
Referencias 73

Artigo: Implementation and Optimization of the HySyLab DMFC Single Cell

Test Station 74
Introduction 75
System Assembling 75

System Design 75
Using the System 79
Electrode Preparation 79
MEA and Cell Assembly 80
Cell activation 81
Air and Methanol Flow 84
Characterization of the MEA 85
Conclusion 86
References 86

Capitulo 4 — Sintese e Caracterizacdo dos Novos Carbonos
Ceramicos Mesoporosos e suas Propriedades como Eletrodos da

Célula a Combustivel a Metanol Direto 88

Introducgao 89

Referencias 20

XX Vil



Artigo: Novel Mesoporous Carbon Ceramics Composites As Electrodes For

Direct Methanol Fuel Cell 91
Introduction 92
Experimental 92

Synthesis of MCM-41 Mesoporous Carbon Ceramic 92
Synthesis of MCM-48 MesoporousCarbon Ceramic 92
Synthesis of SBA-15 Mesoporous Carbon Ceramic 93
Pt and PtRu deposition 93
Characterization Techniques 93
DMFC Tests 93
Results and Discussion 94
Synthesis and characterization 94
MCC as cathode for DMFC 96
MCC-SBA-15 (1/3) as anode for DMFC 98
Conclusion 99
References 99

Artigo: Aplicagao dos Novos Carbonos Ceramicos Mesoporosos em

Elétrodos da Célula a Combustivel a Metanol Direto 101
Introdugao 101
Experimental 102

Sintese do Carbono Ceréamico Mesoporoso com estrutura MCM-41
102

Sintese do Carbono Cerédmico Mesoporoso com estrutura MCM-48
102

XXVviii



Sintese do Carbono Cerdmico Mesoporoso com estrutura SBA-15
102

Tratamento pds-sintese 102

Deposigéo de Pt ou PtRu nos Carbonos Cerdmicos Mesoporosos
103

Caracterizagéo 103

Preparagdo dos eletrodos e montagem do conjunto membrana-

eletrodo (MEA) 103
Resultos e Discussao 103
Sintese 103
Caracterizagao 103

Teste das MCCs no catodo da DMFC 105

Conclusodes 108
Referéncias 108
Capitulo 5 — Conclusodes e Perspectivas 109

Supporting Information 112

XX1X



indice de Figuras

Capitulo 1

Figura 1. Esquema simplificado e reagées envolvidas na PEMFC 3

Figura 2. Estrutura molecular de membranas poliméricas de

politetrafluoroetileno sulfonado usadas como eletrélito para a PEMFC. __ 4

Figura 3. Esquema do Nafion® 5

Figura 4. Pratos de grafite com canais para fluxo dos reagentes de uma
DMFC 7

Figura 5. llustragcao esquematica de um eletrodo 8

Figura 6. Representagcao das celas unitarias da (a) MCM-41, (b) MCM-48 e (c)
MCM-50 11

Figura 7. Mecanismo simplificado para a sintese da MCM-41 12

Capitulo 2 — Sintese e Caracterizacao de Peneiras Moleculares

Figura 1. Difratograma de raios-X da (a) MCM-41 e da (b) [Al]-MCM-41 ____ 21

Figura 2. (A) Isoterma de fisissorgao de nitrogénio a 77 K e (B) Distribuigao
dos diametros de poros para a MCM-41 (circulos vazios) e [Al]l-MCM-41

(circulos preenchidos) 22

Figura 3. Espectro de ? AI-MAS-NMR para a [Al]-MCM-41. 22

Figura 4. Difratograma de raios-X da (a) MCM-48 e da (b) [A]]-MCM-48 23

Figura 5. (A) Isoterma de fisissorgcao de nitrogénio a 77 K e (B) Distribuigao
dos diametros de poros para a MCM-41 (circulos vazios) e [Al]-MCM-41

(circulos preenchidos). 24

XXX1



Figura 6. Espectro de >’ AI-MAS-NMR da [Al]-MCM-41 24

Artigo: Physico-chemical Characterization and Surface Acid Properties of
Mesoporous [Al]-SBA-15 Obtained by Direct Synthesis

Figure 1. X-ray diffraction pattern of pure siliceous, calcined SBA-15
(a), [Al]-SBA-15(P) (b), [Al]-SBA-15(1) (c), [Al]-SBA-15(2) (d), [Al]-SBA-15(3)
(e). 35

Figure 2. N2 physisorption isotherms (A and B) and pore size
distribution determined by NLDFT (A’ and B’) of pure silica SBA-15 ([), [Al]-
SBA-15(P) (1), [Al]-SBA-15(1)([), [Al]-SBA-15(2) ([1), [Al]-SBA-15(3) (1) __ 36

Figure 3. (A) 27Al MAS NMR of as-synthesized (a) [AI]-SBA-15(1), (b)
[Al]-SBA-15(2) and (c) [AI]-SBA-15(3); (B) 27Al MAS NMR of calcined (d) [Al]-
SBA-15(1), (e) [Al]- SBA-15(2), (f) [Al]-SBA-15(3) and (g) [Al]-SBA-15(P). __ 38

Figure 4. FTIR spectra in the 3800-3400 cm-1 region of pure silica SBA-

15 (a) and [Al]-SBA-15(P)(b) (frame A), [Al]-SBA-15(1) (c), [Al]-SBA-15(2) (d)
and [Al]-SBA-15(3) (e) (Frame B) pre-treated in vacuum at 400° for 2h. Inset:
exploded view of the IR spectra of [Al]-SBA-15(1) and [AlI]-SBA-15(2) samples
40

Figure 5. FTIR spectra of CO adsorbed at 100 K (maximum pressure 64
mbar) on pure silica SBA-15 (Frames A, A’) and [AlI]-SBA-15(P) (Frames B,
B’); before the adsorption, all samples were outgassed at 673 K for 2 h. Inset
of Figure 5B reports an exploded view of the FTIR spectra collected after
admission of CO on [Al]-SBA-15(P) sample. Spectra are reported after
subtraction of the spectrum of bare sample, (before CO interaction) used as
a background. In the inset of Figure 5A the direct spectra in the 3800-3600
cm-1 range for SBA-15 before (curve a) and after (curve b) interaction with 64
mbar CO at 100K are reported. The arrows indicate decreasing CO pressure

43

XXXil



Figure 6. FTIR spectra of CO adsorbed at 100 K (maximum pressure 64
mbar) on [AlI]-SBA-15(1) (Frames A, A’), [Al]-SBA-15(2) (Frames B, B’) and
[Al]-SBA-15(3) (Frames C, C’). Before the adsorption samples were
outgassed at 673 K for 2 h. Spectra are reported after subtraction of the
spectrum of bare sample (before CO interaction), used as a background.
Insets reports an enlarged view of the spectra in the 3600-3100 cm-1. The

arrows indicate decreasing CO pressure. 46

Figure 7. (A) FTIR spectra of [Al]-SBA-15(3) collected before NH3
admission (a), after adsorption of 100 mbar NH3 (b) and subsequent
outgassing for 30 min at room temperature (c); (B) FTIR spectra of 100 mbar
of NH3 adsorbed for 30 min and then outgassed for 30 min at room
temperature on [Al]-SBA-15(1) (d), [Al]-SBA-15(2) (e), [Al]-SBA-15(3) (f) and
[AI]-SBA-15(P) (g). Spectra are reported after subtracting the spectrum of the

corresponding sample collected before NH3 adsorption. 49

Figure 8. (A) (A) FTIR spectra of [Al]-SBA-15(3) collected before
pyridine contact (a), after adsorption of 25 mbar pyridine (b) and subsequent
outgassing for 30 min (c); (B) FTIR spectra of 25 mbar of pyridine adsorbed
for 30 min and then outgassed at room temperature for 30 min on SBA-15 (d),
[Al]-SBA-15(1) (e), [AI]-SBA-15(2) (f), [AI]-SBA-15(3) (g) and [Al]-SBA-15(P)
(h). Spectra are reported after subtracting the spectrum of the corresponding

sample collected before pyridine adsorption. 53

Artigo: Surface Acidity of Novel Mesostructured Silicas with Framework
Aluminium Obtained by SBA-16 Related Synthesis

Figure 1. X-ray diffratogram of the (a) calcined SBA-16 (b) calcined
SBA-16-type aluminosilicate. In the inset, the pore size distribution as a
function of the pore volume. Data obtained from the desorption branch of the

nitrogen isotherm by the BJH method. 64

XXxiii



Figure 2. TEM images for (a) SBA-16 and (b) SBA-16-related

aluminosilicate 65

Figure 3. 27AI-MAS-NMR of SBA-16-related aluminosilicate 66

Figure 4. FTIR spectra of adsorption of increasing doses of CO
adsorbed at 100K (pmaxCO = 64 mbar) on SBA-16-related aluminosilicate
sample previously outgassed at 673 K for 2 h. In the inset, the FTIR spectra
of CO adsorption at 100K (maximum CO doses) on SBA-16-related
aluminosilicate (black curve) and reference SBA-16 (grey curve) are
displayed. All spectra are reported after subtraction of the spectra of sample

before CO interaction used as a background. 67

Capitulo 3

Artigo: Implementation and Optimization of the HySyLab DMFC Single Cell
Test Station

Figure 1. Scheme of HySyLab DMFC test station 76

Figure 2. Single Fuel Cell 77

Figure 3. Triple serpentine channel geometry of the graphite plates

(POCO) 77
Figure 4. Scheme of the painting method 80
Figure 5. Opened single cell 81

Figure 6. Polarization curves for each step of the activation of the MEA
using commercial E-TEK catalysts. All polarization curves were obtained at
60 °C, 300 mLmin-1 air flow at the cathode and 1 mLmin-1 of 1 molL-1
methanol aqueous solution flow at the anode 82

XXX1V



Figure 7. Polarization curves for each step of the activation of the MEA
using noncommercial catalysts. All polarization curves were obtained at 60
°C, 300 mLmin-1 air flow at the cathode and 1 mLmin-1 of 1 molL-1 methanol

aqueous solution flow at the anode 83

Figure 8. Influence of air flow on the (a) Polarization and (b) Power

curves 84

Figure 9. Influence of methanol flow on the (a) Polarization and (b)

Power curves 85

Figure 10. (a) Polarization and (b) Power curves for the DMFC equipped
with commercial E-TEK catalysts. All polarization curves were obtained
using 300 mLmin-1 air flow at the cathode and 1 mLmin-1 of 1 mollL-1

methanol aqueous solution flow at the anode 85

Figure 11. Polarization and Power curves for the DMFC equipped with
commercial E-TEK catalysts. All polarization curves were obtained using 100
mLmin-1 of pure oxygen at the cathode and 1 mLmin-1 of 1 molL-1 methanol

aqueous solution flow at the anode at 70 °C. 86

Capitulo 4

Artigo: Novel Mesoporous Carbon Ceramics Composites As Electrodes For
Direct Methanol Fuel Cell

Figure 1. X-ray pattern of (A) MCM-41, (B) MCM-48 and (C) SBA-15.
Curves (a) Pure silica material, curves (b) SiO2/C weight ratio of 1/1 and
curves (c) SiO2/C weight ratio of 1/3.. 94

Figure 2. SEM images of MCC-MCM-41. Red arrow indicates the
graphite particle. 95

XXXV



Figure 3. SEM images of MCC-MCM-48. Red arrow indicates the
graphite particle. 95

Figure 4. SEM images of MCC-SBA-15. Red arrow indicates the
graphite particle. 96

Figure 5. X-ray pattern of 20 wt. % of platinum supported on MCC (A)
with weight ratio SiO2/C of 1/1 with (a) MCM-41, (b) MCM-48 and (c) SBA-15
structures and (B) MCC with weight ratio SiO2/C of 1/3 with (d) MCM-41, (e)
MCM-48 and (f) SBA-15 structures 96

Figure 6. (A) Polarization curve and (B) Power density vs. current
density curve for the MCCs and the Vulcan XC-72R as cathode for the DMFC.
Conditions: 70 °C; 300 mLmin-1 of air; 1 mLmin-1 of a 1 molL-1 aqueous

methanol solution 97

Figure 7. (A) Polarization curve and (B) Power density vs. current
density curve for the MCCs and the Vulcan XC-72R as cathode for the DMFC.
Conditions: 70 °C; 100 mLmin-1 of pure oxygen; 1 mLmin-1 of a 1 molL-1

aqueous methanol solution 98

Figure 8. X-ray pattern of 60 wt. % of PtRu(1:1) supported on (a)
MCC_SBA-15 (1/3) and (b) Vulcan XC-72R. 98

Figure 9. Polarization curve (right axis) and Power density (left axis)
density vs. current density curve for the MCCs and the Vulcan XC-72R as
anode for the DMFC. Conditions: 70 °C; 300 mLmin-1 of air; 1 mLmin-1 of a 1

molL-1 aqueous methanol solution. 99

Figure 10. (A) Polarization curve and (B) Power density vs. current
density curve for the MCCs and the Vulcan XC-72R as cathode for the DMFC.
Conditions: 70 °C; 100 mLmin-1 of pure oxygen; 1 mLmin-1 of a 1 molL-1

aqueous methanol solution 929

XXXVi



Artigo: Aplicagao dos Novos Carbonos Ceramicos Mesoporosos em

Elétrodos da Célula a Combustivel a Metanol Direto

Figura 1. Representagao da pirdlise do agente direcionador dos poros
de uma SBA-15 [adaptado da ref. 15] 103

Figura 2. Difratogramas de raios-X das (A) MCM-41, (B) MCM-48 e (C)
SBA-15 como: silica pura (a), MCC calcinada (b) e MCC pirolisada (c). __104

Figura 3. Difragdao de raios-X das MCC (A) calcinadas e (B) pirolisadas
contendo 20 % em massa de platina e com estrutura (a) MCM-41, MCM-48 e
(c) SBA-15 105

Figura 4. (A) Curva de polarizagao e (B) Grafico de Poténcia vs.
Densidade de Corrente para os testes dos MCC calcinados e pirolisados.
Condigoes: analises realizadas a 70 °C, sendo o catodo e o anodo
alimentados, respectivamente, com 300 mLmin-1 de ar e 1 mimin-1 de uma

solugao aquosa de metanol a 1 molL-1. 106

Figura 5. Difragcao de raios-X do MCC-MCM-48Py contendo 60 % em
massa da liga PtRu. 107

Figura 6. (A) Curva de polarizagcdo e (B) Grafico de Poténcia vs.
Densidade de Corrente entre 30 e 70 °C para o MCC-MCM-48Py. Condigoes:
Catodo e o0 dnodo foram alimentados, respectivamente, com 300 mLmin-1 de

ar e 1 mLmin-1 de uma solugao aquosa de metanol a 1 molL-1. 107

Figura 7. (A) Curva de polarizagcao e (B) Grafico de Poténcia vs.
Densidade de Corrente entre 30 e 70 °C para a Vulcan XC-72R. Condigodes:
Catodo e o0 dnodo foram alimentados, respectivamente, com 300 mLmin-1 de

ar e 1 mLmin-1 de uma solugao aquosa de metanol a 1 molL-1. 107

XXX Vil



Anexo

Figure S1. X-ray diffraction of (a) [Al]-SBA-15(P)-1, (b) [Al]-SBA-15(P)-2
and (c) [Al]-SBA-15(P)-3. 113

Figure S2. BET plot of (m) [Al-SBA-15(P)-1, (1) [Al]-SBA-15(P)-2 and (1)
[Al]-SBA-15(P)-3 113

Figure S3. X-ray diffraction of (a) [Al]-SBA-15(1)-1, (b) [AI]-SBA-15(1)-2
and (c) [Al]-SBA-15(1)-3 114

Figure S4. BET plot of (m) [All-SBA-15(1)-1, (1) [Al]-SBA-15(1)-2 and (1)
[AI]-SBA-15(1)-3 114

Figure S5. X-ray diffraction of (a) [Al]l-SBA-15(2)-1, (b) [Al]-SBA-15(2)-2
and (c) [Al]-SBA-15(2)-3 115

1.1. Figure S6. BET plot of (m) [Al-SBA-15(2)-1, (1) [Al]-SBA-15(2)-2 and (1)
[Al]-SBA-15(2)-3 115

1.2. Figure S7. X-ray diffraction of (a) [Al]-SBA-15(3)-1, (b) [Al]-SBA-15(3)-2
and (c) [Al]-SBA-15(3)-3 116

1.3. Figure S8. BET plot of (1) [All-SBA-15(3)-1, (1) [Al]-SBA-15(3)-2 and (m)
[Al]-SBA-15(3)-3 116

XXXViil



indice de Tabelas

Capitulo 2 — Sintese e Caracterizacao de Peneiras Moleculares

Artigo: Physico-chemical Characterization and Surface Acid Properties of
Mesoporous [Al]-SBA-15 Obtained by Direct Synthesis

Table 1. Chemical composition and porosity properties of SBA-15 and
[Al]-SBA-15 samples 37

Table 2. Quantification of the surface acid sites by ammonia and

pyridine adsorption 54

Artigo: Surface Acidity of Novel Mesostructured Silicas with Framework
Aluminium Obtained by SBA-16 Related Synthesis

Table 1. Textural and structural properties of SBA-16 and [Al]-SBA-16
65

Capitulo 4

Artigo: Novel Mesoporous Carbon Ceramics Composites As Electrodes For
Direct Methanol Fuel Cell

Table 1. Textural properties of graphite, mesoporous molecular sieves
and MCCs. 95

Table 2. Maximum power density, current density at 0.2 V and Internal
resistance for the Pt supported on MCCs and Vulcan XC-72R applied as
cathode for DMFC using air as oxidant. 97

XXX1X



Table 3. Maximum power density, current density at 0.2 V and Internal
resistance for the Pt supported on MCCs and Vulcan XC-72R applied as

cathode for DMFC using pure oxygen as oxidant. 98

Artigo: Aplicagao dos Novos Carbonos Ceramicos Mesoporosos em

Elétrodos da Célula a Combustivel a Metanol Direto

Tabela 1. Propriedades texturais da grafite, das silicas mesoporosas e
dos MCCs. 104

Tabela 2. Valores de perda de massa no TGA das MCCs como

sintetizadas, calcinadas e pirolizadas 105

Tabela 3. Calculo dos diametros médios dos cristalitos de platina

suportados nos MCCs 105

Figura 4. (A) Curva de polarizagcao e (B) Grafico de Poténcia vs.
Densidade de Corrente para os testes dos MCC calcinados e pirolisados.
Condigoes: analises realizadas a 70 °C, sendo o catodo e o anodo
alimentados, respectivamente, com 300 mLmin-1 de ar e 1 mimin-1 de uma

solucao aquosa de metanol a 1 molL-1. 106

Tabela 4. Valores de densidade de corrente a 0.2 V. maximo de
poténcia e resisténcia interna obtidos a partir da Figura 4 para os MCCs e a
Vulcan XC-72R 106

Tabela 5. Valores de densidade de corrente a 0.2 V. maximo de

poténcia e resisténcia interna obtidos a partir das Figuras 5 e 6 para o MCC-

MCM-48Py e a Vulcan XC-72R 108
Anexo
Table S1. Si/Al ratio and surface area for all samples. 117

x1



Introdugao Geral



Cap.1 Introdugéo Geral

1.0 Célula a Combustivel de Membrana de Conduc¢ao Proténica

Nos ultimos 20 anos, grande esforgo tem sido despendido no desenvolvimento
e aperfeicoamento de células a combustivel (FC, do inglés Fuel Cell) devido,
principalmente, as crescentes preocupag¢des em relagdo as questdes ambientais,
enfatizadas pelo Protocolo de Kyoto. De maneira geral a FC nada mais € do que
um tipo de célula galvanica que converte a energia livre de uma reagédo quimica
em energia elétrica através da eletrooxidagdo de um combustivel no &nodo e da
eletroreducado do oxidante no catodo. Embora nos ultimos anos a FC esteja em
voga, sua criagdo € antiga e data de 1839: Sir Wiliam Grove investigava a
eletrélise da agua em um sistema usando eletrodos de platina e observou que
apos parar de aplicar eletricidade ao sistema, surgia um pequeno fluxo de corrente
no sentido inverso."? Sir Grove ligou muitos desses sistemas em série para formar
uma bateria voltaica gasosa ou “bateria a gas”, como ficou conhecida na época.?
Nos resultados publicados em 1843,% o pesquisador fez uma observagdo chave
para a ciéncia da célula a combustivel, ressaltando a necessidade de uma
altissima area de contato entre o gas, o eletrodo e o eletrdlito. Em 1958, na
Inglaterra, Thomas Bacon desenvolveu a primeira célula a combustivel com
finalidades praticas. [] célula de Bacon usava hidrogénio e oxigénio como redutor
e oxidante, respectivamente, um eletrdlito alcalino e funcionava entre 200 e 240 °C
com uma pressdo de gases entre 2 e 4 MPa.* Uma célula a combustivel com
tecnologia semelhante aquela de Bacon foi usada pela NIS(1 entre 1960 e 1965
no programa espacial [Ipollo.? Devido aos promissores resultados de Bacon e da
aplicacdo das células a combustivel pela NIS[], na década de 1970 houve o
primeiro “boom” da pesquisa nesta area e, a partir dai, foram desenvolvidas as
suas principais tecnologias, que se mantém até hoje.

Sao cinco os principais tipos de FC, que sdo nomeadas de acordo com o
eletrolito usado: a alcalina (JFC, do inglés Alkaline Fuel Cell), a de membrana de
conducao proténica (PEMFC, do inglés Pronton Exchange Membrane Fuel Cell), a
de acido fosforico (PLFC, do inglés Phosphoric Acid Fuel Cell), a de carbonato
fundido (MCFC, do inglés Molden Carbonate Fuel Cell) e a de 6xido solido (SOFC,
do inglés Oxide Solid Fuel Cell).> 1 PEMFC é a mais utilizada para aplicaces
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estacionarias pequenas, automotivas e portateis (Figura 1); para estagdes
estacionarias de grande porte sua aplicagao é limitada, ja que outras tipologias de

célula a combustivel podem ser mais eficientes em trabalhar a alta poténcia.®®
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Figura 1."° Esquema simplificado e reacdes envolvidas na PEMFC.

1 PEMFC é composta por um eletrdlito que deve ter alta capacidade de
condugéao protdnica, ser um isolante elétrico e ser impermeavel ao hidrogénio e ao
oxigénio. Tipicamente é usado o politetrafluoroetileno sulfonado Nafion® da
DuPont que domina o mercado desde sua descoberta nos anos de 1970." Os
eletrodos séo de platina suportada em carbono de alta area superficial que devem
apresentar como caracteristica a alta condutividade elétrica e atividade na reducéo
do oxigénio no catodo e oxidagdo do hidrogénio no anodo.® Um esquema

simplificado da PEMFC é mostrado na Figura 1.
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Figura 2."? Estrutura molecular de membranas poliméricas de politetrafluoroetileno

sulfonado usadas como eletrdlito para a PEMFC.

O Nafion® apresenta uma estrutura molecular como apresentada na Figura
2. Na forma da membrana polimérica a Nafion® é composta, basicamente, por trés
regides: uma cadeia hidrofébica de fluorcarbono (Figura 3, regido B); sitios
hidrofilicos compostos de grupos sulfonato (Figura 3, regido [1) e a regido
interfacial entre estas duas regides (Figura 3, regido C)."" Na regido (1 se formam
canais de agua que sao responsaveis pela condugéo protdnica, portanto pode-se
dizer que a condugdo proténica da Nafion® é diretamente proporcional a
hidratacdo da membrana. [ estrutura ndo homogénea do Nafion®, juntamente com
sua insolubilidade em meio aquoso, estabilidades quimica, mecanica e térmica,
seletividade a diferentes cations e alta condutividade a torna o polimero mais
usado como membrana para PEMFC.® (1 membrana Nafion® pode operar desde
temperaturas negativas até a 90 °C. Em temperaturas maiores ocorre a
desidratacdo da membrana, que resulta na diminuicdo drastica da sua
condutividade proténica.’®> Membranas analogas & Nafion® como a Flemion®, a
“iciplex® e a Dow® (Figura 2) sdo comercializadas, mas apresentam performances
inferiores. Um estudo recente mostra que a Nafion® € um melhor condutor
protdbnico quando comparada as membranas analogas, e isso se deve ao fato
desta possuir uma topologia de rede mais adequada na interagdo canal-agua,
além disso, suas cadeias laterais apresentam o tamanho mais adequado para

promover a movimentacéo dos prétons.™
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Figura 3." Esquema do Nafion®.

Como dito anteriormente, o catalisador classico para os eletrodos da
PEMFC é a platina suportada em carbono. Como esse tipo de célula funciona a
baixa temperatura, metais mais baratos que a platina, como o niquel, ndo podem
ser usados. Um dos principais problemas da PEMFC é o envenenamento do
anodo com CO, que pode ser uma impureza do hidrogénio. Esse problema pode
ser minimizado de 2 maneiras: com o uso de hidrogénio ultrapuro ou com o uso de
uma liga metalica de PtRu na qual o CO coordenado é oxidado a CO,."® De
qualquer maneira, a primeira opgéo € a mais utilizada, pois a liga PtRu apresenta
atividades inferiores a platina pura.’’

Embora seja possivel construir PEMFC compactas, sua aplicagao torna-se
inviavel em instrumentos portateis como celulares e computadores devido a
necessidade de estocagem do combustivel gasoso que ainda n&o atingiu niveis de
tamanho e seguranga adequadas para a construgdo de micro células. Nestes
casos, 0 uso de um combustivel liquido, como metanol, € o ideal. [] célula a
combustivel a metanol direto (DMFC, do inglés Direct Methanol Fuel Cell) usa a
mesma tecnologia da PEMFC, a unica diferenca € que na DMFC existe a
formacao de CO a partir da oxidacdo do metanol, deste modo no anodo deve-se
usar a liga PtRu/C. O principal problema na troca do combustivel de hidrogénio

para metanol € a diminuigdo drastica na poténcia da célula devido a dois fatores: a
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reacdo de oxidacdo do metanol é muito mais lenta que a do hidrogénio e
crossover do metanol do anodo para o catodo. Portanto, os dois grandes desafios
quimicos na DMFC estdo ligados ao desenvolvimento de novos materiais para
construgdo de membranas com alta condugéo proténica e baixa permeabilidade
ao metanol e o desenvolvimento de novas ligas metalicas e novos suportes para
os eletrodos, com o objetivo de melhorar as performances cataliticas dos mesmos.
Embora muito ainda possa ser melhorado na DMFC, a publicacdo de 2008 da
International Energy Agency'® indica que a DMFC estd proxima a entrar no
mercado de dispositivos portateis (seu mercado mais promissor), enquanto a
PEMFC ainda precisa de maior pesquisa e desenvolvimento para entrar no
mercado de transporte (onde sua aplicagao € mais promissora).

O trabalho desenvolvido nesse projeto de doutorado € inserido no projeto
tematico Microcell, financiado pela Regido do Piemonte na lItalia, que visava a
constru¢cao de uma Micro DMFC. Nesse projeto participaram grupos envolvidos na
sintese de novas membranas para uso como eletrdlito (Universita di Torino e
Politecnico di [llessandria), novas ligas metalicas que pudessem ser mais ativas
que a classica PtRu (Instituto di Tecnologie [vanzate per I'Energia "Nicola
Giordano" — CNR di Messina) e desenvolvimento de novas formas e componentes
na parte de engenharia da célula (Politecnico di Torino e Istituto per la
Microelettronica e Microsistemi - CNR di Catania). Nosso grupo de pesquisa
(Universidade de Campinas e Universita degli Studi Del Piemonte Orientale
“U'medeo [vogadro”) foi incumbido de desenvolver novos sistemas para suportar a
Pt e a liga PtRu, com o objetivo de melhorar a difusdo dos reagentes ao interno

dos eletrodos.

2.0 Eletrodos

O coragdo da DMFC é o conjunto membrana-elétrodo (ME[], do inglés
Membrane-Electrode Assembly), que é um sanduiche da membrana condutora de
prétons entre dois eletrodos. O eletrodo por sua vez, € composto de uma camada

de difusdo (GDL, do inglés Gas Diffusion Layer) onde € depositada uma camada
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do catalisador (como ja indicado anteriormente, Pt/C no catodo e PtRu/C no
anodo). [1 ME[] é inserida entre dois pratos de grafite contendo canais para a

passagem do combustivel e do comburente, como mostrado na Figura 4.

Figura 4. Pratos de grafite com canais para fluxo dos reagentes de uma DMFC

Um eletrodo eficiente € aquele que balanceia corretamente os processos de
transporte para o correto funcionamento da célula a combustivel (Figura 5). Os
trés processos de transporte necessarios sao:

1) Transporte de préton do &nodo a membrana e da membrana ao catodo.

2) Transporte de elétrons do catalisador aos coletores elétricos através dos
GDL.

3) Transporte dos reagentes dos canais de fluxo até os sitios cataliticos

suportados no carbono.
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Meio para Catalisador Fibras
conduciio suportado em de conducio
protonica carbono elétrica

Membrana Camada de GDL
Catalisador

Figura 5. llustragdo esquematica de um eletrodo.™

Para que um eletrodo tenha as trés caracteristicas citadas, classicamente
se usa o sistema de quatro fases, contendo o GDL onde € depositado um sistema
trifasico formato pelo catalisador suportando em carbono, misturado com cadeias
de um polimero condutor de prétons (normalmente a propria Nafion). Um esquema
de um eletrodo é mostrado na Figura 5.

Recobrir as particulas de carbono com cadeias de um polimero condutor de
prétons tem como fungao principal aumentar a condutividade proténica no interior
do eletrodo, para os protons produzidos na semi-reacdo do anodo serem
transportados através do eletrodo até a membrana condutora de prétons (Nafion)
e por fim chegarem ao catodo e ali serem transportados até o sitio catalitico.

O GDL é tipicamente feito de papel ou tecido de carbono condutivo e tem
como objetivo promover a difusdo dos reagentes dos canais de fluxo até o sistema
catalitico e permitir a passagem de elétrons entre os pratos de grafite e o
catalisador.

O sistema catalitico de metal suportando em carbono € o ponto chave do
eletrodo. O tipo do suporte de carbono, o reagente precursor do metal e o

diametro das particulas de metal ou da liga influenciam nas prestacdes da célula.
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Embora alguns estudos tenham sido feitos para relagao o efeito do tamanho
das particulas de Pt e PtRu na eficiéncia do catodo e do anodo em DMFC,?%?’
respectivamente, os resultados sdo sempre muito incertos, visto que para se obter
particulas de diferentes tamanhos, fatores como precursor do metal, suporte e
quantidade do metal por grama tem que ser alterada, deste modo ndo se tem
certeza se a mudanca no desempenho do eletrodo € devido ao diametro da
particula metalica ou a outro fator. De qualquer maneira, vale a pena considerar
que Gasteiger e colaboradores®® indicaram que para a reducdo do oxigénio
nanoparticulas de platina na ordem de 3 — 4 nm s&o mais ativas enquanto para a
oxidacdo do metanol, Takasu e colaboradores?' encontraram um maximo de
atividade usando nanoparticulas com 3 nm de diametro.

Takasu e colaboradores? estudaram também o efeito da razdo molar PtRu
e dos precursores de platina e ruténio no desempenho do dnodo da DMFC. Os
autores obtiveram melhores resultados usando a razao PtRu de 1/1. Em relacao
aos precursores a ordem decrescente em atividade foi Pt-Ru-carbonil > PtRu-NO;
> PtRu-Cl.

O suporte para os catalisadores sao sempre de carbono condutivo de alta
area superficial devido a sua estabilidade tanto em meio acido como basico,
condutividade elétrica e dispersdo das nanoparticulas de catalisador.?® O suporte
tem uma grande influéncia no tamanho, morfologia, estabilidade e dispersdo das

particulas de metal.®

Tlém disso, durante o funcionamento da célula, a suporte
pode influenciar também no transporte de massa, na conducgao eletrénica, na area
eletroquimicamente ativa e impedir a sinterizacdo das nanoparticulas metalicas.

Em uma recente revis3o Liu et al.?

apontam trés suportes mais importantes
para a DMFC: carbon black, os nanotubos de carbono e os carbonos
mesoporosos. O primeiro € o suporte mais usado comercialmente (Vulcan XC-
72R), apresenta baixissimo custo, alta area superficial (~ 250 m’g™") e boa
condutividade elétrica. [ descoberta mais significativa em relagdo aos suportes
para catalisadores da DMFC foi o uso de nanotubos de carbonos, que apresentou
uma significativa melhora no desempenho tanto no catodo® quanto no anodo®. [

aplicacao comercial dos nanotubos de carbono é inviavel devido ao seu alto

10



Cap.1 Introdugéo Geral

custo.”®> Os carbonos mesoporosos obtidos a partir de um molde de silica
mesoporosa vém apresentando resultados promissores na aplicagdo como
suporte do catalisador do anodo. Embora esse tipo de material apresente uma
condutividade elétrica muito inferior aos carbonos das outras familias, a difusdo de
liquidos é muito favorecida, devido a sua estrutura mesoporosa e regular.?

Embora os materiais carbénicos sejam os mais indicados para a aplicagéo
como eletrodos eles tem uma superficie de dificil funcionalizagdo, baixa
resisténcia mecanica e a eletro-oxidacdo. Em 1994 Lev e colaboradores®
reportaram uma nova classe de suportes para eletrodos, os Carbonos Ceramicos
(CC), materiais sintetizados pela condensagao via sol-gel de uma pequena
quantidade de silica em torno das particulas de grafite. Segundo os autores o
eletrodo compdsito se beneficia do esqueleto de silica, da percolacao elétrica
entre os graos de grafite e da possibilidade da modificacdo da superficie da
silica.?®

Por outro lado, os CCs apresentam baixa area superficial, o que limita a
aplicacdo em sistemas nos quais a difusdo dos reagentes € um fato importante,
como no caso das células a combustivel. Com o objetivo de obter um sistema
ceramico de estrutura mais complexa e de alta area superficial, propusemos o
estudo de carbonos cerédmicos usando peneiras moleculares mesoporosas de
silica, como a monodimensional MCM-41, a bidimensional SB[-15 e a
tridimensional MCM-48.

3.0 Peneiras Moleculares Mesoporosas de Silica

Peneiras moleculares sdo materiais contendo porosidade periédica com
diametro na ordem de nanbmetros. Esses materiais porosos tém sido
intensivamente estudados com relagao a aplicagdes como catalisadores, suportes
e absorventes.?® De acordo com a definigdo da IUP[IC, materiais porosos sdo
divididos em trés classes: microporosos (tamanho de poro menor que 2 nm),
mesoporosos (2 — 50 nm) e macroporosos (maior que 50 nm).%® Muitos tipos de

materiais porosos como silicatos, argilas, aluminas, carbonos porosos, nanotubos

11
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de carbono, entre outros tem sido extensivamente descritos na literatura.”® Na
familia dos microporosos os membros mais conhecidos s&o os zedlitos, que
apresentam distribuicdo de poros muito estreita e alta atividade na catalise acida.

[ primeira sintese de uma silica mesoporosa foi publicada em 1992 por
pesquisadores da Mobil Oil Corporation, a MCM-41 (Mobil Composition of
Matter).*® [ sintese desse material representa um marco para a ciéncia de
materiais, pois propdes o uso de surfactante com uma longa cadeia carbdnica
hidrofébica (Cs-C16) € um grupo hidrofilico tipo cation aménio quaternario na forma
de cristal liquido liotropico como direcionador de estrutura (template) para a
obtengdo de silicas e aluminossilicas com mesoporos periddicos.3'?%3 [
importancia dos dois primeiros trabalhos publicados pode ser mostrada pelas mais
de 13320 citagdes recebidas.® Junto com a MCM-41, foram também publicadas
as sintese da MCM-48, de organizagédo cubica, e da MCM-50, lamelar, e esses
materiais compde a familia de peneiras moleculares mesoporosas M41S (Figurea

6).

Figura 6. Representagéo das celas unitarias da (a) MCM-41, (b) MCM-48 e
(c) MCM-50

"Is sinteses originais dos materiais da familia M41S sdo muito semelhantes
entre si, usando sempre os mesmos reagentes de partida, mas alterando
parametros como concentragdo dos reagentes e temperatura. (] sintese da MCM-
41 pode ser realizada pela adicao de uma fonte de silica a uma solucdo aquosa
alcalina de um detergente (normalmente o brometo de cetiltrimetilamonio, CTM[).
O mecanismo acontece basicamente em 4 etapas principais: (1) a hidrolise da

fonte de silicio em meio alcalino formando espécies anibnicas (Eq 1 e 2); (2) a

12
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organizagao das espécies anidnicas de silica em torno das micelas cilindricas
(Figura 7); (3) a reorganizagdo do sistema CTMIBr/silica em uma mesofase
hexagonal (Figura 7) e (4) condensacéo da silica (Eq. 3). O material final deve ser
calcinado para a queima da fase orgéanica, deixando os canais vazios. O esquema

do mecanismo proposto para essa sintese é mostrado na Figura 7.323°

Hidrolise da Silica em meio alcalino:

Na,SiO; + 3 H,O (catalisada por OH)— Si(OH); + 2 OH + 2 Na’
(Equacao 1)

Si(OH)4 + OH™ — (OH)3SiO™ + H,0

(Equacao 2)

Condensacao da silica em meio alcalino:

N(OH)4Si(O")x (aq) (catalisada por OH)— nSiO; + 2n H,O

(Equacao 3)

Figura 7. Mecanismo simplificado para a sintese da MCM-41 32

Embora na sintese da MCM-41 a silica condense em torno de um “molde”
que confere a esse material uma mesoporosidade periddica ordenada
hexagonalmente, as paredes de silica que dividem os poros sdo completamente
amorfas. Isso pode ser confirmado pela difracdo de raios-X que apresenta quatro
picos em 20 < 10, o que representa ordenamento de ordem nanometrica, € um

halo amorfo na regigo de 25 26.%
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Levanto em conta seu procedimento de sintese e organizagédo estrutural,
pode-se dizer que as principais caracteristicas da MCM-41 sao: poros de forma
bem definidas, distribuicdo estreita do diametro de poro, quantidade desprezivel
de poros bloqueados ou canais interligados, possibilidade do ajuste do tamanho
dos poros (1,5 — 20 nm), alto volume de poro (>0,6 m®g™"), alta capacidade de
sorgao (64 % em massa de benzeno a 50 Torr e 25 °C), alta area superficial (700
— 1500 m?g’™"), grande quantidade de grupos silanol ao interno dos poros (40-60%),
superficie reativa e facilmente modificavel, possibilidade com heteroatomos e uma
consideravel estabilidade térmica, hidrotérmica, quimica e mecanica. Gragas a
essas caracteristicas, a MCM-41 pode ser aplicada intensivamente e
principalmente na catalise e em processos de separacao e adsortivos. Por outro
lado, a aplicacgo da MCM-41 nunca saiu do meio académico devido
principalmente ao seu alto custo, sua baixa acides estabilidade hidrotérmica em
comparagao com os zeolito.

Baseando-se no mecanismo de sintese dos materiais da familia M41S, ao
longo do tempo muitas outras familias de silica ou aluminosilica mesoporosas
foram publicada como os hexagonais HMS>® (Hexagonal Mesoporous Silica, com
cerca de 1000 citagbes para o artigo original)** e MSU-n*" (Michigan State
University, com quase 900 citacdes para o artigo original)** que s3o sintetizados
com surfactantes neutros e apresentam caracteristicas muito préximas a MCM-41,
mas com uma distribuicdo muito mais larga do didmetro dos poros. De qualquer
maneira, depois da MCM-41 nenhum material mesoporoso ganhou grande
destaque na literatura, até a publicacdo, em 1998, dos materiais mesoporosos da
familia SBLl (Santa Barbara), com destaque para a hexagonal SB(-15%%
(totalizam cerca de 5606 citacdes nos dois artigos iniciais).>* Essas silicas
mesoporosas sao sintetizadas em meio acido (abaixo do ponto isoelétrico da
silica, pH < 2) usado como agente direcionador da estrutura um polimero tribloco
do tipo (polietileno glicol)(polipropileno glicol)(polietiieno glicol) e com
tetraetilortossilicado (TEOS) como fonte de silica. No pH do meio reacional a silica
se apresenta como precursor catidnico ((OH)3Si(OH,)*, I") a fragédo polietileno

glicol do polimero pode ser protonada, gerando cargas positivas (S°H*). Deste

14



Cap.1 Introdugéo Geral

modo a interagao entre o silicato e o template se da intermediada pelos anions do
acido, em uma interagdo Coulombica a longa distancia (S°H*)(X1*). Cis principais
diferengas entre os materiais da familia M41S e SBl1 € que esses ultimos
apresentam microporosidade que ligam entre si os mesoporosos, maior diametro
dos mesoporos e maior didmetro de parede, o que lhes confere uma maior

estabilidade hidrotérmica, alem de serem se sintese mais facil e barata.%®

4.0 Objetivos

O Objetivo desse trabalho foi desenvolver métodos para preparar um tipo
de compdsito mesoporoso composto por carbono, responsavel pela condutividade
elétrica, e um esqueleto de silica, que da resisténcia mecanica e suporta
particulas metalicas. Para tanto, as peneiras moleculares mesoporosas MCM-41,
MCM-48 e SB]-15 foram usadas como suporte e grafite foi usada como condutor

elétrico.
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1. Introducgao

Peneiras moleculares mesoporosas podem ser sintetizadas usando
diferentes tipos de mesofases (hexagonal, cubica, lamelar) e morfologias (po,
fibras, filmes finos, mondlitos)' de modo que suas caracteristicas possam ser
moldadas variando as dimensdes dos poros, a organizagao periddica dos canais e
a morfologia das particulas.”

Como principais caracteristicas desses materiais, pode-se frisar: presenca
de canais de formas bem definidas, uniformes e com distribuicdo estreita do
didmetro; possibilidade de ajuste do tamanho dos poros (1,5-20 nm); altos
volumes de poro (> 0,6 cm®g™"); alta capacidade de sorgao; alta area superficial ( >
700 m?g"); grande quantidade de grupos silanol internos; superficie reativa e
facilmente modificavel, alta estabilidade térmica, hidrotérmica, quimica e
mecanica.’

Se usadas como suportes para nanoparticulas metalicas, € interessante
que a silica apresente alta area superficial e mesoporosidade organizada,
garantindo assim uma melhor distribuicdo das particulas no suporte. Silicas
mesoporosas como a monodimensional MCM-41, a bidimensional SBA-15 e a
tridimensional MCM-4[]s&o interessantes para esse tipo de aplicagao.

Para aplicagbes em catadlise, os suportes mesoporosos devem ser
escolhidos considerando os tipos de propriedades desejaveis, como por exemplo,
as caracteristicas fisico-quimicas e a reatividade da superficie e o diametro e
forma dos poros, que podem influenciar na difusdo dos reagentes no interior dos
poros permitindo que esses alcancem os sitios cataliticos. Além disso, a facilidade
e reprodutibilidade e o custo da sintese devem ser levadas em consideracgao.

A MCM-41 é a peneira molecular mesoporosas mais pesquisada na
literatura e muitos procedimentos de sintese foram desenvolvidos para esse
material. Por apresentar uma estrutura monodimensional, a MCM-41 pode
apresentar problemas de difusdo dos reagentes no seu interior devido ao bloqueio
de seus canais. De qualquer forma, esse material € uma referencia na area de
silicas mesoporosas e, portanto, sera incluido neste trabalho. O procedimento

desenvolvido em nosso grupo? foi utilizado na sintese da MCM-41 e da [All-MCM-
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41.3*° A acidez superficial da [All-MCM-41 ja foi estudada por muitos grupos de
pesquisa.®’®

Além da MCM-41, a MCM-4[1 um material mesoporoso cubico também tem
sido muito estudado nos ultimos anos. Embora possam ser encontrados varios
procedimentos de sintese para esse material, escolhnemos o descrito por Froba et
al.,”®"" que se mostrou rapido, facil e reprodutivel, além de permitir a introdugao
de aluminio. A acidez superficial da [All-MCM-40] também ja foi estudada por
alguns grupos.'*™

Diferente da MCM-41 e da MCM-4[] poucos procedimentos sé&o
encontrados para a sintese da SBA-15 e a maioria dos trabalhos encontrados na
literatura usam a sintese original por ser facil e rapida."” A SBA-15 pode ser
considerada uma potencial substituta para a MCM-41, uma vez que apresenta um
sistema de canais bidimensional, baixo custo, maiores didmetros dos poros e
melhor estabilidade térmica. Por outro lado, a introdu¢cdo de aluminio na sua
estrutura é mais dificil devido ao baixo pH da sintese. Apenas trés métodos de
sintese direta da [Al]-SBA-15 s&o descritos na literatura e a acidez superficial
desses materiais ainda n&o foi estuda.

Outro material de estrutura de estrutura muito interessante é a SBA-16,""°
que tem a organizagédo dos poros tridimensional, com 0os mesoporosos centrados
em mesocavidades. Devido ao baixo pH de sintese da SBA-16, nao existe
procedimento na literatura para insercao de alumino estrutural, o que limita a
aplicacdo desse material em processos de catalise acida.

Nesse capitulo, foram verificadas as sinteses da MCM-41, [All-MCM-41,
MCM-4(, [Al-MCM-4(], SBA-15 e [Al-SBA-15. Esses materiais foram
caracterizados por difragao de raios-X, fisissor¢ao de nitrogénio e 2TAI-MAS-NMR
(no caso dos materiais contendo aluminio). A [Al]-SBA-15 foi sintetizada por trés
métodos de sintese direta e um método de aluminagdo pods-sintese. A acidez
superficial desses materiais foi estudada por infravermelho sob adsorcdo de
diferentes moléculas sonda. Os resultados serdo apresentados em dois artigos
publicados na Langmuir'® e na Microporous and Mesoporous Materials'’ 111

(2001) 632.
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2. Sintese e caracterizagao da MCM-41, [AI]-MCM-41, MCM-48 e
[Al]-MCM-48
2.1. Experimental
2.1.1.Sintese da MCM-41

A reacdo foi feita como descrito por Pastore e colaboradores.? Em um
béquer de polipropileno de 250 mL, foi adicionada uma dispersédo de 10,114 g de
CTMAB em 20,5 mL de agua destilada previamente agitados por 15 h a uma
solugéo de 10,313 g de metassilicato de sédio em 37 mL de agua destilada. Mais
42,5 mL de agua destilada foram usados para lavar o béquer contendo CTMAB
sendo em seguida adicionados a mistura reacional. Agitou-se por 30 min e entdo o
pH foi ajustado a 10,(+10,9 com acido acético glacial sob agitagdo vigorosa. O
béquer foi aquecido até 347-349 K e a reacao foi mantida nessa temperatura por 4
h. O gel reacional for transferido para uma autoclave para tratamento hidrotérmico

por 66 h a 423 K. Por fim, o sdlido foi filtrado e lavado com 4 L de agua destilada.

2.1.2.Sintese da MCM-48

A reacdo foi realizada como descrito por Froba e colaboradores.' Em um
béquer de polipropileno de 250 mL, 9,524 g de TEOS foram adicionados a uma
solugcdo recém preparada de 1,257 g de hidroxido de potassio em 50,0 mL de
agua destilada e a mistura foi agitada por 10 min. Em seguida, 10,614 g de
CTMAB foram adicionados e a agitagdo prosseguiu por mais 30 min. O gel
reacional for transferido para uma autoclave para tratamento hidrotérmico por 72 h

a 393 K. Por fim, o solido foi filtrado e lavado com 4 L de agua destilada.

2.1.3.Sintese da [Al]-MCM-41

A sintese foi feita como descrito no subitem 2.1.1, mas adicionando 0,720 g
de isopropoxido de aluminio a solugdo de metassilicato de sodio imediatamente
antes da adicdo de CTMAB.
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2.1.4.Sintese da [Al]-MCM-48
A sintese foi realizada como descrito em no subitem 2.1.2, mas adicionando
0,610 g de isopropdxido de aluminio imediatamente apds a dissolugao do CTMAB

(1.5 — 2 min para dissolver) e a solucéo a solugao foi agitada por 1 h.

2.1.5.Calcinacéo
Antes da caracterizagao todos os materiais preparados foram calcinados.
As amostras foram aquecidas da temperatura ambiente até (23 K a 1 Kmin™ sob

fluxo de nitrogénio e mantidos a essa temperatura por 10 h sob fluxo de ar seco.

2.2. Resultados e discusséo
Devido a sua simetria P6mm, o difratograma de raios-X da MCM-41
apresenta quarto picos em 20 menor que 7°, associados aos indices de Miller
(100) (mais intenso), (110), (200) e (210) que sao relacionados a uma organizagao
de poros hexagonal. Os difratogramas de raios-X da MCM-41 e da [Al-MCM-41,
mostrados na Figura 2, apresentam todos os quatro picos esperados, confirmando

assim que as sinteses foram bem sucedidas.
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Figura 1. Difratograma de raios-X da (a) MCM-41 e da (b) [Al]-MCM-41
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A area superficial e porosidade das amostras foram estudadas por
fisissorcao de nitrogénio a 77 K. Para ambas as amostras foram obtidas isotermas
do tipo IV (Figura 2A) tipica para peneiras moleculares mesoporosos.' Os
materiais apresentaram uma distribuicdo de poros com um maximo em 4.3 nm
(Figura 2B). As areas superficiais foram calculadas pelo método BET e s&o (30 e
670 cm?g’ para a MCM-41 e a [Al-MCM-41, respectivamente. Os volumes de
poros sd0 0.90 e 0.62 cm> g™, respectivamente.

A [Al-MCM-41 foi também estudada por #’Al-MAS-NMR para confirmar a

introducao de aluminio na rede de silica (Figura 3)

600

1.H-.B

1.6

1.4
"g1.24
F:1 1
"o 0
£0.01
(3] 4
%0.6-_

0.4

0.2

O 1 T T T T 0‘0
0.0 0.2 0.4 0.6 . 0.0 1.0 1
Relative Pressure / PP;

500 ~

1

ey

o

o
1

w

o

o
1

N

o

o
1

Volume / cm’g’

100

N -
~ -

4 5 6
Pore diameter / nm

Figura 2. (A) Isoterma de fisissorcao de nitrogénio a 77 K e (B) Distribuicdo dos
didmetros de poros para a MCM-41 (circulos vazios) e [Al]-MCM-41 (circulos

preenchidos).
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Figura 3. Espectro de ?’Al-MAS-NMR para a [Al-MCM-41.

25



Cap.2 Sintese e Caracterizagao de Peneiras Moleculares Mesoporosas

O espectro de ?’Al-MAS-NMR apresenta um pico de ressonancia mais
intenso em torno de 50 ppm que é atribuido os ions de aluminio tetraedricamente
coordenados a rede de silica®® e um pico adicional em aproximadamente 0 ppm
associado a espécies de aluminio em coordenagdo octaédrica, que podem ser
atribuidas a aluminio fora da rede na forma de 6xido de aluminio ou parcialmente
fora da rede, ou seja, que estédo ligados a rede de silica, mas assumem a forma
octaédrica quando se coordenam com agua.?’ A razdo molar Si/Al foi determinada
por ICP-MS como 16,2.

A MCM-4(] apresenta um grupo espacial de simetria do tipo /a3d com uma
organizagao cubica dos poros. Um difratograma tipico da MCM-411 contém oito
picos em 26 menor que 7°, relacionados aos indices de Miller (211) (mais intenso),
(220), (321), (400), (420), (332), (422) e (431). Os difratogramas de raios-X das
MCM-41 e [Al-MCM-4[] (Figura 4) mostraram todos os oito picos esperados para

essa estrutura.
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Figura 4. Difratograma de raios-X da (a) MCM-4[1e da (b) [Al]-MCM-41
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As propriedades texturais das amostras foram estudadas por fisissorgéo de
nitrogénio a 77 K. A isoterma obtida para os dois materiais (Figura 5A) é do Tipo

IV. A distribuicdo dos didmetros de poros obteve um maximo em 3.7 nm (Figura
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5B). Para a MCM-4] e a [All-MCM-47], respectivamente, a area superficial foi de
43 e 769 cm®g”’ e os volumes de poros de 0.4(1e 0.63 cm’g™.
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Figura 5. (A) Isoterma de fisissorcao de nitrogénio a 77 K e (B) Distribuicdo dos
didmetros de poros para a MCM-41 (circulos vazios) e [Al]-MCM-41 (circulos

preenchidos).

A [Al]-MCM-4(] foi também estudada por %’Al-MAS-NMR para confirmar a
introducao de aluminio na rede de silica (Figura 6)
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Figura 6. Espectro de 2’Al-MAS-NMR da [Al-MCM-41.

O espectro de ?’Al-MAS-NMR da [Al]-MCM-4(] revelou a predominancia de

ions de alumino em posigdes tetraédricas (54 ppm). Um pico de baixa intensidade
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foi também observado em 0 ppm o que indica a presencga de aluminio em posicao

octaédrica. A razdo molar Si/Al foi determinada por ICP-MS como 14.[.
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ABSTRACT: In this work, [Al]-SBA-15 samples were prepared by three different direct
synthesis methods and one post-synthesis procedure, aiming to study the influence of the
preparation procedures on their structural, textural and physico-chemical features. To this
aim samples were investigated by combining different experimental techniques (XRD, N,
physisorption, ’AI-MAS-NMR and IR spectroscopy). Special emphasis was given to the
study of the surface acid properties of the different [Al]-SBA-15 samples by using
quantitative IR studies of ammonia and pyridine adsorption and by low temperature CO
adsorption. All preparation methods led to the formation of aluminum-containing SBA-15
samples. Nevertheless, depending on the preparation procedure samples exhibited different
structural, textural and surface characteristics, especially in terms of Brgnsted and Lewis
acid sites content.

KEYWORDS: [Al]-SBA-15; direct synthesis; acidity; mesoporous materials; FTIR;
porosity; MAS-NMR spectroscopy.

BRIEFS (WORD Style “BH_Briefs”). [Al]-SBA-15 Surface Acid Properties
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Introduction

Acid catalysts are largely exploited for various industrial applications, such as oil refining
for the production of petrochemicals and chemicals with high added value." Since the
1940’s there was a clear tendency to replace liquid acid catalysts (HF, H,SO,4, HCIO4 and
H;PO4) with solid acid catalysts because the latter show several advantages, such as
handling requirements, simplicity and versatility of process engineering, regeneration,
decreasing reactor and plant corrosion problems as well as environmentally safe disposal.’
The success of solid acids (including amorphous silica-alumina materials and zeolites) is
based on the ability of preparing samples with controlled acid strength distribution which
resist to high reaction temperatures and catalyst regeneration conditions.' Although zeolites
present extremely interesting properties as acid catalysts, their limited pore size restricts the
application to small molecules, and make them inadequate for processing of large organic
molecules, the ones typically involved in the refining of heavy feeds and in the production
of chemical and fine chemical products.'

For this type of applications, mesoporous molecular sieves with periodically ordered
pores have been developed. MCM-417 molecular sieve is the most studied of such materials
due to its well-defined pore shape and size, narrow pore size distribution, high order at the
micrometric scale, adjustable pore size, high pore volumes, high adsorption capacity, high
surface area, etc.’ Furthermore, by replacing part of framework silicon atoms with
aluminum for instance, acid surface groups can be generated. The industrial applications of
mesoporous MCM-41 are limited however, due to its high cost of production (especially
associated to the use of organic surfactants as structure directing agents) and its relatively

low surface acidity and hydrothermal stability when compared to zeolites."
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In 1998, Stucky and co-workers*® reported a new class of mesoporous materials
synthesized at low pH and with neutral templates. The hexagonally ordered material of this
class was called SBA-15 and displays mesopores organization similar to MCM-41;
however, SBA-15 shows larger pore diameters and wall thicknesses and its mesopores are
connected by micropores. Moreover, the structure directing agents used for the synthesis of
these materials (triblock polymers of the PEO-PPO-PEO type) are not expensive, non-toxic,
and biodegradable.*”

The structural characteristics of SBA-15 make it an interesting material for catalytic
applicati0n56 thus the insertion of metal ions, such as aluminum, in the neutral silica
framework is made to generate surface acidity.® The main problem for obtaining aluminum-
containing SBA-15 is that the synthesis is carried out at low pH (< 1) in which aluminum
ions are present as aqua species that are not retained in the silica framework, in contrast
with the oxo species formed under alkaline conditions.’

Nevertheless, the insertion of aluminum by post-synthesis methods requires additional
preparation steps and a further calcination process after ion exchange, leading to irregularly
distributed aluminum sites’ and producing a high amount of extra-framework aluminum.®
Different methods to prepare [Al]-SBA-15 by direct synthesis have been developed by
properly modifying the original synthesis for the preparation of purely siliceous SBA-15
solid.”®

FTIR spectroscopy of adsorbed probe molecules was used for characterizing surface acid

9,10
&;

sites of aluminum-containing MCM-41 and MCM-4 it was shown, for instance, that at

77 K carbon monoxide finely monitor the acidity of both silanols and hydroxyl groups

9-11

generated by the presence of aluminum.”  Furthermore, stronger bases such as ammonia

and pyridine interact with Brgnsted and Lewis acid sites at room temperature and allow
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their quantification. By using the extinction coefficients and the intensity of specific bands,
the concentration of acid sites can be calculated.”'

In this work, three [Al]-SBA-15 materials were obtained by following the direct synthesis
methods already reported in the literature.*® For comparison, an aluminum-containing
SBA-15 sample was also prepared by post-synthesis alumination.'? The aim of this work is
to compare structural and textural properties of the different synthesis procedure of [Al]-
SBA-15 with emphasis on their surface acidity, to serve as a guide in the choice of the
appropriated material for the final applications. The materials were characterized by X-ray
diffraction, nitrogen physisorption and >’Al solid state MAS-NMR. The presence of surface
acid sites was probed by FTIR spectroscopy of adsorbed NHj; and pyridine at room

temperature and CO at 100 K.

Experimental:

Synthesis of [Al]-SBA-15(1): The sample was prepared following the method described in
ref. 6. Four grams of Pluronic P123 (PEO,)PPO7(PEO,,, Aldrich) and 125 mL of 2 mol Lt
HCI aqueous solution (prepared from a Synth 37% HCIl) were added in a 250 mL two-
necked round-bottomed flask and stirred for 15 h at room temperature. The clear solution
obtained was heated up to 313 K and 8.5 g of tetraethyl orthosilicate (TEOS, Aldrich, 98
%) were added. The mixture was stirred for 4 h and 0.888 g of Al,(SO4); 18H,0 (Aldrich,
98 %) (Si/Al = 15) were added followed by a period of 20 h stirring. The reaction mixture
was transferred to a Teflon-lined stainless steel autoclave for hydrothermal treatment at 373
K for 48 h. Then, it was cooled to room temperature under tap water and transferred to a

polypropylene beaker. The pH was adjusted to 7.5 with concentrated ammonium hydroxide

34



Cap.2 Sintese e Caracterizagdo de Peneiras Moleculares Mesoporosas

solution (Synth), under stirring, followed by another 48 h period of hydrothermal treatment
at 373 K.

Synthesis of [Al]-SBA-15(2): The sample was prepared following the method described
in ref. 7. In a 250 mL two-necked round-bottomed flask, 2 g of Pluronic P123 (Aldrich) and
75 mL of a HCI aqueous solution at pH = 1.5 (prepared from a Synth 37% HCIl) were
stirred for 15 h at room temperature. In a 20 mL Erlenmeyer flask 4.6 mL of TEOS
(Aldrich, 98 %) and 0.31 g of aluminum isopropoxide (Aldrich, 98 %) (Si/Al = 15) were
stirred for 3 h in 5 mL of a HCI solution at pH = 1.5. 0.025 g of ammonium fluoride (NH4F,
Aldrich, 99.9 %) and the Si/Al precursors were added to the Pluronic P123 solution, the
latter dropwise, and the dispersion was stirred for 20 h at 313 K, followed by a
hydrothermal treatment in autoclave at 373 K for 24 h.

Synthesis of [Al]-SBA-15(3): this sample was prepared following the same method
described for the synthesis of [Al]-SBA-15(2) but without NH4F as a condensation

catalyst.”

After the synthesis procedure all samples described above were filtered and washed with
3 L of water, dried overnight under air and calcined at 823 K (heating rate of 1 K min'l) for

1 h under nitrogen flow and for 5 h under oxygen flow (both at 100 mL min™").

Post-synthesis aluminated SBA-15 ([Al]-SBA-15(P)): Pure siliceous SBA-15 was
synthesized as reported elsewhere.*” The calcined material (1 g) was dried at 393 K for 2 h
and stirred for 24 h in a solution of 0.227 g of aluminum isopropoxide (Aldrich, 98 %)

(Si/Al = 15) in 50 mL of anhydrous n-hexane (Aldrich, 95 %). The sample was filtered,
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washed with 100 mL of n-hexane, dried overnight under air and calcined for 5 h at 773 K

under air flow.'”

Characterization methods:

X-ray diffractograms were obtained on a Thermo ARL X-ray diffractometer, operating
with CuKa X-ray radiation (X-ray generator current and voltage set at 40 mA and 45 kV).

Nuclear magnetic resonance spectra of >’Al with magic-angle spinning conditions were
performed in a Bruker AC 300/P. The samples were spun at 4.0 kHz in a zirconia rotor with
Is intervals between the pulses and using an acid aqueous solution of aluminum nitrate (1
mol L'l) as a reference.

FTIR analysis was carried out using a Bruker Equinox 55 spectrophotometer equipped
with a pyroelectric detector (DTGS type) using a resolution of 4 cm™'. Self-supporting
pellets (made with a mechanical press at 5 tons/cm?) of a density between 10 and 20 mg
cm™ were placed into an IR cell equipped with KBr windows permanently attached to a
vacuum line (residual pressure: 1 x 10 mbar; 1 mbar = 100 Pa), allowing all treatments
and adsorption-desorption experiments to be carried out in situ. Before gas adsorption
experiments, samples were outgassed at 673 K at a heating rate of 10 Kmin™, for 2 h.
Carbon monoxide was adsorbed at 100 K with a maximum pressure of 64 mbar, which was
maintained up to the system equilibrium (ca. 30 min). Then the pressure was progressively
reduced at 100 K down to 10* mbar. Ammonia and pyridine were adsorbed at room
temperature with a maximum pressure of 100 and 25 mbar, respectively, which was kept
until equilibrium of the system (ca. 30 min). The probe molecules were outgassed at room

temperature for 30 min (residual pressure: 1x10™ mbar).
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The quantification of aluminum on [Al]-SBA-15 samples was carried out by inductively
coupled plasma-mass spectrometry (ICP-MS) by ITECON s.r.l. laboratory (Nizza
Monferrato (AT), Italy).

Nitrogen physisorption measurements were carried out at 77 K in the relative pressure
range from 10 to 1 P/P, using a Quantachrome Autosorb IMP/TCD instrument. Prior to
the analysis the samples were outgassed (residual pressure p < 107 mbar) at 523 K for 15h.
Specific surface areas were determined by using Brunauer-Emmett—Teller (BET) equation.
Pore size distributions were obtained by applying the NLDFT method for cylindrical pores
using the desorption branch. The microporous surface area and volume were estimated by t-

plot.

Results and Discussion

Synthesis of Materials

The Si/Al molar ratio of prepared [Al]-SBA-15 samples was determined by ICP-MS; the
results are shown in Table 1.

Table 1 indicates that the post-synthesis alumination treatment allowed to prepare a solid
having a slightly higher Si/Al ratio (Si/Al= 16.2) with respect to the gel value of 15, while
samples [Al]-SBA-15(2) and [Al]-SBA-15(3) prepared by pre-hydrolysis method are
characterized by higher Al content (Si/Al ratio of 14.6 and 13.2, respectively). In these last
methods, the silicon incorporation was lower than the 100 % expected for the synthesis.
Finally, the [Al]-SBA-15(1) material, obtained by the pH-adjusting method, presented the
lowest amount of Al (Si/Al ratio= 20.6). Each preparation procedure was repeated three

times; the samples produced were studied by ICP-MS analysis. The reproducibility of the
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obtained data (not reported for the sake of brevity, please find more information on the
annex) indicated that the variation in Al content in [Al]-SBA-15 samples is related to the
adopted preparation methodology.

The X-ray diffraction patterns of calcined SBA-15 and [Al]-SBA-15 samples are reported

in Figure 1.
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Figure 1. X-ray diffraction pattern of pure siliceous, calcined SBA-15 (a), [Al]-SBA-15(P)

(b), [A1]-SBA-15(1) (c), [Al]-SBA-15(2) (d), [Al]-SBA-15(3) (e).

Although the position of the diffraction peaks slightly change from sample to sample, all
[Al]-SBA-15 materials exhibit three well-resolved peaks related to (100), (110), (200)
planes indicating that all materials are characterized by a pbmm hexagonal symmetry,
typical of pure silica SBA-15 mesoporous structure (Figure 1a).* The obtained data are in
agreement with those reported in the original papers,®’ with the exception of [Al]-SBA-

15(3) (Figure 1c), that is characterized by higher structural order with respect to the sample
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reported in the literature,” in which the peaks related to (110) and (200) planes were not
present. As found by XRD results, the mesoporous SBA-15 structure is slightly affected by
the post-synthesis alumination treatment and subsequent calcination procedure (Figure 1b).
Specific surface area and porosity properties of [Al]-SBA-15 samples were investigated
by N, physisorption (Figure 2A and B), and the pore size distribution was calculated by
applying cylindrical pore NLDFT method in the desorption branch (Figure 2A’ and B’); the

porosity characteristics are reported in Table 1.
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Figure 2. N, physisorption isotherms (A and B) and pore size distribution determined by
NLDFT (A’ and B’) of pure silica SBA-15 (@), [Al]-SBA-15(P) (®), [Al]-SBA-15(1)(O),

[AI-SBA-15(2) (4 ), [AIl-SBA-15(3) ().
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Table 1. Chemical composition and porosity properties of SBA-15 and [Al]-SBA-15

samples.

SUAL  Sger'/ Swigop /| Seer/  Ve'/  Vewgop D'/ h°/

Sample ratio” m’g’ ngl')l Suicep _cm’g”t /cm’ g_pl nm nm

SBA-15 - 815 188 43 1.08 0.075 8.5 5.8
[Al]-SBA-15(P) 16.2 633 104 6.1 1.02 0.038 8.2 5.5
[AI]-SBA-15(1)  20.6 525 52 10.1 0.63 0.018 8.1 6.6
[AI]-SBA-15(2) 14.6 662 107 6.2 0.96 0.039 9.4 4.8
[AI]-SBA-15(3) 13.2 691 102 6.8 1.03 0.036 10.1 4.7

* Si/Al ratio determined by ICP-MS analysis. The ratio used in the gel was 15 for all
samples; ® Brunauer-Emmett-Teller specific surface area; © Micropore surface area and
volume by the t-plot method; ¢ Calculated by NLDFT method from the desorption branch; ©
Wall thickness by ag-Dp (ag calculated as reported elsewhere').

For all samples, the adsorption branch of the isotherms is characterized by three
important steps: (i) the formation of the nitrogen monolayer and filling of the micropores at
P/Py < 0.1; (ii) the capillary condensation on the mesopores at 0.6 < P/Py < 0.8; and (iii) the
adsorption in non-structural pores formed on the materials particle interstices at P/Py > 0.9.
All samples displayed Type-IV isotherms, typical for mesoporous molecular sieves."> All
the isotherms present HI Hysteresis loop, indicative of well defined cylindrical pores."

Table 1 shows that pure SBA-15 silica displayed a total specific surface area of 815 m’g”
(188 ng'l are due to microporosity); total and microporous pore volumes are 1.08 and
0.075 cm’g’, respectively. The post-synthesis alumination ([Al]-SBA-15(P)) led to a
reduction of both total and microporous specific surface area (633 and 104 m’g’,
respectively) and pore volume (1.02 and 0.038 cm’g”, respectively). This phenomenon
should be associated to the extra treatment carried out for the preparation of [Al]-SBA-
15(P).

The [AI]-SBA-15(1) sample, synthesized by the pH-adjusting method, displayed pore
diameters similar to that of [AI]-SB-15(P), lower specific and microporous surface area

(525 and 52 m2g'1, respectively) and pore volume (0.63 and 0.018 cmSg'l, respectively).
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However, this solid showed thicker walls (6.6 nm) with respect to the post-aluminated
sample (5.5 nm). This data suggested that the preparation method, involving four days
hydrothermal treatment, led to the production of a more condensed structure with respect to
the previous case.

[Al]-SBA-15(2) and [Al]-SBA-15(3) samples presented similar wall thicknesses (4.8 and
4.7 nm, respectively), total and microporous specific surface areas and pore volumes as
[Al]-SBA-15(P), whereas the pore diameters are larger (9.4 and 10.1 nm, respectively). The
similarity on the textural properties of samples prepared by using pre-hydrolysis methods
indicates that the silica condensation catalyst (NH4F, used for [Al]-SBA-15(2) preparation)
does not significantly influence the porosity features of the final sample.

The state of aluminum in the [Al]-SBA-15 materials was investigated by *’Al MAS NMR
before and after calcination procedure and the obtained results are displayed in Figure 3A

and B, respectively.

>
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Figure 3. (A) ”’Al MAS NMR of as-synthesized (a) [Al]-SBA-15(1), (b) [Al]-SBA-15(2)
and (c) [Al]-SBA-15(3); (B) Al MAS NMR of calcined (d) [Al]-SBA-15(1), (e) [Al]-
SBA-15(2), (f) [Al]-SBA-15(3) and (g) [Al]-SBA-15(P).
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The *’Al MAS-NMR spectra of as-synthesized samples (Figure 3A) are
characterized by the presence of an intense resonance peak at around 50 ppm that is due to
tetrahedrally coordinated aluminum ions,"* thus indicating that the direct synthesis
procedure allowed the incorporation of aluminum ions into the silica framework (Figure
3A, a). In addition, the 2TAl MAS-NMR spectra of the [Al]-SBA-15(2) and [Al]-SBA-15(3)
(Figure 3A, b-c) samples are characterized by the presence of an additional band at ca. 0
ppm that can be associated to aluminum in octahedral coordination (Figure 3A, b-c), almost
absent for [Al]-SBA-15(1) (Figure 3A, a). This aluminum specie is usually attributed to the
presence of extra-framework aluminum; however, they can also be associated to partially
extra-framework species that may coordinate water molecules when the sample is exposed
to air moisture, as already observed for zeolites."” The relative amount of octahedral Al
species appeared slightly lower in the case of [Al]-SBA-15(2) than for [Al]-SBA-15(3)
sample, as indicated by the ratio between the areas of the resonance peaks related to
tetrahedral and octahedral aluminum (Areasoppm/Areagppm). Indeed, the estimated values are
4.5 for [Al]-SBA-15(2) and 3.9 for [Al]-SBA-15(3).

The calcination procedure leads to samples with significant increase of octahedral
aluminum species, as witnessed by the significant increase of the resonance peak at ca. 0
ppm (Figure 3B) with respect to non-calcined samples. It should be also taken into account
that the calcination procedure liberates the pores from the organics and then the aluminum
sites are available to bind water molecules and to increase their coordination. Nevertheless,
samples prepared in conditions that accelerate the silica condensation ([Al]-SBA-15(1) and
[AI]-SBA-15(2)) contain a higher relative amount of tetrahedral Al species probably
because the adopted synthesis conditions favor the aluminum introduction in tetrahedral

environment.
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The [AIl]-SBA-15(P) displayed almost the same amount of tetrahedral and
octahedral aluminum species and, in addition, its resonance peak at ca. 50 ppm is broad and
accompanied by an evident shoulder at ca. 75 ppm, suggesting a heterogeneous distribution

of aluminum ions in tetrahedral coordination, as also expected by the adopted synthesis

procedure.

FTIR Studies of the [Al]-SBA-15 Acidity
The nature and distribution of hydroxyl species in [Al]-SBA-15 materials was

studied by FTIR spectroscopy and compared with pure silica SBA-15 (Figure 4 A and B).

3745 A 3745 || rens B

L — -

{J
—

AT S LES
W enunberr om =|

Absorbance [a.u.|
Absorbance |a.u.|

(a)

3800 3700 3600 3500 3400 3800 3700 3600 3500 3400
Wavenumber [cm” | Wavenumber |cm’|

Figure 4. FTIR spectra in the 3800-3400 cm™ region of pure silica SBA-15 (a) and [Al]-

SBA-15(P)(b) (frame A), [Al]-SBA-15(1) (c), [AI]-SBA-15(2) (d) and [AI]-SBA-15(3) (e)

(Frame B) pre-treated in vacuum at 400° for 2h. Inset: exploded view of the IR spectra of

[AI]-SBA-15(1) and [Al]-SBA-15(2) samples.
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The IR spectrum of pure silica SBA-15 (Figure 4A, curve a) is dominated by an intense
band at 3745 cm™ with a slightly asymmetric tail towards low frequency side. As reported
in the literature, the band at 3745 cm™ is associated to the OH stretching vibration of

1016 whereas the component at low frequency (ca. 3735 cm™) is

isolated silanol groups
assigned to weakly perturbed Si-OH sites,'” probably located inside micropores of SBA-15
structure (vide infra). A broad and weak absorption in the 3700-3400 cm™' range due to the
presence of H-bonded vicinal Si-OH groups is also found: these hydroxyls are probably
grouped in chains or nests, likely similar to those observed in defective silicalites.'® This
broad band appeared more pronounced in Al-containing samples because of the presence of
hydroxyls in partially extra-framework aluminium species, which are very common in both

1016 and synthetic clays'®.

defective zeolites'’, mesoporous and layered alumino-silicas
These Al-OH species normally absorb at ca 3700-3650 cm™, and are strongly overlapped to
the band of H-bonded silanols, and for this reason they are not easily detectable: only upon
CO adsorption these groups can be monitored (vide infra). In addition, a weak absorption at
ca. 3610 cm™ was also observed for [AI]-SBA-15(1) and [Al]-SBA-15(2) (Figure 4B,
inset). This band is related to the OH stretching vibration of zeolite-type Si-OH-Al groups
of the mesoporous aluminosilicate. '

The comparison of the intensity of the IR bands in the 3745-3400 cm™ allows to have an
estimation of the relative amount of silanol species in [Al]-SBA-15 samples. As indicated
by IR results, post-synthesis alumination treatment results in a significant decrease of
isolated silanol species (as witnessed by the reduced intensity of the 3745 cm™ band, see
Figure 4A) accompanied by the formation of Al-OH species and H-bonded silanols

(indicated by the presence of the broad band at 3700-3400 cm™ in [Al]-SBA-15 (P), Figure

4A). These data suggested that the post-synthesis alumination leads to a modification of the
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population of surface silanol groups of SBA-15 parent sample, as already reported in the
literature.*

Depending on the method adopted for their synthesis, the one-pot aluminated samples are
characterized by different amount of silanol groups. From IR spectra (Figure 4B) it can be
derived that [Al]-SBA-15(1) and [AI]-SBA-15(2) samples contain a similar amount of
surface SiIOH species, whereas a higher amount of isolated silanols is observed for [Al]-
SBA-15(3). The lower amount of silanol groups in [Al]-SBA-15(2) with respect to for [Al]-
SBA-15(3) should be due to the use of NH4F as condensation catalyst, that is know to
diminish the amount of framework defects.*'** Finally, the low amount of silanol species in
[Al]-SBA-15(1) sample should be explained on the basis of the synthesis conditions
involving a hydrothermal treatment at neutral pH, that is known to promote silanol
condensation.”

The relative strength of the Brgnsted acid sites was determined by CO adsorption at 100
K.>'” The use of CO, a probe molecule of very weak basicity, is helpful in distinguishing
surface hydroxyls with different acidity. This approach is largely used for the determination

of distribution and strength of hydroxyls in acid solids.** The FTIR spectra of CO adsorbed

at 100 K on pure SBA-15 and [Al]-SBA-15(P) samples are reported in Figure 5.
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Figure 5. FTIR spectra of CO adsorbed at 100 K (maximum pressure 64 mbar) on pure
silica SBA-15 (Frames A, A’) and [Al]-SBA-15(P) (Frames B, B’); before the adsorption,
all samples were outgassed at 673 K for 2 h. Inset of Figure 5B reports an exploded view of
the FTIR spectra collected after admission of CO on [Al]-SBA-15(P) sample. Spectra are
reported after subtraction of the spectrum of bare sample, (before CO interaction) used as a
background. In the inset of Figure 5A the direct spectra in the 3800-3600 cm™ range for
SBA-15 before (curve a) and after (curve b) interaction with 64 mbar CO at 100K are

reported. The arrows indicate decreasing CO pressure.

In the case of pure SBA-15, admission of CO at low temperature results in a slight
shift toward high frequency of the band at 3745 cm™ that appears also decreased in

intensity and a parallel formation of a new absorption at ca. 3660 cm™ (see inset Figure
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5A). In the difference spectra reported in Figure SA the modification of the 3745 cm™ band
position is responsible of the formation of two symmetric and sharp bands with positive and
negative components in the 3770-3730 cm’ range. The negative band is slightly
asymmetric toward low frequency side, due to the partial erosion of the band at ca. 3735
cm™ in the original spectra. This behavior suggested that upon CO interaction this latter
specie is mainly converted into a band at 3660 cm™, due to the OH stretching of hydrogen-
bonded Si-O-H--CO adducts probably formed with silanols mainly located in the
micropores of SBA-15 structure (Avop of around 80 cm'l, similar to that found for
amorphous silica®).

Two main bands located at 2156 and 2138 ¢cm™ dominates the spectra in the vco
stretching region (Figure 5A°). The absorption at 2156 cm™ is associated to the stretching
frequency of CO hydrogen-bonded to Si-OH species. The slightly higher stretching
frequency with respect to that of gaseous CO and its rapid depletion by decreasing CO
pressure, indicates that only very weak adducts are formed between Si-OH groups and the
probe molecule. The 2138 cm™ band is due to liquid-like CO condensed in the pores of
SBA-15 structure.”® By decreasing the CO pressure, the 3660 cm” band progressively
decreases, and it is converted into the original at 3675 cm’! (Figure 5, A), along with a
decrease of the bands in the CO stretching region.

Beside a slight decreasing of the band at 3735 cm™, CO adsorption on [Al]-SBA-15(P)
sample (Figure 5, frames B-B’) leads to an erosion of the absorptions in the 3700-3400 cm™
stretching region discussed above, and in the formation of different bands located at 3470,
3435 and 3230 cm™. The appearance of these bands, not observed in the case of pure silica
SBA-15, suggests that the post-synthesis alumination treatment leads to the formation of

Al-OH groups able to interact with CO. The complexity of the collected spectra is probably
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due to the presence of different families of Brgnsted acid sites, characterized by different
strength. The bands at 3470 and 3435 cm™ suggest the presence of surface Al-OH groups
with medium Brgnsted acidity while the band at 3230 cm’ indicates the presence of strong
Brgnsted acid sites.' The different acid character of these three families of surface OH
groups can only be derived on the basis of the different behavior of the bands at 3470, 3435
and 3230 cm’' at different CO pressure (Figure 5B, inset). In fact, by decreasing CO
pressure the 3470 cm™ band is rapidly eroded, whereas the band at 3435 and in particular
the one at 3230 cm™' appear more stable. The shift associated to the bands originated after
CO interaction for [Al]-SBA-15(P) sample cannot be determined with precision because the
bands originating these absorptions are hidden in the broad band at 3700-3400 cm™.
Nevertheless, in analogy to what observed for layered aluminosilicates such as clays and
magadiitel9’27, bands in the 3470-3400 cm™ range upon CO interaction should be
tentatively assigned to the presence of extra-framework AI-OH species, originally
absorbing in the 3700-3650 cm™ range (Avop= 200-250 cm™).

Similarly to pure silica SBA-15, the spectrum of adsorbed CO in the vco stretching
region appears dominated by two bands at 2156 and 2138 cm™, due to CO interacting with
Si-OH groups and to liquid-like CO condensed in the pores of silica structure, respectively.
In addition, in the spectra of [Al]-SBA-15(P), a band at ca. 2172 cm’' can be observed. By
progressive decreasing CO pressure the latter band appears more evident, witnessing the
higher stability of these species with respect to CO interacting with Si-OH groups. These
data support the fact that by adding aluminum by post-synthesis approach, sites with
medium to strong acidity are introduced in the silica framework. The presence of these sites
was also observed in the case of [AI]-SBA-16 material.”® An additional band at 2230 cm’),

which is assigned to extra-framework aluminum oxide,?® can be observed in the [Al]-SBA-
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15(P) sample and indicates that the synthesis procedure does not allow introducing all
aluminum ions in the silica framework. These are typically Lewis acid sites, discussed later

on the part of pyridine adsorption.

Figure 6 shows the IR spectra collected upon CO admission at 100 K on [Al]-SBA-

15 materials prepared by direct synthesis methods.
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Figure 6. FTIR spectra of CO adsorbed at 100 K (maximum pressure 64 mbar) on [Al]-
SBA-15(1) (Frames A, A’), [Al]-SBA-15(2) (Frames B, B’) and [Al]-SBA-15(3) (Frames
C, C’). Before the adsorption samples were outgassed at 673 K for 2 h. Spectra are reported
after subtraction of the spectrum of bare sample (before CO interaction), used as a
background. Insets reports an enlarged view of the spectra in the 3600-3100 cm™. The
arrows indicate decreasing CO pressure.
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As a general feature, adsorption of CO at low temperature on the [Al]-SBA-15
samples prepared by different synthesis procedures results in a modification of surface OH
stretching bands and the simultaneous formation of a broad absorption in the 3700-3000
cm™ range (frames A, B and C) (Figure 6). The intensity of the band due to Si-OH groups
interacting with CO increases on passing from [Al]-SBA-15(1) to [AI]-SBA-15(2), in
agreement with the increase of surface associated to micropores of SBA-15 samples
(passing from 52 m?g for [Al]-SBA-15-1 sample to 107 m?*/g for [Al]-SBA-15-2). This
support the hypothesis that the new band formed upon CO interaction is mainly due to
SiOH species located in SBA-15 micropores.

For these samples, CO adsorption results in the formation of a broad band between
3600 and 3200 cm™ (Figure 6). In the case of [Al]-SBA-15(1) (Figure 6A) two main bands
at ca. 3470 and 3435 cm'l, along with a weaker absorption at ca. 3220 cm'l, are found and
they are attributed to surface acid sites produced by the aluminum insertion in the silica
structure. As already discussed for [Al]-SBA-15(P) (see above) the bands at 3470 and 3435
cm™ are due to surface Al-OH groups with medium Brgnsted acidity while the band at 3220
cm™ indicates the presence of strong Brgnsted acid sites, thus indicating that also [Al]-
SBA-15(1) sample contains sites with different acid strength . On the basis of the Avoy shift
it has to be pointed out that this sample contains a family of Brgnsted acid sites (Avop = 400
cm™ if calculated with respect to the original band of Si(OH)ALI species at ca. 3610 cm™,
clearly visible in the IR spectrum of bare [Al]-SBA-15(1) sample, Figure 4B) whose acidity
is comparable to that found in acid zeolites, such as H-ZSM-5, H-Mor, MCM-22 and HY

(Avon between 320 and 390 cm'l).29 The other families of Brgnsted acid sites of [Al]-SBA-
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15 are weaker than those found in zeolites and comparable to those of the [Al]-MCM-
41,219 [AI-MCM-48,>'"** sulfated silica and Al,05/Si0,.”

Though with different relative intensity, the three bands at 3470 and 3435 cm™! are
also observed in the [Al]-SBA-15(2) and [Al]-SBA-15(3) samples (Figure 6, frames B and
C), This is an indication that the adopted procedures lead to the formation of materials
displaying a different distribution of Al-OH and Si-O(H)-Al groups with variable Brgnsted
acidity.

Similarly to that observed for [Al]-SBA-15(P), in the 2250-2050 cm’! range, all
[Al]-SBA-15 samples exhibit bands at 2172 (due to CO interacting with surface acid
centers generated by the presence of aluminum), 2156 (associated to CO interacting with
silanol groups) and 2133 cm™ (related to liquid-like CO condensed in the SBA-15 pores).
From the direct synthesis methods, only the [Al]-SBA-15(3) prepared by pre-hydrolysis
method presents the band at 2228 cm’ due to CO polarized on extra-framework AP
species.*

In a general way, from the experiment of CO adsorption at 100 K it was observed
that all [Al]-SBA-15 samples have predominantly medium Brgnsted acid families, as
commonly observed for mesoporous aluminosilicates** Moreover, the [Al]-SBA-15(1) and
[Al]-SBA-15(P) present, in low amount, a family of strong Brgnsted acid sites. Only for
[Al]-SBA-15(3) and [Al]-SBA-15(P) the presence of extra-framework aluminum oxide was
identified. Thus, the octahedral aluminum found on SS-*’AI-NMR (Figure 3) for [Al]-SBA-
15(1) and [AI]-SBA-15(2) should be associated to partially extra-framework species that

may coordinate water molecules when the sample is exposed to air moisture.
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FTIR spectroscopy of adsorbed ammonia and pyridine were used to quantify the
amount of Brgnsted and Lewis acid sites in AI-SBA-15 samples.”'® Figure 7 shows FTIR

spectra obtained after NH3 adsorption on Al-SBA-15 sample.
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Figure 7. (A) FTIR spectra of [Al]-SBA-15(3) collected before NH; admission (a), after
adsorption of 100 mbar NHj3 (b) and subsequent outgassing for 30 min at room temperature
(c); (B) FTIR spectra of 100 mbar of NH3 adsorbed for 30 min and then outgassed for 30
min at room temperature on [Al]-SBA-15(1) (d), [Al]-SBA-15(2) (e), [Al]-SBA-15(3) (f)
and [Al]-SBA-15(P) (g). Spectra are reported after subtracting the spectrum of the

corresponding sample collected before NH3 adsorption.

The admission of 100 mbar of NHj3 on [Al]-SBA-15 sample (Figure 7A, curve b)
leads to a strong decrease of the intensity of the band at 3745 cm™” and a parallel formation
of complex and broad bands in the range 3500-2500 cm™, accompanied by narrower bands
located at 1620 and 1450 cm™.

In particular, three regions can be distinguished:*"*?

a) 3500-2500 cm™' range where absorb the stretching modes of: i) adsorbed NH; and
NH4* (3450-3100 cm™); ii) silanols hydrogen bonded to NHj (ca. 3000 cm™) and iii) NH;3

moieties of NoH;" complexes (ca. 2800 cm™ );
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b) 2250-1750 cm? range in which absorptions of linear O(NHN) of N,H;",
superimposed to the combination bands of bending modes and frustrated rotations of
ammonium ions are present;

¢) 1700-1400 cm™ range in which the asymmetric bending modes of the NHj;
molecules interacting with both Lewis acid centers and silanols (1650-1600 cm'l) and the
bending modes of the ammonium ions (bands in 1550-1350 cm™ range ) fall.

After outgassing ammonia at room temperature (Figure 7A, curve c) the band at
3745 cm’ is partially restored, indicating that Si-OH species very weakly interact with
ammonia molecules. In parallel, the evacuation procedure leads to a strong decrease of
complex bands in the 3500-2500 cm™ region, which are mainly due to silanols H-bonded to
NH; and to N,H;" complexes. In a parallel way, the band at 1640 cm™, due to the bending
mode of ammonia interacting with both Lewis acid centers and silanols, appears strongly
depleted.

Finally, bands at 3450-3100 and 1450 cm’, mainly due to NH;" bond to framework
oxygen atoms, are almost unaffected upon outgassing at room temperature, probably due to
the stabilization of ammonium ions by the structural negative charges on [Al]-SBA-15.

The IR spectra collected upon admission of 100 mbar of NHs and subsequent
outgassing at room temperature on all aluminum containing mesoporous samples are
reported in Figure 7B after subtraction of the spectrum of the bare sample (i.e. collected
before ammonia interaction). As a general feature, bands at 1620 (related to the bending
mode of molecular ammonia interacting with Lewis acid sites) and 1450 cm’! (due to the
asymmetric bending modes of ammonium ions) can be observed in the spectra of all
samples. Weaker bands at ca. 1690 cm™, due to the symmetric bending mode of NH4* can

be also seen. The overall integrated intensity of the bands related to ammonium ions at
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1450 cm™ are similar in the case of [Al]-SBA-15(3) and [Al]-SBA-15(P) samples (Figure
7B, curves f and g), thus indicating that both samples show a similar amount of surface acid
sites able to produce NH," species after interaction with ammonia. Conversely, [Al]-SBA-
15(1) and [Al]-SBA-15(2) samples display a lower amount of surface Brgnsted acid sites
with respect to the previous samples, as suggested by the lower intensity of the 1450 cm™
band (Figure 7B, curves d and e), suggesting a different acid sites distribution in these
samples. The intensity of the band at 1620 cm™, due to molecular ammonia interacting with
surface Lewis acid sites, deserves some additional comments. This is a very weak and
broad band that appears in the same range of silica structural bands (i.e. combination and/or
overtones), thus the use of this band for quantification may lead to high errors.

The experiment of pyridine adsorption is shown in Figure 8 A. The admission of 25
mbar of pyridine on [Al]-SBA-15 sample (Figure 8A, curve b) leads to a strong decrease of
the intensity of the band at 3745 cm’ indicating that the silanol groups interact with the
basic probe molecule.

In particular, two regions can be distinguished:

a) 3500-2400 cm™ range where absorb: i) OH stretching of silanols hydrogen
bonded to pyridine (broad and intense band at 3400-2500 cm'l); ii) CH stretching vibrations
of pyridine and pyridinium aromatic ring (narrower and less intense band at 3100-2900 cm’
b,

b) 1650-1400 cm™ range where vibrations of pyridine molecules interacting with
both Lewis acid centers and silanols, occur. All samples exhibited bands due to pyridine
hydrogen bonded to silanols (1445 and 1596 cm™), pyridine adsorbed on strong Lewis
(1623 and 1455 cm™), pyridine adsorbed on weak Lewis at 1575 cm™ and pyridinium ring

vibrations (1545 and 1639 cm'l), due to the proton transfer from Brgnsted acid sites to
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pyridine. A band at 1492 cm™ which can be assigned to pyridine associated with both
Brgnsted and Lewis sites, is also found.>>3*

After outgassing pyridine at room temperature (Figure 8A, curves c) the complex
bands in the 3500-2500 cm region almost disappear, while the band of silanols at 3745
cm™ is partially restored, because of the weak perturbation of the Si-OH species. In a
parallel way, the bands of pyridine adsorbed on silanols between 1700 and 1300 cm
decrease in intensity.
The IR spectra collected upon admission of 25 mbar of pyridine and subsequent outgassing
at room temperature on the aluminum containing mesoporous samples are reported in
Figure 8B after subtraction of the spectrum of the bare sample (i.e. collected before piridine
interaction). As a general feature, the relative intensities of the bands related to both,
protonated probe molecule (1545 cm™) and pyridine interacting with Lewis acid sites (1455
cm'l, this band must be deconvoluted from the structural band at 1390 cm'l) are similar in
the case of [Al]-SBA-15(3) and [Al]-SBA-15(P) samples (Figure 8B, curves g and h), thus
indicating that both samples show a similar amount of surface acid sites. Conversely, [Al]-
SBA-15(1) and [Al]-SBA-15(2) samples display less intense bands with respect to the

previous samples, but similar between them (Figure 8B, curves e and f).
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Figure 8. (A) (A) FTIR spectra of [Al]-SBA-15(3) collected before pyridine contact (a),
after adsorption of 25 mbar pyridine (b) and subsequent outgassing for 30 min (c); (B)
FTIR spectra of 25 mbar of pyridine adsorbed for 30 min and then outgassed at room
temperature for 30 min on SBA-15 (d), [Al]-SBA-15(1) (e), [Al]-SBA-15(2) (f), [Al]-SBA-
15(3) (g) and [AI]-SBA-15(P) (h). Spectra are reported after subtracting the spectrum of the

corresponding sample collected before pyridine adsorption.

The relative amount of Lewis and Brgnsted acid sites can be calculated, for both
ammonia and pyridine experiments, using the respective extinction coefficient. For
ammonia the extinction coefficient for the bands at 1620 and 1450 cm™ are 0.026 (NHsL)
and 0.11 cm umol™ (NH,") respectively.”'® For pyridine the extinction coefficient for the
bands at 1455 and 1545 cm™ are, respectively, 2.22 (PyL) and 1.67 cmumol ™ (PyH").>® The

quantification of surface acid sites and Si/Al ratios are shown in Table 2.
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Table 2. Quantification of the surface acid sites by ammonia and pyridine adsorption.

Max. Sites® Ammonia adsorption Pyridine Adsorption
Samples [ m'ol o] Bronsted® Lewis® Brgnsted® Lewis®
" [umol g1 | [umol g | [umol g1 | [umol g™]
SBA-15 0 0 0 0 0
[AI]-SBA-15(1) 772 419 181 68 120
[AI]-SBA-15(2) 1066 381 178 64 124
[Al]-SBA-15(3) 1171 622 148 128 289
[AI]-SBA-15(P) 969 619 223 143 225

“Calculated from ICP-MS at Table 1; "Concentration of acid sites calculated by the

1
equation C = -4 , where I = intensity of the absorbance peak, a = area of the pellet, € =
em

extinction coefficient and m = weight of the pellet; “Concentration of acid sites calculated

by the equation C = :1—:1 , where A = area of the absorbance peak, a = area of the pellet, € =
extinction coefficient and m = weight of the pellet;

The quantification using the extinction coefficient indicates a significant difference
(Table 2) between the results obtained by ammonia and pyridine adsorption. This difference
is more pronounced for the Brgnsted acid sites that can be 4 to 6 times higher (depending
on the sample) for ammonia adsorption. Datka and co-workers'® reported that while acid
sites quantification using ammonia and pyridine lead to very similar results for zeolites, for
mesoporous aluminosilicas they differ significantly. Zeolites are characterized by medium
and strong Brgnsted acidity while mesoporous aluminosilicas display mainly medium and
weak Brgnsted acidity. Thus, pyridine, that is a weaker base than ammonia (pK, for
ammonium ion and pyridinium ion are 9.25 and 5.2, respectively)*® cannot deprotonate the
weaker sites present in this family of materials, underestimating the amount of Brgnsted
acid sites. So, the quantification of Brgnsted acid sites using ammonia can provide more

reliable values of the total amount of sites, while pyridine can be used to quantify only the

strongest ones.
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Regarding the Lewis acid sites quantification, the band at 1620 cm™ due to
molecular ammonia interacting with surface Lewis acid sites, as said above, is very weak
and broad and appears in the same range of a silica structural band (Figure 5A)," therefore
the Lewis acid sites quantification using pyridine as probe molecule should be more
reliable. The Lewis acidity found in the materials deserves some additional comment. It can
be indeed generated by the presence of extra-framework aluminum oxide or from partially-
extraframework  aluminum. The latter type is formed when the aluminum is not
coordinated to the framework in a tetrahedral environment. These species form two or three
bonds with the silica net and when hydrated they assume an octahedral geometry. If the
sample is dehydrated, as done before any adsorption experiment, the aluminum will lose the
coordination water thus assuming a Lewis acidity character.

SS-*’AI-NMR measurements (see Figure 3) and FTIR of CO adsorption at 100K
indicated that the preparation methods of [Al]-SBA-15(1) and [Al]-SBA-15(2) allowed the
insertion of a high amount of framework tetrahedral aluminum, and the formation of extra-
framework metal oxide was limited. This is also confirmed by FTIR spectroscopy of
absorbed NHj; (used to quantify the amount of Brgnsted acid sites) and pyridine (to estimate
the amount of Lewis acid sites) (see Table 2). From data reported in Table 2, it is possible
to conclude that [Al]-SBA-15(3) and [Al]-SBA-15(P) samples have the higher amount of
total acid sites in relation to the other samples. The [Al]-SBA-15(2) is the sample with
lower percentage of adsorbing sites generated by the presence of aluminum respect to the
total amount of aluminum (quantified by ICP-MS, Table 1), only 47 %, against 70 % for
[Al]-SBA-15(1), 78 % for [Al]-SBA-15(3) and 87 % for [Al]-SBA-15(P). Naturally, the
latter sample has a larger percentage of adsorbing site because it is a post-synthesis material

where the aluminum atoms should be essentially on the external surface.
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Comparing the [Al]-SBA-15(2) and [AI]-SBA-15(3), it seems that the condensation
catalyst (NH4F), used for [Al]-SBA-15(2) synthesis, accelerates the solid formation
facilitating the introduction of the aluminum ions into the silica walls. Indeed, as stated
above, this sample possesses particularly thick walls (6.6 nm, see Table 1) and low
microporosity, probably due to the prolonged hydrothermal treatment.

Conclusions

The [Al]-SBA-15 was successfully synthesized by the three direct synthesis
described on literature and one post-synthesis procedure. The materials presented similar
surface area and pore volume, except for the [Al]-SBA-15(1) that displayed lower values.
Otherwise the pore diameter were different for the samples, following the order [Al]-SBA-
15(P) =[Al]-SBA-15(1) < [Al]-SBA-15(2) < [Al]-SBA-15(3). The experimental Si/Al
molar ratio follows the order [Al]-SBA-15(3) < [Al]-SBA-15(2) < [AI]-SBA-15(P) < [Al]-
SBA-15(1).

The surface acidity properties showed to be sensible to the synthesis procedure. The
[Al]-SBA-15(2) and the [Al]-SBA-15(3) presented two families of Brgnsted acid sites with
medium strength. Beside the medium strength sites, the [Al]-SBA-15(1) and the [Al]-SBA-
15(P) displayed also strong Brgnsted acid sites, comparable with those found in zeolites.
The [Al]-SBA-15(1) and the [Al]-SBA-15(2) presented similar amounts of Lewis and
Brgnsted acid sites, which were significantly lower than the amount found for [Al]-SBA-

15(P) and [AI]-SBA-15(3).
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Abstract. A novel SBA-16-related synthesis of  mesostructured silica containing
framework aluminum is here reported. This material was successfully synthesized using
aluminum sulphate and the pH-adjusting method. The structural and porosity properties of
this novel material were studied by X-ray diffraction and N, adsorption at 77 K. The Al
insertion was determined by *’Al-MAS-NMR and the acidity was monitored by infrared
spectroscopy of CO adsorption at 100K.
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Introduction

MCM-41 and MCM-48 were considered for many years the most interesting
ordered mesoporous materials for potential applications as adsorbents, catalysts and
catalysts supports. However, these materials often present low thermostability, high
template content and high template extraction cost, as the main problems which limit their
effective commercial application.

Stucky and co-workers [1,2] have reported in 1998 the synthesis of a new class of
mesoporous materials: SBA-15 and SBA-16. MCM-41 and SBA-15 have similar hexagonal
mesopores organization whereas MCM-48 and SBA-16, despite a similar cubic symmetry,
display different mesopores orientation. However, the SBA family presents larger pore
diameters and wall thicknesses which would favorably contribute to a higher thermal and
hydrothermal stability. Moreover, the structure directing agents of these materials (triblock
polymers of the PEO-PPO-PEO type) are unexpensive, non-toxic, and biodegradable [1,2].

In spite of its interesting structure, SBA-16 has not been widely studied probably
because of the difficult synthesis [3]. Sakamoto et al. [4] determined the SBA-16 structure
by electron microscopy and suggested that SBA-16 presents an Im-3m space group (a =
13.3 nm) with a 3D structure formed by spherical cavities arranged in a body-centred-cubic
array. These cavities are connected through mesopores along the [111] directions. The
structural characteristics of SBA-16 make it an interesting material for catalysis
applications [5] thus the insertion of a metal ions, such as aluminum, in the neutral silica
framework is desired [5] The main problem of inserting aluminum into this material,
however, is that the synthesis is carried out at pH lower than 1.0, in which aluminum ions
are cationic aquo species rather than oxo species, that are able to be inserted into the silica

framework [5].
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Although the synthesis procedures to prepare SBA-15 and SBA-16 are very similar,
the direct insertion of aluminum into SBA-16 structure is still unknown while for SBA-15
some methods are already reported in the literature [5-7]. This is probably due to the high
dependence shown by the formation of the SBA-16 structure on the temperature of the

synthesis and on the reagents concentration [1,2].

Experimental

In this study we adapted the pH-adjusting method proposed in the literature for
direct synthesis of [Al]-SBA-15 [5], to prepare the mesostructured SBA-16-related
aluminosilicate. In a 250 mL two-necked round-bottomed flask, 4 g of Pluronic F127
(PEO19sPPO7¢PEO;06) and 125 mL of 2 mol L' HCI solution were added and stirred for 15
h at room temperature. The clear solution obtained was heated up to 301-303 K and 8.5 g of
TEOS were added. The mixture was stirred for 4 h and 0.888 g of Al,(SO4)318H,0 (Si/Al =
15) were added followed by 20 h of stirring. The white dispersion was transferred to an
autoclave for hydrotermal treatment at 353 K for 48 h. Then, the cold mixture was
transferred to a becker and, under stirring, the pH was adjusted to 7.5 with concentrated
ammonium hydroxide solution, followed by another 48 h period of hydrotermal treatment
at the same temperature as before. Finally, the sample was filtered, washed with 3 L of
distilled water and calcined at 823 K for 15 h under an oxygen flow. Purely siliceous SBA-
16 was synthesized as reported earlier [1,2].

XRD spectra were obtained on a Thermo ARL X-ray diffractometer, operating with
CuKD X-ray radiation (X-ray generator current and voltage set at 40 mA and 45 kV).
Nuclear magnetic resonance of *’Al with magic-angle spinning spectra was performed in a

Bruker AC 300/P. The samples were spun at 4.0 kHz in a zirconia rotor with 1Is intervals
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between the pulses and using aluminum nitrate as reference. Nitrogen physicsorption
analysis at 77 K was done in a Quantachrome Autosorb-1-MP/TCD. FTIR analysis was
carried out using a Bruker Equinox 55 spectrophotometer equipped with a pyroelectric
detector (DTGS type); a resolution of 4 cm™' was adopted. Pelletized SBA-16 and [Al]-
SBA-16 were thermally treated under vacuum by heating from room temperature to 673 K
at 10 Kmin" and leaving at this temperature for 2 h. Observations of the powders by
transmission electron microscopy (TEM) were performed with a JEOL 3010-UHR with
acceleration potential of 300 kV. Samples were ultrasonically dispersed in isopropanol and

a drop of the suspension was deposited on a copper grid covered with a lacey carbon film.

Discussion

A typical X-ray diffratogram of SBA-16 is expected to present seven peaks at 20 <
3°, corresponding to an Im-3m cubic structure [1,2], however, many often just the first two
peaks have been clearly detected [5,8-9]. The X-ray diffratograms of the calcined SBA-16
and the calcined mesostructured SBA-16-related aluminosilicate are shown in Figure 1. The
calcined SBA-16 diffratogram (curve a) shows reflections at 20 = 0.88, 1.15 and 1.21° (the
latter two are overlapped) indexed as [110], [200] and [211]. The other four peaks are
grouped at ca. 20 = 1.5 [1,2]. In the case of the aluminum containing material (curve b),
only the peak indexed as [110] is clearly observed, probably because the aluminum
insertion leads to a structure with lower order. This results are confirmed by TEM images
(Figure 2 a and b).

It has to be mentioned for the sake of clarity that some publications report on the
preparation of materials with disordered pore organization with X-ray patterns displaying a

single peak, which was related to the SBA-16 structure [10]. However, in this work, it is
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preferred to maintain the definition of the original paper, where silicas with an ordered
architecture of mesopores determined by TEM (both direct images and electron diffraction),
were named SBA-16 and showed XRD with seven peaks. Although it is known that
aluminum containing MCM-41 is less ordered than the pure silica parent material [11], and
that it is highly probable that this behavior is similar for the [Al]-SBA-16, for a question of

formality the material obtained here is called SBA-16-related aluminosilicate.

Intensity / a.u

2 Theta /
Figure 1. X-ray diffratogram of the (a) calcined SBA-16 (b) calcined SBA-16-type
aluminosilicate. In the inset, the pore size distribution as a function of the pore volume.

Data obtained from the desorption branch of the nitrogen isotherm by the BJH method.

The SBA-16-related-aluminosilicate presents a type-IV nitrogen adsorption
isotherm (not shown) with a hysteresis loop, commonly observed for mesoporous materials
[9]. The pores width distribution with maxima at 3.4 and 4.2 nm were found for SBA-16
and SBA-16-related-aluminosilicate (Figure 1, inset), respectively [9,12]. Similar results of
porosity were reported by Aburto et al. [9] for SBA-16. The larger surface area of the SBA-

16 is related to a substantial contribution of porosity in the range between 1 and 3 nm,
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which are almost absent in the aluminum containing material. The values of surface area
and pore volume for both SBA-16 and SBA-16-related-aluminosilicate are show in Table

1.

Figure 2. TEM images for (a) SBA-16 and (b) SBA-16-related aluminosilicate.

Table 1. Textural and structural properties of SBA-16 and [Al]-SBA-16

Sper /m’g-1 V, flem’g’ ap’ / nm
SBA-16 1000 0.38 14.2
[Al]-SBA-16 463 0.38 15.8
1Specific Surface Area; “Calculed by ap = 2d;10/+/2

The insertion of aluminum in the silica framework was determined by >’ Al-MAS-
NMR. Signals at 3.6 and 48.6 ppm respectively due to octahedral and tetrahedral Al were
detected (Figure 3), however the latter was more intense. The Si/Al ratio is 20, as

determined by ICP-MS.
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Figure 3. ’AI-MAS-NMR of SBA-16-related aluminosilicate.

FTIR spectroscopy of CO adsorbed at 100K was used to monitor the nature of
surface acid sites of SBA-16-related aluminosilicate, generated by Al insertion [13,14].
Figure 4 shows the difference spectra obtained after subtraction of the bare sample. Upon
CO adsorption bands at 3662 and 3450 cm™ were found. The former was observed also
after CO adsorption on purely siliceous SBA-16 (Figure 4, inset) and is due to CO
interacting with silanols. The band at 3450 cm'l, however, was only found on the aluminum
containing sample and is due to CO interacting with hydroxyls related to the presence of
aluminum [13,14]. The concentration of these hydroxyls is rather low and their absorption
band could not be detected probably because of the overlapping with the broad absorption

of H-bond silanols at 3700-3500 cm (absorption spectra are not reported for brevity).

Bands around 3450 cm” were also found upon CO adsorption on several
mesoporous and microporous aluminosilicates and were assigned to Brgnsted acid sites of
medium acidity [13,14]. It is well known, in fact, that for mesoporous aluminosilicates
these hydroxyls normally absorb in the 3610-3600 cm™ range [14], therefore the shift upon

CO adsorption should be approximately 150-200 cm™. These values are much lower that
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those of bridged hydroxyls in zeolites with strong acidity, such as H-BEA, which display

shifts of ca. 300 cm™ upon CO adsorption [13].

In the 0(CO) region (spectra not shown for the sake of brevity) only bands due to
CO interaction with bridged hydroxyl groups and silanol species were found. No bands at

ca. 2230 cm™ due to the interaction of CO with Al,Os-type extra-phases were observed.

Absorbance/ an

N

T T T T
3800 3700 3600 3500 3400 33004
Wavenumber / ani'

Absorbance / a.u.

)/
\J [
/

T T T T T T T T
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Figure 4. FTIR spectra of adsorption of increasing doses of CO adsorbed at 100K (ppn.xCO
= 64 mbar) on SBA-16-related aluminosilicate sample previously outgassed at 673 K for 2
h. In the inset, the FTIR spectra of CO adsorption at 100K (maximum CO doses) on SBA-
16-related aluminosilicate (black curve) and reference SBA-16 (grey curve) are displayed.
All spectra are reported after subtraction of the spectra of sample before CO interaction

used as a background.

Conclusion
In conclusion, an aluminum containing mesostructured material with narrow pore

distribution was obtained through a direct, modified SBA-16-related synthesis. The powder
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XRD showed a single peak at low angle, which (along with TEM images) accounts for a
disordered pore architecture, and for this reason the material was called SBA-16-related
aluminosilicate. The presence of Brgnsted sites of medium acidity was monitored by CO
adsorption at 100 K. These results, along with 2"AI-MAS-NMR data, provided clear-cut
evidences of the insertion of aluminum ions into the silica framework of SBA-16, which is
here reported for the first time.
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1. Introdugao

‘A monocélula é o coragdo da célula a combustivel” (traducao literal), &
assim que Srinivasan,’ em seu excelente livro, ilustra a importancia dos testes em
uma monocélula. Poderia ser também dito que a monocélula € a pedra
fundamental para o desenvolvimento de novos dispositivos para células a
combustivel. De fato, antes da aplicagao em sistemas de alta poténcia, todo novo
componente deve ser testado primeiro em uma monocélulas.

Embora alguns sistemas de teste para monocélulas sejam comercializados,
muitos grupos preferem construir seu préoprio sistema com as caracteristicas
desejadas, como por exemplo a faixa de fluxo de gases e liquidos, controlador de
aquecimento, tipo da carga elétrica e desenho dos canais de fluxo. A escolha da
maioria desses componentes depende da faixa de poténcia produzida pela célula,
o que é proporcional a sua area ativa: um dispositivo com area ativa de 25 cm?
produz muito mais poténcia que um sistema com 5 cm? e, portando, deve ser
alimentado com mais combustivel e oxidante, precisa de um controlador de
aquecimento mais potente, além de uma carga elétrica que atinja maiores
correntes elétricas.

Por outro lado, o desenho dos canais de fluxo ndo é afetado diretamente
pela poténcia da monocélula. Esses canais sdo a principal parte da célula a
combustivel e sdo responsaveis pelo transporte e distribuicdo dos reagentes nos
eletrodos. Existem muitos tipos de desenhos de canais, como a de pinos,
serpentina, serpentina tripla, entre outros, mas ndo existe um consenso sobre o
tipo mais adequado.?

Outro aspecto importante a ser considerado para um bom desempenho da
monocélula é a preparacao dos eletrodos. A preparacédo de eletrodos em escala
laboratorial € normalmente feita pelos métodos de pintura ou de spray, por serem
mais simples e rapidos. Por outro lado, esses métodos nédo levam a melhor
dispersao do catalisador no suporte de papel ou tecido de carbono

Neste capitulo sera apresentado um artigo submetido para a International
Journal of Hydrogen System® com resultados também apresentados de forma oral

no Congresso HySyDays 200 em Turim na Italia, onde é descrito a construgéo e
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otimizacdo de um novo sistema de testes de Monocélula a Combustivel a Metanol
Direto de baixo custo. Esse trabalho foi desenvolvido em conjunto com uma a
HySyLab, uma empresa turinense especializada em células a combustivel.

De forma geral, sera mostrado e justificado nesse capitulo a escolha de
cada componente para a construcao da estacado de provas da para a monocélula a
combustivel a metanol direto. Em seguida sera sugerido um meétodo de
preparacao dos eletrodos e uma metodologia para sua ativagao in situ. Estudos de
otimizacdo do sistema foram feitos para encontrar as melhores condicbes de

trabalho.
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Abstract. In this study, the construction and optimization of a low cost home-assembled
DMEC single cell test station is described. The station was built using two flow control
systems, for gas (air/oxygen) and liquid (methanol), a temperature controller, an electronic
load, a milliohm-meter for resistance measurements and a computerised data acquisition
system. The experiments were carried out on a 6.25 cm? single cell, built using two graphite
plates with triple serpentine channel geometry for both anodic and cathodic flow fields. The
cell was equipped with an MEA composed of Nafion 117 as electrolyte, Pt/C based catalyst
as cathode and PtRu(1:1)/C as anode. In order to develop a HySyLab internal standard
procedure, MEA activation was carefully studied. The activated MEA was used to
determine the optimum values of cell operating parameters, such as oxidant flow, methanol
flow and temperature.
Keywords: Direct methanol fuel cell, standard procedure, single cell test station
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1.0 INTRODUCTION

Fuel cell systems represent an interesting technological approach that meets
promising requirements for sustainable conversion technology, ileél] high electrical
efficiency, low emissions, and cogeneration [1]Today the Proton Exchange Membrane
Fuel Cell (PEMFC) is the most important fuel cell technology for small stationary, vehicle
and portable applications and represents 50 % of the industry’s focus, followed by the Solid
Oxide Fuel Cell (SOFC, 111%) and the Direct Methanol Fuel Cell (DMFC, 7 %) [2][The
DMEFC technology is very similar to the PEMFC, using the same membrane and catalysts!
Its advantage is the possibility of using liquid fuel, more adaptable to small portable
devices (such as mobile phones, notebooks, music players etc))l Otherwise, its power is
much lower than the PEMFC, because methanol oxidation is slower and sometimes
incomplete [3][However, according to International Energy Agency’s recent publication
[4] DMFCs appear to be close to entering the market for portable devices, while more R&D
is needed on PEMFCs in the transport sector. Much research has been done in the last year
on novel DMFC polymeric membranes and catalytic active alloys /A comparison between
traditional and new materials must be done in a Single Cell Test Station by the polarization
curve (Potential vs[ Current)[ In his excellent book, Srinivasan illustrates the importance of
tests in a single cell affirming that “the single cell is the heart of a fuel cell’s power” [5]]

Thus, the aim of this work is to present HySyLab’s recent efforts in the construction
of a simple, efficient and cheap DMFC Single Cell Test Station, its implementation and
optimization[/The construction of the test station, the preparation of the electrodes, the
manufacturing of the membrane-electrode-assemblies (MEAs) and single cells, and the
activation and characterization of the system are reported 'This paper will be useful not
only for groups that already work in the fuel cell field, but it will be also a guide for groups
that want to begin to work on DMFC technology!

2.0 SYSTEM ASSEMBLING
2.1 SYSTEM DESIGN
A Single Cell Test Station (Figure 1) is basically composed of a single cell, a methanol

container, a water container, a liquid flow pump, an air and/or oxygen cylinder, a gas flow
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controller, two heaters (one for the cathode and one for the anode), a controller for the

heaters coupled to a thermocouple and, finally, an electrical load device!l

Exhaust oxygen or air

Electrical load device

{00
Mass Flow D_:“ 1]

Pump  Fuel Cell

Plug Valve

Air Oxygen Methanol Exhaust Methanol
Figure 1. Scheme of HySyLab DMFC test station!|

The Single Fuel Cell (Figure 2) contains two graphite plates (POCO) with triple
serpentine channel geometry for both anodic and cathodic flow fields (Figure 3), two
copper plates where the electrical devices will be connected through copper wires and [
steel screws to tighten the cell[ The cell was tightened with a dynamometric wrench at 1[5
N-m[IThe steel screws must be isolated with Teflon or polypropylene gaskets to avoid
short-circuit[ The methanol and oxidant inlet and outlet are displayed on both sides of the

graphite plates (POCO)[
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Figure 3. Triple serpentine channel geometry of the graphite plates (POCO)[!

Due to the high toxicity of the methanol, its container must be placed under
exhaustion 'To avoid photo-degradation a fresh prepared methanol solution stored in a

tarnished 2 L bottle is suggested [



Cap. 3 Construgéo de uma Estacao de Provas para Testes em Células a Combustivel a Metanol Direto

For pumping the methanol (or water) to the anode, it is recommended to avoid any
contact with the mechanical parts of the pump and preserve the purity of the liquid itself’’
Peristaltic pumps can be suitable for that purpose but an isocratic pump (CHROMOTECH
ISO 100 P-040, developed for HPLC applications) allows the pumping of small amount of
liquids (for example 1 mLmin™ or less) without losing precision[’

The flow of air or oxygen (used directly from commercial cylinders) was regulated
by a mass flow controller (BROOKS) connected to a PC via serial MODBUS protocol
through an ASCON X5 10 devicel Before the mass flow inlet, a T-type valve was installed
to permit the choice between air and oxygen!

To heat up the fuel cell, until to the desiderated temperature, flexible heaters
(WATLOW) were used, one attached to the cathode side and another attached to the anode
side[ Both heaters were controlled by a MODBUS ASCON X3 controller, using a single
thermocouple inserted in a small hole in the graphite (POCO) plate at the cathode side!

After passing through the cell, the methanol solution must be recovered in a proper
container and cannot be reused without a proper control of methanol concentration! This
line cannot be completely sealed to allow the exhaustion of the gas produced on the anode!’
The outlet of the cathode is composed of non reacted air, water produced by the reaction
and methanol coming through the membrane (cross-over), thus the liquid must be
recovered as waste and the gas can be eliminated in a suction hood [

Piping lines used to connect each part of the system can be made of steel,
polypropylene or Teflon In the system described in this study, steel pipes were used for gas
connections and polypropylene pipes for liquid connections!|

To carry out a test on the DMFC station an AGILENT 6631B device capable of
working both as electronic load and DC power source was used[ The instrument used in the
test station described can work at constant voltage (CV, Potentiostatic mode) or constant
current (CC, Galvanostatic mode): the measurements were carried out under CC model
Internal cell resistance was monitored using the fixed frequency impedance meter HIOKI
356007

All the measurements were collected using MODBUS and 4112 standard protocols

in a NI Labview framework, thus allowing full supervision and control of the devices!
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USING THE SYSTEM
ELECTRODE PREPARATION

Electrodes were prepared by the painting method (Figure 4), depositing ink (catalyst
and Nafion in a water/isopropanol solution) onto a carbon cloth covered by a Gas Diffusion
Layer (GDL) with a geometrical area of 625 cm?[The GDL with dimensions of 3 x 3 cm
was attached to a glass plate with scotch tape, keeping uncovered 25 x 2[5 cm of the GDL!
Then the glass plate was heated at 50-60 °C and the ink was painted with a watercolour
brush[|After painting a single layer of ink, the glass plate was rotated of 45°, in order to
obtain a more homogeneous electrodel If necessary, the beaker with the ink can be washed
with some drops of isopropanol to recover all the catalyst! Finally, the electrode was dried
overnight in air at room temperature and was then removed from the glass plate, cutting off
the scotch tape!

The calculation for the ink preparation was carried out to obtain an electrode with 2
mg of platinum per square centimetre of the carbon cloth support[IWith the painting
technique the loss of material is high, thus the ink was prepared with an excess of 30 % of
the catalyst![|

The cathode was manufactured using 50 wt( % Platinum supported on carbon XC-
72R (E-TEK, USA)[The ink was prepared using 000325 g of Pt/C ((625 cm” x 2 mg-cm™ /
50%) + 30 % of excess), 03201 g of 5 % Nafion in water/isopropanol (Aldrich)
(calculated considering that after drying the solvent, the final slurry must be composed of
67 wt % of Pt/C and 33 % of Nafion), water and isopropanol ] The ink was stirred for 2 h
in a 5 mL beaker and then painted on the support at 50-60 °C, as described before![

The anode was prepared using a 60 wt[ % Pt-Ru (1:1 atomic) supported on carbon
XC-72R from E-TEK (the platinum loading is 39126 wt[ %)[ Following the same procedure
used for the cathode, the ink was prepared using 01044 1g of PtRu/C and 014410 g of 5%

Nafion in water/isopropanol(’
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Class plate ®
1) Heat the glass plate at 5060 °C .
2) Paint one layer of ink on the GDL
3) Rotate 90° the glass plate
®
1) Paint one more layer
Remove the GDL 2) Rotate 90°
from the GGlass plate

$
| 1) Paint and rotate until use all ink. ®

2) If needed use isopropanol to .
wash the beaker

3) Dry at room temperature
L overnight

Figure 4. Scheme of the painting method![’

To calculate the yield of the catalyst deposition, the weight of the final dry electrode
was subtracted of the weight of a GDL-covered carbon cloth of the same dimension!]
Although the painting method is handmade, the precision of this method is relatively good:
210£013 mg of Pt/cm®(]

3.2 MEA AND CELL ASSEMBLY

The MEA was assembled by hot pressing, at 10 bar and 130 °C for 1[5 min, anode
and cathode on the Nafion membrane!(

In assembling the cell, two hard gaskets made of teflonized glass fibres were placed
between the MEA and the graphite plates in order to avoid gas loss and guarantee a good
sealing of the celll The gaskets’ thickness was chosen according to the GDL thickness and
softness A lot of cell closure tests, in fact, demonstrated that if the GDL is much thicker
than gasket, a good electrical contact occurs along with a GDL surface fibre deformation!(’
Otherwise, if the GDL is thinner than the gasket, high contact resistance occurs/ Thus, in
order to obtain good cell closure (low contact resistance and no GDL surface fibre
deformation) the difference in thickness between the gasket and the GDL was set between

100 and 150 um [6][ Before closing the cell, the MEA assembled with the gaskets (Figure
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5) was laid on the cell plate by fitting the gasket holes with Teflon guide pins on the
graphite block[Afterwards, the second graphite block was laid on the top of the MEA, and
the cell was closed screwing the eight tie rods to guarantee sealing and good and uniform
electrical contact between graphite plates and the MEA [ Sealing and homogeneity pressure
distribution on the MEA surface were checked by observing the pressure film behaviour
(FujiFilm, LLW, 0(5-2[3MPa) interposed between the plate and the MEA['A good pressure
distribution was obtained when the red dots on the pressure film surface were homogeneous

and of the established colour intensity !

Figure 5. Opened single celll

CELL ACTIVATION

After the assembling procedure, the MEA must be activated[ The activation method
studied here was carried out in five steps:
Step 1: the fuel cell was heated at 60 °C with water flow (1 mLmin™) at the anode and no
flow at the cathode JAt 60 °C, the water flow was substituted by 1 molL" methanol
aqueous solution and the cathode was fed with air at 300 mLmin™ [J
Step 2: the cell was set up to work at 0132 V for 5 hours, opening the circuit for 1 min every
1 hour[]
Step 3: the anode was filled with water and left static overnight! Then the anode and the
cathode were fed, respectively, with I mLmin™ of 1 molL™ methanol aqueous solution and

300 mLmin™ of air and the system was set up to work at 023 V and 30 °C for 1 h
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Step 4: the cell was heated from 30 to 60 °C, recording a polarization curve at 30, 40, 50
and 60 °C and kept at 60 °C working at 032 V for 1 h[

Step 5: the cell worked for more than 1 h at 60 °C and 032 V but with 100 mLmin™
oxygen instead of air[

After each of the five steps described above, a polarization curve was acquired from
open circuit to 01 V, sampling every 0001 A[The cell conditions were 60 °C, 300 mLmin™
of air flow at the cathode and 1 mLmin™ of 1 molL™" methanol aqueous solution flow at the
anode( The catalysts used were 50 wt % Pt on XC-72R carbon (E-TEK) at the cathode and

60 wt % Pt-Ru (1:1) on XC-72R carbon (E-TEK) at the anodel The results are shown in
Figure 61

0.6 —m— After Step 1
1 —eo— After Step 2
0.5- —Xx— After Step 3
—*— After Step 4
—A— After Step 5
0.4 1 .
2 —A— After normal operation for [Thours
S 0.3
c
2 -
O
a 0.2
0.1 *o00e K
00 T T T

0.00 0.02 0.04 0.06 0.08 0.10
Current Density / Acm’

Figure 6. Polarization curves for each step of the activation of the MEA using commercial
E-TEK catalysts[All polarization curves were obtained at 60 °C, 300 mLmin™ air flow at

the cathode and 1 mLmin™ of 1 molL™" methanol aqueous solution flow at the anode!’

Figure 6 shows that the MEA works before any activation (Step 1); however, a
significant improvement is observed after Step 2 The MEA can be considered completely

activated after Step 3, since no significant change was observed after Steps 4 and 5[ The
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reproducibility and stability of the MEA studied were confirmed, since after [1h of normal
operation the polarization curve is very similar to that obtained after Step 3 [

The activation procedure was applied to another system using non-commercial
catalysts[ The cathode and anode were prepared with the same loading and the same carbon
as the previous MEA, but the Pt and PtRu deposition followed the method described

elsewhere [7,[ ][ Activation results are shown in Figure 7/

06

—m— After Step 1
—eo— After Step 2
—X— After Step 3
—*x— After Step 4
—wv— After Step 5
—A— After normal operation for [Thours

015

014+

Potential / V

00 T T T T y T g T T T y
0100 001 002 0103 004 005 0106
Current Density / Acm”

Figure 7. Polarization curves for each step of the activation of the MEA using non-
commercial catalystsAll polarization curves were obtained at 60 °C, 300 mLmin™ air flow

at the cathode and 1 mLmin™ of 1 moIL" methanol aqueous solution flow at the anodel’|

Activation of the second system (Figure 7) followed a profile different from the first
system’s (Figure 6) . The MEA can be considered activated only after Step 5, after which no
improvement is observed, even after [ h of cell operation!’

The comparison between both systems is important to illustrate that some systems

can be more difficult to activate than other ones, mainly when new experimental materials

are involved[]
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3.4 AIR AND METHANOL FLOW
Before starting an analysis of the DMFC test station, it was necessary to study the optimal
air and methanol flow conditions! Experiments were carried out on an activated MEA at 60
°C[In the first experiment, the flow of methanol was set up at | mLmin™" and the flow of
air varied from 100 to 500 mLmin" (Figure [)[]Polarization curves show that the
performance of the cell is very similar for all flows studied, however, the power curve
proves that at 300 mLmin™ the cell works modestly better['This result indicates that the
DMEFC system described in this study could be simplified further, changing the mass flow

controller by a simple manual flow control, since a precise air flow is apparently not

required [’
0.6
| —=—100 mLmin” 0.012
0.5¢ —e—200 mLmin” ""!‘3!0!%;‘1:'
1 —4—300 mLmin” | g 0-0101 =
0.4+ —v—400 mLmin” 9 "
> N | = o0.008- '
= —+—500 mLmin =
0.3 2
£ | 2 0.0061 —=— 100 mLmin"
502 L o
Q02 e 0.0044 *— 200 mLmln_1
] g —A— 300 mLmin
0.1 (a) & 0.002- —v— 400 mLmin
1 —%— 500 mLmin”
0.0 T T T T 0.000 T T T T
0.00 0.02 0.04 9-06 _20-08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Current Density / Acm Current Density / Aem™

Figure 8. Influence of air flow on the (a) Polarization and (b) Power curves!(’

Keeping the air flow set at 300 mLmin™', the methanol flow was studied in the 1 and
3 mLmin™' range (Figure 9)[The concentration of methanol was 1 molL™, as recommended
elsewhere [S][/As was observed with air flow, changes in the methanol flow in the studied

range do not imply a significant change in the cell performance(’

L7
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Figure 9. Influence of methanol flow on the (a) Polarization and (b) Power curves!(
3.5 CHARACTERIZATION OF THE MEA

The main characterization of a fuel cell is the polarization curvel The development
of new catalysts, supports and membranes for the DMFC must be characterized first in a
single cell test station[ After activation, the MEA using commercial E-TEK catalysts can be

characterized The polarization and power curves at different temperatures are shown in
Figure 100}

06 —n—30°
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E 044 —v—(° %
s o —=—30°
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. 2 -
Current Density / Acm Current Density / Acm ?

Figure 10. (a) Polarization and (b) Power curves for the DMFC equipped with commercial
E-TEK catalysts[All polarization curves were obtained using 300 mLmin™" air flow at the

cathode and 1 mLmin™ of 1 molL™" methanol aqueous solution flow at the anode!’

Figure 10 shows that, as expected, increasing the temperature leads to an

improvement in DMFC performance! For DMFC, however, the polarization is commonly
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obtained using pure oxygen as oxidant, as show in Figure 11, in which the experiment was

carried out at 70 °C[]
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Figure 11. Polarization and Power curves for the DMFC equipped with commercial E-TEK

catalystsCAll polarization curves were obtained using 100 mLmin™" of pure oxygen at the

cathode and 1 mLmin™ of 1 molL™" methanol aqueous solution flow at the anode at 70 °CL

4.0 CONCLUSIONS

In this paper, the construction and optimization of a low cost home-assembled

DMEFC single cell test station was described together with the preparation of electrodes, the

manufacturing of membrane-electrode-assemblies and single cells, and the activation and

characterization of the system!

The activation procedure proved to be efficient for commercial and non-commercial

catalysts [’

The study of the flow of methanol and air revealed that the optimum flows are 1

mLmin™ and 300 mLmin™, respectively!(]
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1. Introducgao

Devido a alta condutividade elétrica, baixo custo e alta area superficial, os
Carbon Black sao os suportes para nanoparticulas metalicas mais utilizados para
a preparacao de eletrodos em Células a Combustivel de Membrana Condutora de
Prétons (PEMFC). As caracteristicas estruturais dos Carbon Black levam a uma
boa dispersdo das particulas metdlicas, o que acarreta em uma célula a
combustivel altamente eficiente. Nanoparticulas de platina sdo normalmente
usadas tanto no catodo quanto no anodo da PEMFC por catalisarem a redugao do
oxigénio e a oxidagao do hidrogénio.

Os mesmo tipos de eletrodos usados na PEMFC podem também serem
aplicados na Célula a Combustivel a Metanol Direto (DMFC). A principal diferenga
€ que no anodo da DMFC deve-se usar a liga platina-ruténio ao invés da platina.
Além disso, no anodo da DMFC ¢é necessario um sistema mais eficiente para a
difusdo do combustivel. Desse modo, o desenvolvimento de um suporte que
facilite a difusdo do metanol no interior do anodo € de grande interesse.

Suportes alternativos para aplicagdo nos eletrodos da DMFC como
carbonos mesoporosos, nanotubos de carbonos e polimeros condutores
apresentaram resultados promissores, o que nos remete a sistemas porosos e
organizados.

Lev e colaboradores® propuseram a sintese sol-gel em compdsito
silica/grafite, chamado Carbono Ceramico, para aplicagdo em sensores. Os
autores atribuiram o sucesso dos compdsitos a condutividade elétrica da grafite
somada a resisténcia mecanica da silica obtida por processo sol-gel. Essa familia
de matérias nunca foi utilizada em células a combustivel, provavelmente devido a
sua baixa area superficial.

Com o intuito de criar Carbonos Ceréamicos com alta area superficial,
propusemos a substituicdo da silica sol-gel por peneiras moleculares
mesoporosas do tipo MCM-4, MCM-48 e SBA-[5.

Os compositos foram sintetizados pela adicdo de grafite a sintese das

peneiras moleculares de silica. Dois tratamentos foram propostos aos materiais
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sintetizados: (i) calcinagdo para remocgdo do detergente organico usado na
estruturacdo da silica ou (ii) pirélise do detergente organico. Os novos compdsitos
desenvolvidos nesta tese foram aqui denominados Carbonos Ceramicos
Mesoporosos.

Neste capitulo é apresentado um trabalho completo apresentado oralmente
no congresso HySyDays 2009 em Turim na lItalia e outro submetido para o XXII
Congresso Iberoamericano de Catalise em Vina Del Mar no Chile.

Os novos suportes Carbonos Ceramicos Mesoporosos foram
caracterizados principalmente por difragao de raios-X e fisissor¢do de nitrogénio a
77 K, onde se observou que as estruturas de silica mesoporosas sdo mantidas no
composito formado, embora uma significativa redugcdo da area superficial seja
notada.

Os Carbonos Ceramicos Mesoporosos foram inicialmente testados no
catodo da célula a combustivel a metanol direto e os materiais com melhores

resultados foram também testados no dnodo.

2. Referéncias
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[2] M. Tsionsky, G. Gun, V. Glezer, O. Lev, Anal. Chim. 66 ([994) [747; G. Gun,
M. Tsionsky, O. Lev, Anal. Chem. Acta, 294 ((994) 26(;
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ABSTRACT

In this work, a new family of electrodes for Direct Methanol Fuel Cell (DMFC) was
synthesized. Mesoporous Carbon Ceramics (MCC) were obtained by the addition of
commercial graphite into the synthesis gel of MCM-41, MCM-48 and SBA-15 mesoporous
silica with variable SiO,/C weight ratios. X-ray diffraction confirmed the formation of
organized silica and the presence of graphite, and nitrogen adsorption measurements
showed that the presence of a graphitic phase does not interfere in the silica pore diameter.
The MCCs were modified with Pt or PtRu, in order to be tested as DMFC electrodes and,
when used as anode, MCC-SBA-15 presented performances comparable to the commercial
support. Key words: carbon ceramic, mesoporous molecular sieve, direct methanol fuel
cell
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1. INTRODUCTION

Direct Methanol Fuel Cell (DMFC) is today
the third (after PEMFC and SOFC) most
researched fuel cell technology on industry.'
Its advantages compared with the other types
are the possibility of size reduction and of the
use of a liquid combustible. Although the
DMFC can be considered very near the
commercial application,” many efforts have
been spent in developing new polymeric
membranes, which can diminish the methanol
crossover, and new metal alloy catalysts, to
improve the anodic reaction rate and yield.
The support for the metal alloy, involved in
both cathode and anode, is high surface
carbon. The research in new supports is not as
intensive as for the membranes or metal
alloys and is based on the modification of the
carbon surface or morphology. Carbon
particles have relative stability in both acidic
and basic media, good electric conductivity
and high specific surface area.’ The type of
carbon, the most used being carbon black, can
have a strong influence in the metal particle
size, morphology and stability, and can also
affect mass transport, catalyst layer electronic
conductivity, and electrochemical active
area.’

In recent years, metal catalysts containing
carbon nanotubes showed to be significantly
superior to carbon black, however its
commercial application is not viable due to
the high production cost.* Mesoporous
carbon obtained from a mesoporous silica
template is another interesting family of
supports, which allow obtaining catalytic
performance superior to carbon black.’

In 1994, Lev and co-workers® published for
the synthesis of Carbon Ceramics (CC), based
on the condensation of sol-gel silica around
graphite particles. According to the authors,
the composites benefit from the mechanical
properties of the silica backbone, from the
electron percolation conductivity through the
interconnected carbon particles and from the
ability to manipulate the silica properties by
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incorporation  of  different
precursors or sol-gel dopants.’
In this work the synthesis of a high surface
area carbon ceramic, the Mesoporous Carbon
Ceramics (MCC) is proposed. This family of
composites is formed by commercial graphite
and MCM-41, MCM-48 and SBA-15
mesoporous silica. Furthermore, the activity
of these materials as catalysts on DMFC
electrodes was studied.

monomer

2. EXPERIMENTAL

2.1. Synthesis of MCM-41 Mesoporous
Carbon Ceramic (MCC-MCM-41)

The reaction was carried out adapting the
synthesis of a pure silica MCM-41.°* In a 250
mL polypropylene Beaker, a dispersion of
10.11 g of cetyltrimethylammonium bromide
(CTMAB, Aldrich) in 20.5 mL of water,
previously aged for 12 h, was added to a
freshly prepared solution of 10.31 g of
sodium silicate (Nuclear) in 37 mL of water.
42.5 mL of water were used to wash the
beaker that contained CTMAB and then
added to the reaction mixture. The mixture
was stirred for 30 min and 2.86 g or 8.58 g
(for weight ratio Si/C = 1/1 or 1/3,
respectively) of graphite (<45 um, Aldrich)
were added. The pH was adjusted to 10.80
with concentrated acetic acid (4.7 mL,
Merck), under vigorous stirring. The reaction
mixture was heated from room temperature to
74-76°C under stirring and kept for 4 h. Then
the gel was aged in autoclave in static
conditions for 66 h at 150°C. Finally, the
solid was filtered and washed with 4 L of
water. The solid was calcined at 500°C
(1°Cmin™) for 5 h under air flow.

2.2. Synthesis of MCM-48 Mesoporous

Carbon Ceramic (MCC-MCM-48)
The reaction was based on the synthesis of a
pure silica MCM-48° In a 250 mL
polypropylene beaker, 9.52 g of tetracthyl
orthosilicate (TEOS, Alfa Aesar) were added
to a fresh prepared solution of 1.26 g of
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potassium hydroxide (Aldrich) in 50 mL of
water and stirred for 10 min. Then, 10.61 g of
CTMAB (Aldrich) and 2.04 or 6.12 g (for
weight ratio Si/C = 1/1 or 1/3, respectively) of
graphite (<45 pm, Aldrich) were added and
the mixture were stirred for 30 min. The gel
was aged for 72 h at 120°C in autoclave in
static conditions. Finally, the solid was
filtered and washed with 4 L of water. The
solid was calcined at 500°C (1°Cmin™) for 5
h under air flow.

2.3. Synthesis of SBA-15 Mesoporous
Carbon Ceramic (MCC-SBA-15)

The reaction was based on the pure silica
SBA-15 original synthesis.'” In a 250 mL
polypropylene beaker, 120.00 g of a 2 mol L™
aqueous HCI solution was added to a solution
of 4.00 g of Pluronic P123 (Aldrich) in 30.00
g of water and the solution was stirred for 1 h
at 35°C. Then, 8.50g of TEOS (Alfa Aesar)
and 2.35 or 7.05 g (for weight ratio Si/C = 1/1
or 1/3, respectively) of graphite (<45 pm,
Aldrich) were added and the mixture were
stirred for 24 h at the same temperature. The
gel was aged for 24 h at 100°C in autoclave in
static conditions. Finally, the solid was
filtered and washed with 4 L of water. The
solid was calcined at 500°C (1°Cmin™) for 5
h under air flow.

2.4. Pt and PtRu deposition

The deposition of 20 wt. % Pt on MCC or
Vulcan XC-72R (Cabot) was carried out
stirring 0.30 g of the support in a solution of
384 umol of chloroplatinic acid (H,PtCls,
Aldrich) for 1 h. The dispersion was dried for
15 h at 60°C. For Pt reduction, the powder
was heated from room temperature to 300°C
(3°Cmin™") under pure hydrogen flow. This
temperature was maintained for 3 h under
vacuum.''

The deposition of 60 wt. % of PtRu alloy was
carried out by adding a solution of 2.53 mmol
of chloroplatinic acid (H,PtCls, Aldrich), and
2.53 mmol of ruthenium chloride (RuCls,
Aldrich) in 20 mL of water in a dispersion of
50 mg of the support in 30 mL of water
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(previously sonicated for 15 min). The
mixture was stirred for 30 min and then a
solution of 400 mg of sodium borohydride
(Aldrich) in 50 mL of water was added drop
by drop under vigorous stirring. The mixture
was stirred for over 2 h, filtered and washed
with 500 mL of water.'?

2.5. Characterization Techniques

X-ray diffractograms were obtained on a
Thermo ARL X-ray diffractometer, operating
with CuKa X-ray radiation (X-ray generator
current and voltage set at 40 mA and 45 kV).
Nitrogen physisorption measurements were
carried out at -196°C in the relative pressure
range from 10° to 1 P/Py wusing a
Quantachrome Autosorb IMP/TCD
instrument. Prior to the analysis the samples
were outgassed (residual pressure p < 107
mbar) at 250°C for 15h. Specific surface areas
were determined by using Brunauer-Emmett—
Teller (BET) equation. Pore size distributions
were obtained by applying the NLDFT
method for cylindrical pores using the
desorption branch. Microporous surface area
and volume were estimated by t-plot. The
scanning electronic microscopy images were
done in a Fei Quanta 200 coupled to an
EDAX EDS.

2.6. DMFC Tests

Gas diffusion electrodes (GDE) were
prepared by painting the ink (prepared with
30 % of excess) in a carbon cloth (GORE).
The ink for a 6.25 cm” cathode was obtained
stirring for 2 h 0.0878 g of 20 wt. % Pt on
MCC or Vulcan XC-72R (Cabot), 0.367 g of
water, 0.367 g of isopropanol and 0.864 g of
Nafion (5 % solution in water/isopropanol,
Aldrich). The ink for the cathode using the
commercial Pt(50 wt. %)/Vulcan XC-72R (E-
TEK), was prepared using 0.035 g of catalyst,
0.147 g of water, 0.147 g of isopropanol and
0.346 g of Nafion (5 % solution in
water/isopropanol, Aldrich).

The ink for a 6.25 cm® anode was obtained
stirring for 2 h 0.0448 g of 60 wt. % PtRu
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(1:1) on MCC or Vulcan XC-72R (Cabot) or
the commercial PtRu(60 wt. %, 1:1)/Vulcan
XC-72R (E-TEK), 0.187 g of water, 0.187 g
of isopropanol and 0.441 g of Nafion (5 %
solution in water/isopropanol, Aldrich).

The membrane and electrode assemblies
(MEAs) were prepared by hot-pressing two
electrodes on both sides of a pre-treated
Nafion® 117 membrane (Aldrich) at 130°C
and 10 bar for 1.5 min.

The DMFC polarization experiments were
carried out galvanostatically. The cathode was
fed with 300 mLmin™ of pure non-humidified
air at atmospheric pressure and the anode was
fed with 1 mol L™ aqueous methanol solution
with 1 mLmin~" flow.

3. RESULTS AND DISCUSSION

3.1

Mesoporous carbon ceramics (MCCs) with
MCM-41, MCM-48 and SBA-15 structures
and SiO,/C weight ratio of 1/1 and 1/3 were
first characterized by X-ray diffraction (XRD)
and compared with the patterns of parent
silica as shown in Figure 1. Both MCM-41
and SBA-15 show three main peaks assigned
to the (100), (110) e (200) plans, being the
first peak the most intense, typical of
hexagonal arrangement of cylindrical pores
(Pébmm spatial group). The (110)/(100) and
(200)/(100) 26 peaks ratios must be V3 and 2,
respectively. The MCM-48 displays a cubic
channel organization (Ia-3d spatial group) and
its XRD pattern presents two well defined
peaks at 20 = 2 - 3.5 and a group of peaks at
20=4-6."

In the XRD region 20 < 8 no significant
difference is observed between the patterns of
pure silica (Figure 1A, B and C, curve (a))
and those of MCC composites (Figure 1 A, B
and C, curve (b) and (c)). This revels that the
graphite does not interfere with the silica
phase organization. These results confirm
those of Koénya et al.'* that synthesized
MCM-41 in the presence of different carbon
sources. A peak at 20 = 26.9, due to the

Synthesis and characterization
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graphite (011) basal plan, is always found in
the MCCs XRD pattern.
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Figure 1. X-ray pattern of (A) MCM-41, (B) MCM-48

and (C) SBA-15. Curves (a) Pure silica material,

curves (b) SiO,/C weight ratio of 1/1 and curves (c)

Si0,/C weight ratio of 1/3.

—

The textural properties of pure silica
molecular sieves, MCCs and pure graphite are
show in Table 1. While graphite displays a
surface area of 4 m’g” and a negligible pore
volume, pure silica MCM-41, MCM-48 and
SBA-15 present, respectively, surface area of
830, 840 and 805 m°g” and pore volumes of
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0.90, 0.48 and 1.08 cm’g’. The presence of
graphite in the composites leads to a reduction
in the surface area and pore volume, and does
not significantly affect mesopores diameters.

Table 1. Textural properties of graphite, mesoporous
molecular sieves and MCCs.

Sample Seer™®/  SM® /7 V97 v/ Dp@/
(Si0,/Cratio) em’g’! cm’g! em’g! em’g!  nm
Graphite 4 - 0.006 - -
MCM-41 830 - 0.90 - 43
MCC-MCM-41
wn 446 . 0.40 . 4.1
MCC-MCM-41
s 233 . 0.18 . 42
MCM-48 840 . 0.48 . 3.7
MCC-MCM-48
wn 675 . 0.58 . 3.6
MCC-MCM-48
s 195 . 0.14 - 3.5
SBA-15 805 179 108 008 86
MCC('SISA'H 412 18 074 0003 92
MCC-SBA-15
s 203 . 0.20 . 9.2

@ Specific Surface area; © Microporous volume; ©

Total volume; ¥ Microporous Volume;  Mesoporous
diameter

In order to understand how silica and graphite
are arranged in the composite, the samples
were analyzed by scanning electron
microscopy (SEM). SEM images for SiO,/C
weight ratio of 1/1 and 1/3 are similar, thus
representative pictures were selected for this
work. MCC-MCM-41 (Figure 2) and MCC-
MCM-48 (Figure 3) display aggregates of
spherical silica particles of 200-500 nm.
MCC-SBA-15 (Figure 4) presents silica
particles forming worm-like agglomerates of
15 and 30 um. The graphite particles are
lamellar with dimensions smaller than 50 pm
and can be easily distinguished from silica
from their particular shape.

In MCC-MCM-41 and MCC-MCM-48
materials the silica seems to grow near the
graphite surface and most of these particles
are partially covered by silica. Conversely,
MCC-SBA-15 materials are more similar to
mechanical mixtures."”” Manne et al.'® studied
the interaction of CTMAB (surfactant used
for MCM-41 and MCM-48 syntheses) and
graphite surface, and showed that the
surfactant forms semi-cylindrical micelles in
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the graphite/water interface. Thus, an
interaction between mesoporous silica and
graphite surface covered by CMTAB may
occur.

Figure 2. SEM images of MCC-MCM-41. Red arrow
indicates the graphite particle.

Figure 3. SEM images of MCC-MCM-48. Red arrow
indicates the graphite particle.
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Figure 4. SEM images of MCC-SBA-15. Red arrow
indicates the graphite particle.

3.2. MCC as cathode for DMFC

The MCCs were tested first as cathodes for
Direct Methanol Fuel Cell (DMFC) after
deposition of 20 wt. % of platinum. Vulcan
XC-72R was used as a reference support. The
dimension of platinum nanoparticles was
determined by XRD through the Scherrer
equation using the (220) platinum peak
(Figure 5)."” The calculated average platinum
particle size is 4.3, 3.5 and 6.8 nm,
respectively for MCC-MCM-41, MCC-
MCM-48 and MCC-SBA-15 with SiO,/C
weight ratio of both 1/1 and 1/3. In the case of
MCC-MCM-41 and MCC-MCM-48 the
platinum particle size is very similar to the
pore diameter, and this suggests that the metal
particles growth is limited by the channel
dimensions. Contrarily, for MCC-SBA-15 the
average platinum particle size is inferior to
the channel diameter, therefore, the metal
particles probably reached their maximum
dimension for this deposition method in silica.
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Figure 5. X-ray pattern of 20 wt. % of platinum
supported on MCC (A) with weight ratio SiO,/C of 1/1
with (a) MCM-41, (b) MCM-48 and (c) SBA-15
structures and (B) MCC with weight ratio SiO,/C of
1/3 with (d) MCM-41, (¢) MCM-48 and (f) SBA-15
structures

The MEA was prepared using the 20 wt. % of
platinum supported on MCCs as cathode; the
anode was made with a commercial 60 wt. %
PtRu(1:1) on Vulcan XC-72R (E-TEK); and
Nafion 117 as electrolyte. The polarization
and power curves obtained at 70 °C feeding
the cathode with air are shown in Figure 6
and the values of maximum power density,
current density at 0.2 V and internal
resistance for each system are reported on
Table 2. For the MCCs with SiO,/C weight
ratio of 1/1, the material with MCM-48
structure presented the best performance, due
to the lower internal resistance of the system,
reaching a maximum of power density of
0.001 Wem™ and current density of 0.006 A
cm” at 0.2 V. MCM-41 and SBA-15 form
agglomerates much bigger than MCM-48
(Figures 2-4), which should be responsible for
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blocking the graphite percolation and thus
increase the resistance of the cathode.

For the MCCs with SiO,/C weight ratio of
1/3, the internal resistance is 130 mQ for all
materials, since the high amount of graphite
diminishes problems with electric percolation,
and presents performance superior in relation
to the MCCs with SiO,/C weight ratio of 1/1.
The MCC-SBA-15 (1/3) is the most active
(maximum power density of 0.006 Wem™ and
current density of 0.029 Acm™ at 0.2 V), and
this can be due to its higher pore diameter that
promotes a better diffusion of the oxidant
through the electrode.

However, Vulcan XR-72R carbon presented
performance much superior in respect to the
MCCs, reaching a maximum of power density
of 0.015 W c¢cm™ and a current density of
0.076 Acm™at 0.2 V.

MCC-MCM-41 (1/1)
—=—MCC-MCM-48 (1/1)
—e—MCC-SBA-15 (1/1)
—%—MCC-MCM-41 (1/3)
—0—MCC-MCM-48 (1/3)
—m=—MCC-SBA-15 (1/3)

Potential / V

'v'"‘v, —wv— Vulcan XC-72R
“E%BEE '"MM
000 002 004 006 008 010 0.2
Corrent Density / Acm”
0.015 - B yww
v vy,
2 v va
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£ —m— MCC-MCM-48 (1/1)
= —e—MCC-SBA-15 (1/1)
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Figure 6. (A) Polarization curve and (B) Power density
vs. current density curve for the MCCs and the Vulcan
XC-72R as cathode for the DMFC. Conditions: 70 °C;
300 mLmin™ of air; 1 mLmin™ of a 1 molL™" aqueous

methanol solution.
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Table 2. Maximum power density, current density at
0.2 V and Internal resistance for the Pt supported on
MCCs and Vulcan XC-72R applied as cathode for
DMFC using air as oxidant.

Cathode Maximum Current Internal
Support Power Density Density at Resistance
PP / Wem 02V/Aem?  /mQ
Vulcan XC-72R 0.015 0.076 60
MCCEIIV/'SM"” 0.0006 0.003 880
MCC-MCM-48 0.001 0.006 250
/1)
MCC-SBA-15
a/n 0.0006 0.003 810
MCC-MCM-41
153) 0.005 0.027 130
MCC-MCM-48
(1/3) 0.005 0.027 130
MCC-SBA-15
(1/3) 0.006 0.029 130

The MCCs with SiO,/C weight ratio of 1/3
and the Vulcan XC-72R were also tested
feeding the cathode with pure oxygen and the
polarization and power curves obtained at 70
°C are shown in Figure 7 and the values of
maximum power density and current density
at 0.2 V are reported on Table 3.
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Figure 7. (A) Polarization curve and (B) Power density

vs. current density curve for the MCCs and the Vulcan

XC-72R as cathode for the DMFC. Conditions: 70 °C;

100 mLmin-1 of pure oxygen; 1 mLmin-1 of a 1 molL-
1 aqueous methanol solution.

Table 3. Maximum power density, current density at
0.2 V and Internal resistance for the Pt supported on
MCCs and Vulcan XC-72R applied as cathode for
DMFC using pure oxygen as oxidant.

Maximum Current
Cathode Power Density at
Support Density / 0.2V/
Wem™ Acm™
Vulcan XC-
79R 0.026 0.13
MCC-MCM-
41 (1/3) 0.012 0.05
MCC-MCM-
48 (1/3) 0.011 0.05
MCC-SBA-15
(1/3) 0.011 0.05

When pure oxygen is used instead of air, the
fuel cell can work with a higher power. In this
condition, it was observed that the ratio of
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maximum power density between the MCCs
and the Vulcan XC-72R is ca. 1/2, while it is
ca. 1/3 when air is used as oxidant. This
means that passing from air to oxygen leads
to a higher improvement in the MCCs
catalytic performance than for the Vulcan
XC-72R, what can be attributed to a better
diffusion of the reactants and product through
the MCCs mesoporous structure.

3.3. MCC-SBA-15 (1/3) as anode for DMFC

For the test in the anode, 60 wt. % of
PtRu(1:1) was supported on MCC-SBA-15
(1/3) and Vulcan XC-72R. The dimension of
the alloy nanoparticles was determined by
their XRD pattern (Figure 8) through the
Scherrer equation using the (220) platinum
peak.'® The calculated average platinum
particle size was 3.9 nm for both supports.

P(111)

Ru(010)
Pt(200)

Pt(220) Pt(311)

Intensity / u.a.

/
Pt(222)

Graphite (002)

—T T T T T T T T T T T T T "I
30 35 40 45 50 55 60 65 70 75 80 85 90
20/°

Figure 8. X-ray pattern of 60 wt. % of PtRu(1:1)
supported on (a) MCC_SBA-15 (1/3) and (b) Vulcan
XC-72R.

The MEA was prepared with Nafion 117 as
electrolyte, 60 wt. % of PtRu(1:1) on MCC-
SBA-15(1/3) or Vulcan XR-72R as anode and
commercial Pt 50 wt. % on Vulcan XC-72R
(E-TEK) as cathode. The polarization and
power curves obtained at 70 °C using air as
oxidant are shown in Figure 9. It is of note
that, when used as anode, the MCC-SBA-15
has a performance comparable to the Vulcan
XC-72R. The maximum power density and
current density at 0.2 V were, respectively,
0.010 Wem™ and 0.050 Acm™ for MCC-
SBA-15 (1/3) and 0.008 Wem™ and 0.041
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Acm™ for Vulcan XC-72R. In the anode, the
diffusion of liquid combustible is much more
difficult than the diffusion of air in the
cathode. Thus a well ordered porous support
can facilitate the diffusion of methanol
through the anode, improving the cell

performance.
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o° .‘. =~
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c L 2,
5 o ...___:..‘.' &
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.'--._."o' E
014 ¢ —e— MCC-SBA-15 (1/3) frTtee 100027
—=— Vulcan XC-72
0.0 . . . . 0.000
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Current Density / Acm’”

Figure 9. Polarization curve (right axis) and Power
density (left axis) density vs. current density curve for
the MCCs and the Vulcan XC-72R as anode for the
DMFC. Conditions: 70 °C; 300 mLmin" of air; 1

mLmin” of a 1 molL" aqueous methanol solution.

When oxygen is used as oxidant, instead of
air the performance for both supports became
very similar, reaching 0.013 Wcm? of
maximum power density and 0.066 Acm™ of
current density at 0.2 V.

0.7 0.015
0.6 uivr-van"y
:;:;" ';vvv..l.l
0.5t Vi v, ."n
v, ﬁﬂ' Y fooro
> oYy, ¥
Z 0.4 R4 v
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Figure 10. (A) Polarization curve and (B) Power
density vs. current density curve for the MCCs and the
Vulcan XC-72R as cathode for the DMFC. Conditions:
70 °C; 100 mLmin™ of pure oxygen; 1 mLmin™ of a 1

molL" aqueous methanol solution.
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4. CONCLUSIONS

A new family of mesoporous carbon ceramic
(MCC) composites for electrode, which take
the advantages of the well ordered silica
mesoporous structure and of the graphite high
conductivity, is here presented for the first
time. X-ray diffraction confirmed the ordered
structure of the composites, and nitrogen
adsorption at -196 °C showed a decrease in
the pore volume and surface area of MCC
composites in comparison to the pure silica
materials. Pore diameter was not affected by
the graphite addition.

The SEM images revealed that in the
composites with MCM-48 and MCM-41 there
is a more intimate mixture between silica and
graphite phases, while for the material with
SBA-15 the composite is similar to a
mechanical mixture.

The MCC-SBA-15 with SiO,/C weight ratio
of 1/3 was the most active MCC as cathode
for DMFC. However, the performance was
significantly lower than that obtained with
Vulcan XC-72R.

Otherwise, when used as anode, the MCC-
SBA-15 with SiO,/C weight ratio of 1/3
showed performance higher related to the
system using Vulcan XC-72R.
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Neste trabalho é descrita a sintese dos Carbonos Ceramicos Mesoporosos (MCC), uma nova
familia de compésitos formada por grafite e peneiras moleculares mesoporosas, que foi
desenvolvida para aplicagdo como suporte de particulas metdlicas para eletrodos. Os compdsitos
recém sintetizados foram calcinados para a remogao do detergente usado na estruturacédo da fase
silicica. Alternativamente, o detergente foi pirolisado ao invés da calcinagéo, formando uma camada
de carbono que recobre a superficie interna da silica mesoporosa. Andlise de difracdo de raios-X
mostrou que a presenca da grafite ndo influencia na formacédo da fase silicica. Analises de
fisisorcdo de nitrogénio a -196 °C mostraram que os materiais compdsitos tém area superficial e
volume de poros inferior as respectivas estruturas de peneiras moleculares mesoporosas, muito
embora o didmetro de poros seja 0 mesmo. MCCs com 20 % em massa de platina foram usados no
catodo da célula a combustivel a metanol direto (DMFC), tendo o melhor resultado com o
compdsito com estrutura silicica da MCM-48 e agente direcionado pirolisado, sendo esse 50 %
inferior ao desempenho do suporte comercial Vulcan XC-72R. Quando modificado com 60 % em
massa da liga PtRu e usado no anodo da DMFC, o material chegou a resultados 44 % superiores a
Vulcan XC-72R. Isso se deve ao fato que a estrutura porosa do MCC facilita a difusdao do metanol
no interior do &nodo.

Palavra chaves: carbono ceramico mesoporoso; peneiras moleculares mesoporosas;célula a combustivel a

metanol
Introducédo modificados com heteroatomos; (ii) suportes
Peneiras moleculares mesoporosas para substancias orgg‘micas ou inorganicas; e
de silica foram desenvolvidas com o objetivo (iii) processos adsortivos [1]. O sucesso das
de suprir a principal limitagdo dos zedlitos peneiras moleculares € devido a sua
relacionado & difusdo de moléculas grandes simplicidade  estrutural, ~ facilidade em
[1]. Como principais peneiras moleculares modificar suas propriedades fisico-quimicas,
mesoporosas  silicicas podem-se citar a diametro e forma de canais bem definidos,
MCM-41 e SBA-15, nas quais 0S poros s&0 estreita dlstrlpglgao de poros, alto volume de
organizados de forma hexagonal, e a MCM- poro, superficie reativa e pOSSIbI!Idade de
48, com poros arranjados de forma cubica sintese com heterogtomos e_st.rutura|s [3].
[1,2]. As principais aplicagdes desses ~ Embora seja um eficiente suporte, a
materiais  sdo: (i) catdlise, quando silica € um isolante elétrico o que limita a sua
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aplicacdo em sistemas eletrocataliticos como
sensores e eletrodos. Deste modo, Lev e
colaboradores [4] desenvolveram, em 1994,
uma nova classe de suportes de particulas
metalicas para aplicacdo em eletrodos, os
Carbonos Ceramicos (CC). Esses
compdsitos sao sintetizados pela
condensacao via sol-gel de silica em torno
das particulas de grafite. Segundo os autores
0 eletrodo compdsito se beneficia do
esqueleto de silica, da percolagao elétrica
entre os graos de grafite e da possibilidade
da modificagdo da superficie da silica. A
aplicacado dos CCs em células a combustivel
é restrita devido a baixa area superficial do
suporte (< 10 m°g”) o que dificulta a difusao
dos reagentes no eletrodo.

Tento em vista o problema das CCs,
neste trabalho é apresentada uma nova
familia de compdsitos formados por grafite e
silica mesoporosa, que denominamos
Carbonos Ceramicos Mesoporosos (MCC, do
inglés Mesoporous Carbon Ceramics). Esses
materiais foram estudados como catodo ou
anodo na Célula a Combustivel a Metanol
Direto (DMFC, do inglés Direct Methanol Fuel
Cell).

A DMFC pode ser considerada como
um subtipo da Célula a Combustivel de
Membrana Condutora de Prétons, e é
composta por dois eletrodos baseados em
platina ou liga platina-ruténio suportados em
Carbon Black e uma membrana condutora de
prétons, normalmente a Nafion, da Dupont.
Na DMFC o catodo é alimentado por ar ou
oxigénio e 0 anodo por uma solugao aquosa
de metanol. Essa tecnologia de célula a
combustivel é a terceira mais pesquisada,
ficando atrds apenas da Célula a
Combustivel de Membrana Condutora de
Prétons e da Célula a Combustivel a Oxido
Solido [6]. De qualquer forma, segundo a
publicacdo recente da International Energy
Agency [7] a DMFC esta préxima de entrar no
mercado de dispositivos portateis, enquanto a
Célula a Combustivel de Membrana
Condutora de Prétons ainda precisa de maior
desenvolvimento tecnoldgico.

Experimental
Sintese do Carbono Cerdmico Mesoporoso

com estrutura MCM-41

A sintese da MCM-41 foi baseada no
método descrito por Pastore e colaboradores
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[8]. Uma disperséo de 10,114 g de brometo
de cetiltrimetilaménio (CTMAB, Aldrich) em
20,5 mL de agua destilada, previamente
agitada por 12 h, foi adicionada a uma
solucdo de 11,313 g de metassilicato de
sédio (Synth) em 37 mL de agua destilada.
Mais 42,5 mL de &gua destilada foram
adicionados, podendo ser usados para lavar
o0 béquer que continha a dispersdo de
CTMAB. Em seguida, a quantidade
adequada de grafite (Aldrich) foi adicionada.
A dispersao foi agitada por 30 min e entdo o
pH foi ajustado na faixa entre 10,8 e 10.,9
com a adi¢do lenta de &cido acético glacial
(Synth, aproximadamente 4,7 mL). A reacao
foi entdo aquecida em banho de 6leo a 74-76
°C e mantida sob agitacéo por 4 h. Por fim a
mistura reacional foi transferida para uma
autoclave e mantida por 66 h a 150 °C.

Sintese do Carbono Ceramico Mesoporoso
com estrutura MCM-48

O procedimento de preparacdo da
MCM-48 foi baseado no descrito por Fréba e
colaboradores [9]. A uma solugdo de 1,257 g
de KOH (Aldrich) em 50 mL de agua
destilada foram adicionados 9.524 g de
TEOS (Alfa Aesar) e a mistura agitada por 10
min. Em seguida, foram adicionados 10,614
g de CTMAB (Aldrich) e a quantidade
adequada de grafite (Aldrich) e agitado por
mais 30 min. A mistura reacional foi entao
transferida para uma autoclave e mantida por
72ha120 °C.

Sintese do Carbono Ceramico Mesoporoso
com estrutura SBA-15

A sintese da SBA-15 foi baseada no
método descrito por Stucky e colaboradores
[10]. A uma solugéo de 4.0 g de Pluronic
P123 (Aldrich) em 30 g de &gua destilada,
previamente agitado por 24 h a temperatura
ambiente, foram adicionados 120 mL de uma
solugdo 2 mol L' de HCI. A solugdo foi
aquecida a 35 °C e agitada por 1 h. Em
seguida foram adicionados 8,5 g de TEOS
(Alfa Aesar) e a quantidade adequada de
grafite (Aldrich). A mistura agitada por mais
24 h a 35 °C. Por fim a mistura reacional foi
transferida para uma autoclave e mantida por
24 ha 100 °C.

Tratamento pds-sintese

Os materiais sintetizados foram
submetidos ao classico processo de
calcinagdo para remocdao do agente
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direcionador organico da fase silicica, ou
alternativamente, a fase organica foi
pirolisada.

Calcinagdo: os MCCs  foram
aquecidos da temperatura ambiente a 500 °C
sob atmosfera de argbnio com taxa de
aquecimento de 1 °Cmin” e mantido a essa
temperatura por 5 h sob atmosfera de ar.
Esses materiais foram denominados MCC-
MCM-41, MCC-MCM-48 e MCC-SBA-15.

Pirélise: Um grama dos materais foi
agitado por 10 min em uma solugéo
contendo 2,5 g de agua e 0,07 g de &acido
sulfurico. Em seguida a dispersédo foi seca
por 6h a 100 °C e mais 6 h a 150 °C. O
processo foi repetido, mas usando uma
solucdo contendo 0,045 g de &cido sulfdrico
e 2,5 g de agua. Em seguida os materiais
foram aquecidos sob vacuo até 900 °C com
uma taxa de aquecimento de 3 °Cmin” e
mantidos nessa temperatura por 3 h. Esses
materiais foram denominados MCC-MCM-
41Py, MCC-MCM-48Py e MCC-SBA-15Py.

Deposicdo de Pt ou PtRu nos Carbonos
Ceradmicos Mesoporosos

A deposicdo 20 % em massa de
platina em MCC ou em Vulcan XC-72R
(Cabot)  foi realizada  seguindo o
procedimento descrito por Joo et al. [11]. A
uma solugdo de 384 pmol de é&cido
cloroplatinico  (H,PtCls,  Aldrich)  foram
adicionados 0.30 g do suporte. A dispersao
foi agitada por 1 h a temperatura ambiente e
entdo seca por 15 h a 60 °C. Por fim,
material foi aquecido a 300 °C com uma
rampa de 3 °Cmin” com fluxo de hidrogénio
e entdo mantido a essa temperatura por 3 h
sob vacuo.

A deposicdo de 60 % em massa de
PtRu foi feita através do procedimento de
Deivaraj et al. [12] com redugado in situ
usando boroidreto de sdédio (Aldrich). Uma
dispersdao contendo 50 mg de MCC ou
Vulcan XC-72R em 30 mL de 4&gua
deionizada foi sonicada por 15 min. Entao, a
essa dispersdo foi adicionada uma solugéo
de 2,53 mmol de 4&cido cloroplatinico
(HoPtClg) e 2,53 mmol de cloreto de ruténio
(RuClz, Aldrich) em 20 mL de agua
deionizada e a mistura foi agitada por 30 min.
Em seguida, uma solucdo de 400 mg de
boroidreto de sédio em 50 mL de agua
deionizada foi adicionada gota a gota e o
meio reacional foi agitado por mais 2 h. Por
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fim, o solido foi filtrado e lavado com 5
aliquotas de 100 mL de agua deionizada.

Caracterizacdo

Os difratogramas de raios-X foram
obtidos em um difratémetro Thermo ARL X-
ray, operando com radiagcdo CuKa (corrente
e a voltagem do gerador de raios-X de 40
mA e 45 kV). Andlises de fisissorcdo de
nitrogénio a -196 °C foram realizadas em um
Quantachrome  Autosorb-1-MP/TCD. As
analises termogravimétricas foram realizadas
em uma termobalanga Q500 TA Instruments
sob fluxo de oxigénio (100 ml min™') e rampa
de aquecimento de 10 °C min™".

Preparacdo dos eletrodos e montagem do
conjunto membrana-eletrodo (MEA)

Os eletrodos foram preparados
depositando por pinceladas uma dispersao
do catalisador em uma solugdo de Nafion,
agua destilada e isopropanol (ink) em um
tecido de carbono (GORE).

O ink para um catodo de éarea de
6,25 cm’ foi feito com 30 % de excesso
agitando por 2 h 0,0878 g de platina 20 % em
massa suportada em MCC ou Vulcan XC-
72R (Cabot), 0,367 g de agua destilada,
0,367 g de isopropanol e 0,864 g de Nafion
(solugao 5 % em agua/isopropanol, Aldrich).

O ink para um anodo de area de 6,25
cm? foi feito com 30 % de excesso agitando
por 2 h 0,0448 g de PtRu(1:1) 60 % em
massa suportada em MCC ou Vulcan XC-
72R (Cabot), 0,187 g de agua, 0,187 g de
isopropanol e 0,441 g de Nafion (solugao 5
% em agua/isopropanol, Aldrich).

O conjunto  membrane-eletrodo
(MEA) foi preparado prensando os dois
eletrodos nos dois lados da Nafion 117
(Aldrich) a 130 °C por 1,5 min.

Os experimentos de polarizagdo
foram feitos em regime galvanostatico em
diferentes temperaturas. O catodo foi
alimentado com 300 mLmin™ de ar puro ou
100 mLmin™ de oxigénio nao umidificados a
pressdao ambiente e o &nodo foi alimentado
com 1 mLmin™" de uma solucéo 1 mol L™" de
metanol.

Resultados e Discussao
Sintese

A sintese dos Carbonos Ceramicos
Mesoporosos (MCC) foi feita pela adi¢cdo de
grafite a sintese das peneiras moleculares
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mesoporosas antes da condensagdo da
silica, para se obter uma mistura mais
homogénea. A escolha da Grafite Aldrich
com graos menores de 45 pm foi baseada na
sua alta condutividade [13], imprescindivel
para um eIetrodo e na sua baixa area
superficial (4 mg) 0 que diminui sua
contribuicdo no suporte, potencializando a
contribuicdo da silica que tem area
superficial especifica maior que 700 m g
Para usufruir das caracteristicas da
silica mesoporosa, o detergente presente no
interior dos seus canais deve ser eliminado.
Esse procedimento se faz classicamente
pela calcinagdo. E importante destacar que a
temperatura de combustdo em oxigénio da
grafite escolhida é acima dos 600 °C.
Alternativamente a calcinagédo, foi
testada nesse trabalho a pirdlise da dos
agentes direcionadores presentes na fase
silicica. Esse procedimento, realizado por
Pinnavaia e colaboradores [14] e Hyeon e
colaboradores [15] leva a degradacado da
fase organica formando nanotubos de
carbono que cobrem a superficie da silica no
interior dos poros, como mostrado na Figura

2) Nﬂ.rug!-hm apd "C

i
Representacdo da pirdlise do agente

Figura 1.
direcionador dos poros de uma SBA-15
[adaptado da ref. 15].
Caracterizagdo
Para verificar a formagdo da

estrutura dos compdsitos, foram realizadas
medidas de difracdo de raios-X, como
mostrado na Figura 2. De maneira geral,
tanto para a MCM-41, quando para a SBA-
15, que pertencem ao grupo espacial P6mm
e apresentam organizacdo dos poros
hexagonal espera-se um difratograma de
raios-X com trés picos principais referentes
aos planos (100), (110) e (200), sendo o
primeiro pico o mais intenso. A razdo entre o
valor de 26 dos picos (110)/(100) e
(200)/(100) deve ser 3 e 2,
respectivamente. A MCM-48 que apresenta
uma organizagdo dos canais cubica
indexada a um grupo espacial la-3d e seu
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difratograma de raios-X contem dois picos
bem definidos entre 26 = 2 - 3,5 e um
conjunto de picos entre 2 0 =4 — 6.
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Figura 2. Difratogramas de raios-X das (A) MCM-
41, (B) MCM-48 e (C) SBA-15 como: silica pura
(a), MCC calcinada (b) e MCC pirolisada (c).

Como pode ser observado na Figura
2, na regido de 26 < 8 ndo se observam
diferengas significativas entre as peneiras
moleculares mesoporosas silicicas (Figura
2A, B e C, curva a) e os compositos MCC
calcinados (Figura 2A, B e C, curvas b) ou
pirolisados (Figura 2A, B e C, curvas c). Isso
indica que a grafite ndo interfere na
estruturacdo da fase silicica. Esses
resultados confirmam o estudo de Kénya e
colaboradores [16] que sintetizaram MCM-41
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na presenca de varias fontes de carbono. No
difratograma dos MCCs (Figura 2A, B e C,
curvas b e c) se observa um pico em 26 =
26,9 referente ao plano basal 001 da grafite.

As propriedades texturais da grafite,
das peneiras moleculares mesoporosas
silicicas e dos compdsitos MCC foram
estudadas por fisissorcdo de nitrogénio a -
196 °C. Os resultados de area superficial e
volume e diametro de poros sdo mostrados
na Tabela 1.

Tabela 1. Propriedades texturais da grafite, das
silicas mesoporosas e dos MCCs.

Para determinar a quantidade de
carbono obtido pela pirdlise do surfactante,
realizaram-se andlises termogravimétricas
(TGA) em oxigénio (ndo mostrado). Nos
MCCs recém preparados, observam-se duas
perdas de massa: a primeira abaixo de 450
°C devido a perda do surfactante por
combustao; a segunda entre 640 e 940 °C
divida a combustdo da grafite. Nos MCCs
calcinados observa-se apenas a perda de
massa entre 640 e 940 °C. Nos materiais
pirolisados, além da combustdo da grafite,
observa-se também uma perda de massa
entre 410 e 630 °C que é devida ao carbono

Amostra Seer  Su V1 Vu De  formado pela pirolise do surfactante. Os
Slr&\pﬂhg? sgo ) 0609006 ) 4'3 valores de perda de massa no TGA sao
MCC-MCM-41 446 0.40 41  mostrados na Tabela 2.
MCCM'\(/\EACAIYL?PY ggg - 84213 . gg Tabela 2. Valores de perda de massa no TGA
MCC-MCM-48 675 - 0,58 . 3,6 d'as. MCCs como sintetizadas, calcinadas e
MCC-MCM-48Py 352 - 0,25 - 34 pirolizadas.
SBA-15 806 179 1,08 0,08 86 Perda de Massa / %
MCC-SBA-15 412 18 0,74 0,003 9,2 Amostra _Agente Grafite ~ Ca7Pono
MCC-SBA-15Py 261 18 0,39 0,005 88 direcionador pirdlise
Sger: area superficial calculada pelo método BET, MCC-MCM-41 25 4 386 .
unidade cm?g™; Sw: area superficial de microporos recém-sintetizada ’ ’
calculada pelo método t-plot, unidade cm?g™; Vr: MCC-MCM-41 - 52,5 -
volume total calculado em PPy = 0.9, unidade MCC-MCM-41Py - 48,8 3,6
cm®g™'; Vm: volume de microporos calculado pelo MCC-MCM-48 318 29.8 ]
p . 3 -1 a A , ,
método t-plot, unidade cm®g”; Dp: diametro de recém-sintetizada
poros calculado pelo método de DFT, unidade MCC-MCM-48 - 45,4 -
-y MCC-MCM-48Py : 40,0 7,3
MCC-SBA-15 286 6.3 _
Os resultados da Tabela 1 mostram recém-sintetizada ’ ’
que a grafite pura apresenta uma area M'\é%?s'giﬁ';g jg’g 1'5
superficial de 4 m°g”', enquanto a MCM-41, a y ’ :
MCM-48 e a SBA-15 puras tém area .
Como visto na Tabela 2, nas

superficial de 830, 843 e 806 ng’1. A grande
diferenca entre a SBA-15 e os materiais MCM
€ que esta apresenta microporsidade (cerca
de 20 % da area superficial e 7 % do volume
de poro) e seus poros sao na ordem de 8,6
nm, contra 4,3 nm da MCM-41 e 3,7 nm da
MCM-48.

amostras recém-sintetizadas, o percentual
de massa do surfactante é de 25,4 % para o
MCC-MCM-41, 31,8 % para o MCC-MCM-48
e 28,6 % para o MCC-SBA-15. Para essas
quantidades de surfactante, o percentual
maximo que poderia ser produzido de

Nos materiais compdsitos calcinados
é observada uma reducao na area superficial
e do volume de poros em fungcdo da
introducédo de grafite. Por outro lado, o
didmetro de poros mostra nao ser afetado
pela grafite. Nos MCCs pirolisados, a
reducado na area e volume de poros é mais
acentuada, além disso, é observada uma
ligeira reducdo nos didmetros de poros que
pode ser devida a formacédo dos nanotubos
de carbono que recobrem a superficie da
silica no interior dos poros.
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carbono na pirdlise seria de um total de 15,9,
199 e 17,1 %, respectivamente. Os
resultados de TGA mostram que a
quantidade de carbono formada na pirdlise
no caso do MCC-SBA-15 foi de apenas 1,5
%, isso se deve ao fato da baixa temperatura
de degradacdo do surfactante, que se
decompde em oOxido de etilieno e de
propileno. O MCC-MCM-48 e o MCC-MCM-
41 tém o mesmo surfactante, mas a
quantidade de carbono formado na pirdlise
do MCC-MCM-48 ¢é o dobro, o que reflete um
efeito da sua estrutura tridimensional, que



Cap. 4

Sintese e Caracterizagao dos Novos Carbonos Cerdmicos Mesoporosos e

suas Propriedades como Eletrodos da Célula a Combustivel a Metanol Direto

dificulta a volatilizagdo dos produtos de
decomposicao do template.

Teste das MCCs no catodo da DMFC

Para os testes em cétodo, 20 % em
massa de platina foi depositada nos MCCs
calcinados e pirolisados. As dimensdes
médias das particulas de platina formam
determinadas através da Equacdo de
Scherrer [17] usando o pico (220) da difragdo
de raios-X da platina, como mostrado na
Figura 3 e Tabela 3.

Tabela 3. Caélculo dos diametros médios dos
cristalitos de platina suportados nos MCCs.
Diametro médio dos
cristalitos / nm
Pt/MCC-MCM-41 41

Amostra

Pt/MCC-MCM-48 3,6
Pt/MCC-SBA-15 6,8
Pt/MCC-MCM-41 3,7
Pt/MCC-MCM-48 3,5
Pt/MCC-SBA-15 3,9

P 11) Grafite(002) A
; P200) PY(311
S)a) Pt(220) (311)
2
©
-
E,(b)
£ | A
(c) A "

30 4I0 5I0 6I0 7I0 éO 90

20/°
Pt(111)
g; Pt(mo)Graﬁte(ooz)
2 Pt(220)  Pt(311)
'8(0)
s
g(b)
=
(a)
30I4IOI5I0I6IOI7IOI8IOI90
29/°

Figura 3. Difragdo de raios-X das MCC (A)
calcinadas e (B) pirolisadas contendo 20 % em
massa de platina e com estrutura (a) MCM-41,
MCM-48 e (c) SBA-15.

Na Figura 3, se observam os planos

de difracdo (111), (200), (220) e (311) da
nanoparticula de platina na faixa de 26 entre
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30 e 90°. O calculo de didmetro médio das
nanoparticulas de platina depositada nas
MCC-MCM-41, MCC-MCM-48 e MCC-SBA-
15 foi de 5,1, 3,5 e 6,8 nm. Esses valores
para o0 MCC-MCM-41 e o0 MCC-MCM-48 sao
muito proximos ao didmetro dos poros
(Tabela 1) das estruturas silicicas, o que
indica que provavelmente os poros limitam o
crescimento das particulas. Ja para o MCC-
SBA-15 as nanoparticula de platina atingem
uma dimenséo inferior ao didmetro dos poros
da SBA-15, ou seja, 6,8 nm seria o tamanho
médio das particulas formadas por esse
método de deposicdo em silica caso nao
houvesse nenhum impedimento para o seu
crescimento. No caso dos MCCs pirolisados
os dimensdes das nanoparticulas de platina
sao similares para todos os materiais, sendo
3,7 nm para o MCC-MCM-41Py, 3,5 nm para
o MCC-MCM-48Py e 3,9 nm para o MCC-
SBA-15Py. Fica claro que quando a
superficie da silica é recoberta por uma
camada de carbono através da pirdlise, a
interacdo entre a superficie do suporte e a
platina muda (como ja  discutido
anteriormente) levando a formagdo de
particulas metalicas menores.

Foram construidos catodos usando
as MCC-MCM-48, MCC-MCM-41 e MCC-
SBA-15 contendo 20 % em massa de platina.
Para efeito comparativo, foi realizado um
teste usando um suporte comercial Vulcan
XC-72R (Cobot) contendo 20 % em massa

de platina. No anodo foi usado um
catalisador comercial PtRu(60 % em
massa)/Vulcan XC-72R (E-TEK). Para

avaliar o desempenho dos catalisadores
realizou-se medida de polarizagéo, ou seja,
em regime de corrente constante, mediu-se
os valores de potencial correspondentes
(Figura 4) na célula a combustivel a 70 °C. O
catodo e o anodo foram alimentados com
300 mLmin" de ar e 1 mimin" de uma
solugdo aquosa de metanol a 1 molL™". Os
dados sdo mostrados também na forma de
Poténcia  (potencial multiplicado  pela
corrente) em fungcdo da densidade de
corrente (Figura 4). Valores de densidade de
corrente a 0.2 V e maximo de poténcia sédo
mostrados na Tabela 4.
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Figura 4. (A) Curva de polarizacdo e (B) Grafico
de Poténcia vs. Densidade de Corrente para os
testes dos MCC calcinados e pirolisados.
Condigbes: andlises realizadas a 70 °C, sendo o
catodo e o anodo alimentados, respectivamente,
com 300 mLmin" de ar e 1 mimin" de uma
solugdo aquosa de metanol a 1 molL™.

T
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Dos testes realizados observou-se
que os desempenhos dos sistemas usando
PYMCC no catodo seguem a ordem
crescente MCC-MCM-41 = MCC-SBA-15 <
MCC-MCM-48 < MCC-SBA-15Py < MCC-
MCM-41Py < MCC-MCM-48. Os materiais
pirolisados (Figura 4, curvas com simbolos
vazios) se mostraram suportes muito mais
eficientes que os calcinados (Figura 4,
curvas com simbolos cheios), o que é
atribuido a sua menor resisténcia elétrica
devido a formacgdo do carbono, a partir do
agente direcionado orgéanico, que recobre a
fase silica. Entre os materiais pirolisados a
atividade mostrou ser dependente da
quantidade de carbono formado durante a
pirdlise (Tabela 2). O MCC-MCM-48Py é
material onde mais carbono foi formado pela
pirolise e consequentemente é o MCC que
levou aos melhores resultados, chegando a
atividade 60 % superior em relagdo ao
segundo material mais eficiente, o MCC-
MCM-41Py. Comparando os resultados dos
MCCs com a do suporte comercial Vulcan
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XC-72R

observa-se

uma

superioridade desse ultimo,

consideravel
chegando a

desempenhos 50 % superiores a do MCC-
MCM-48Py.

Tabela 4. Valores de densidade de corrente a 0.2
V. maximo de poténcia e resisténcia interna
obtidos a partir da Figura 4 para os MCCs e a
Vulcan XC-72R.

Corrente

Max. de

. Resisténcia

Amostra a0.2Vv/ Poténcia

mAcm? /mW cm™ Interna / @
Vulcan
XC-72R 76,4 15,4 60
PYMCC- 3.0 0,6 810
MCM-41
PYMCC- 6,0 1,2 280
MCM-48
PYMCC- 3,0 0,6 880
SBA-15
Pt/MCC- 23,0 47
MCM-41 250
Pt/MCC- 39,3 7.9
MCM-48 130
Pt/MCC- 11,9 2.4
SBA-15 820

111

Teste do MCC-MCM-48Py no é&nodo da
DMFC

O MCC-MCM-48Py, o MCC mais
ativo como catodo da DMFC, foi também
testado no anodo. Para tanto, o suporte foi
modificado com 60 % em massa da liga PtRu
e analisado por difracdo de raios-X (Figura
5), para determinagcdo da dimensdo das
nanoparticulas usando a equagdo de
Scherrer. No difratograma das particulas de
PtRu se observam o0s mesmos picos
observados anteriormente para as amostras
contendo apenas platina (Figura 3) mais o
pico referente ao plano 010 do ruténio [18]. O
MCC-MCM-48Py apresentou nanoparticulas
de PtRu na ordem de 3,4 nm

Pt(111)

Pt(200)

Pt(220)  Pt(311)

Intensidade / u.a.

/
Pt(222)

303'54'04'55'05'5(\'06'57'07'58'05;590
20/°
Figura 5. Difragé@o de raios-X do MCC-MCM-48Py

contendo 60 % em massa da liga PtRu.
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Figura 6. (A) Curva de polarizacdo e (B) Grafico
de Poténcia vs. Densidade de Corrente entre 30
e 70 °C para o MCC-MCM-48Py. Condicdes:
Catodo e o anodo foram alimentados,
respectivamente, com 300 mLmin" de ar e 1
mLmin™ de uma solugcao aquosa de metanol a 1
molL™.

Para os testes em DMFC, usou-se o
MCC-MCM-48Py e o suporte comercial
Vulcan XC-72R contendo 60 % em massa da
liga PtRu como &nodo e como catodo foi
utilizado um catodo comercial Pt(50 % em

massa)/Vulcan XC-72R (E-TEK). Nas
andlises, o catodo e o anodo foram
alimentados, respectivamente, com 300

mLmin” de ar e 1 mLmin" de uma solugdo
aquosa de metanol a 1 molL™. As medidas
de polarizagao foram realizadas na faixa de
temperatura entre 30 e 70 °C, como
mostrado na Figura 6 para o MCC-MCM-
48Py e Figura 7 para a Vulcan XC-72R.
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Figura 7. (A) Curva de polarizacdo e (B) Grafico
de Poténcia vs. Densidade de Corrente entre 30
e 70 °C para a Vulcan XC-72R. Condicdes:
Catodo e o éanodo foram alimentados,
respectivamente, com 300 mLmin" de ar e 1
mLmin™ de uma solugdo aquosa de metanol a 1
molL™".

Tanto para o MCC-MCM-48Py
quando para a Vulcan XC-72R foi observado
um aumento no desempenho da DMFC com
0 aumento da temperatura de trabalho, o que
se deve ao aumento da velocidade da
reacao e do transporte de massa.

Os resultados de densidade de
corrente a 0.2 V e densidade de poténcia
maxima sao mostrados na Tabela 5. Quando
usado no anodo, o MCC-MCM-48Py
apresentou resultados superiores ao do
suporte comercial Vulcan XC-72R em 24, 10,
38, 34, 44, 26 e 30 % nas temperaturas de
30, 40, 50, 60, 70, 80 e 90 °C,
respectivamente. A 70 °C, a resisténcia
interna do de ambos os sistemas era de 50
Q.

E interessante observar que quando
usado como catodo, o MCC-MCM-48Py nao
obteve desempenho comparavel com a da
Vulcan XC-72R, por outro lado, quando
usado como anodo, o desempenho foi
significativamente maiores. Isso se deve ao
fato que o combustivel liquido tem uma
melhor difusao na estrutura porosa do MCC,



Cap. 4

Sintese e Caracterizagao dos Novos Carbonos Cerdmicos Mesoporosos e

suas Propriedades como Eletrodos da Célula a Combustivel a Metanol Direto

o que facilita sua chegada aos sitios
cataliticos.

Resultados da mesma natureza
foram obtidos para 0s carbonos
Mesoporosos, que apresentaram
desempenho 15 % inferior a Vulcan XC-72R
quando usados no céatodo e 16 % superiores
quando usados como anodo.

Tabela 5. Valores de densidade de corrente a 0.2
V. maximo de poténcia e resisténcia interna
obtidos a partir das Figuras 5 e 6 para o MCC-
MCM-48Py e a Vulcan XC-72R.

superior em relagao ao suporte comercial em
testes a 70°C. Esse comportamento foi
atribuido a estrutura bem organizada de
poros do MCC-MCM-48Py que facilita a
difusdo do combustivel liquido.
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XC-72R  MCM-48Py  XC-72R  MCM-48Py

30 7,5 9,3 1,7 2,1
40 15,2 16,8 3,1 3,6
50 211 291 4,3 6,0
60 31,9 42,6 6,4 8,6
70 40,3 58,2 8,4 11,8
80 58,5 73,8 11,5 14,7
90 61,9 81,0 12,5 16,3

Conclusdes

Neste trabalho foram apresentadas
as sinteses de uma nova familia de materiais
compositos, os Carbonos  Ceramicos
Mesoporosos (MCC), que desfrutam da alta
condutividade da grafite e da organizacédo
estrutural de uma peneira molecular
mesoporosa. Os  compdsitos  foram
calcinados para remocédo dos detergentes
organicos usados na estruturacédo da fase
silicica ou, alternativamente, o agente
direcionador foi pirolisado.

A utilizagdo dos MCCs, modificados
com 20 % em massa de platina, nos catodos
da DMFC mostrou que todos eram ativos,
embora os MCCs pirolisados, com destaque
para o MCC-MCM-48Py, fossem mais ativos.
De qualquer maneira, o suporte comercial,
Vulcan XC-72R apresentou desempenho
pelo menos 50 % superior.

O MCC-MCM-48Py foi também
modificado com 60 % em massa da liga
platina-ruténio e testadas como anodo da
DMFC apresentando desempenho 44 %
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Cap.5 Conclusées e Perspectivas

As sinteses das silicas e aluminiosilicatos MCM-41, MCM-48 e SBA-15
foram verificadas e os procedimentos utilizados se mostraram reprodutiveis. A
acidez superficial das [Al]-SBA-15 obtidas por trés métodos de sintese direta
foram estudados mostrando que a metodologia de sintese influencia na
distribuicao e forca dos sitios acidos de superficie.

Uma nova familia de compésitos, os Carbonos Ceramicos Mesoporosos, foi
obtida pela adicdo de grafite comercial nas sinteses das peneiras moleculares
mesoporosas do tipo MCM-41, MCM-48 e SBA-15, sob um razao em massa Si/C
entre 100/1 e 1/1,25. Para os materiais compodsitos com estrutura MCM-41 e
MCM-48, a silica cresceu sobre a superficie da grafite e isso pode ser atribuido a
interacdo entre a grafite e o detergente usado para a sintese da fase silicica. Os
compositos com razdo em massa Si/C de 1/1 e 1/1,25 apresentaram
condutividades elétricas similares, por outro lado, compdsitos com menor
quantidade de grafite se mostraram isolantes.

Os compdsitos com razdo em massa Si/C de 1/1 foram modificados com 20
% em massa de platina e utilizados para a construgao de catodos para a Célula a
Combustivel a Metanol Direto (DMFC). O sistema apresentou desempenho mais
de 10 vezes inferior aquele do sistema usando o suporte comercial Vulcan XC-
72R e isso se deve a menor condutividade elétrica dos Carbonos Ceramicos
Mesoporosos.

Para aumentar a condutividade elétrica dos Carbonos Cerémicos
Mesoporosos com razdo em massa Si/C de 1/1, o detergente usado na sintese da
fase silicica foi carbonizado, ao invés de calcinado, formando uma camada de
carbono dentro dos canais de silica. Alternativamente, os Carbonos Ceramicos
Mesoporosos foram sintetizados com razdo Si/C de 1/3. Os materiais foram
modificados com 20 % em massa de Pt e testados no catodo da DMFC. Os
melhores resultados foram obtidos para o material com estrutura de SBA-15 e
razdo Si/C de 1/3 (MCC-SBA-15(1/3)) e para o material carbonizado com estrutura
de MCM-48 (MCC-MCM-48Py). De qualquer forma, o desempenho desses
materiais foi, respectivamente, 65 e 50 % inferiores ao do sistema usando Vulcan
XC-72R.
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Cap.5 Conclusées e Perspectivas

Com o intuito de utilizar o MCC-MCM-48Py e o0 MCC-SBA-15(1/3) no anodo
da DMFC, esses materiais foram modificados com 60 % em massa da liga PtRu.
Nos testes feitos a 343 k, os sistemas usando MCC-MCM-48Py e o MCC-SBA-
15(1/3) mostraram desempenhos 40 e 20 % superiores ao da Vulcan XC-72R,
respectivamente. Isso se deve ao fato dos Carbonos Ceramicos Mesoporosos
apresentarem estruturas porosas e organizadas que facilitam a difusdo do metanol
no interior do eletrodo.

Os resultados obtidos nessa tese sdo motivantes e permitem que sejam
propostas perspectivas para futuros trabalhos:

Uma vez que os resultados mais promissores foram obtidos com o MCC-
MCM-48Py, esse material deve se melhor estudado. Os outros materiais tiveram
uma baixa taxa de carbonizagdo do detergente, portanto novos métodos devem
ser estudados. Além disso, o carbono formado precisa ser melhor caracterizado e
um estudos das propriedades do carbono em fungdo do tempo e temperatura de
carbonizacao deve ser feito.

Embora tenham sido sintetizados MCM-41, MCM-48 e SBA-15 com
aluminio, esses materiais ndo foram usados na preparacdo de Carbonos
Ceramicos Mesoporosos. Esses materiais podem ser interessantes para estudos
posteriores.

Na presente tese, ndo foram feitas caracterizagbes superficiais das
particulas metalicas de catalisador. Isso poderia ser feito para uma melhor
compreensao do efeito do suporte nas particulas metalicas e conseqlientemente
no desempenho da DMFC.

Esse trabalho apresentou uma nova opg¢ao de suportes para particulas
metalicas para aplicagao nos eletrodos da DMFC: silica de alta area superficial. As
silicas mesoporosas foram escolhidas por serem materiais bem conhecidos e de
propriedades modulaveis, mas outros Oxidos inorganicos poderiam ser usados.
Semicondutores baseados em 6xidos metalicos de alta area superficial, como por

exemplo, o 6xido de nidbio e o 6xido de vanadio esfoliados seriam boas opgdes.
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Anexo

(referente ao annex citado na pagina 38)
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Anexo

In order to verify the reproductivity of the syntheses, all materials were synthesized

three times and analyzed

by X-ray diffraction, inductively coupled plasma-mass

spectrometry and eleven points BET plot from nitrogen physisorption at 77 K. The X-ray

patterns and the BET plots are shown in the figures, and the values of surface area and the

Si/Al ratio in the Table S1.
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Figure S1. X-ray diffraction of [a[ [Al]-SBA-15P[41, (B[ [AI]-SBA-15[P[32 and [¢[[Al]-

SBA-15[P[43.
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Figure S2. BET plot of (@ [AI]-SBA-15[P[21, (% [[Al]-SBA-15P(=2 and [A[[AI]-SBA-

15P[3.
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Figure S3. X-ray diffraction of [al [Al]-SBA-15[1[41, (b [AI]-SBA-15[1122 and [¢[[Al]-
SBA-1511143.
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Figure S4. BET plot of [m [Al]-SBA-1511121, [ATTAI]-SBA-15(1(22 and [* [[Al]-SBA-
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Figure S5. X-ray diffraction of [a[ [Al]-SBA-1512(41, (B[ [AI]-SBA-1512[32 and [¢[[Al]-
SBA-152[33.
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Figure S6. BET plot of [ [Al]-SBA-151221, (% [[AI]-SBA-152/22 and 'A[TAI]-SBA-
151213.
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Figure S7. X-ray diffraction of [a[ [Al]-SBA-1513[41, (b [AI]-SBA-15(3[42 and [¢[ [Al]-
SBA-1513(43.
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Figure S8. BET plot of [A[AI]-SBA-153[21, (% [[Al]-SBA-15(3(22 and (m[[Al]-SBA-
15(3(3.
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Anexo

Table S1. Si/Al ratio and surface area for all samples.

Sample Si/Al ratio Surface Area / ng'l
[Al]-SBA-15[P[41 16.6 651
[Al]-SBA-15[P[2 16.2 633
[Al]-SBA-15[P[3 16.0 621
[Al]-SBA-15[1141 20.5 501
[Al]-SBA-1511122 20.6 525
[Al]-SBA-1511133 20.8 519
[Al]-SBA-1512[41 14.2 630
[Al]-SBA-1512(22 14.6 662
[Al]-SBA-15(2(43 14.5 653
[Al]-SBA-15(3[41 13.7 665
[Al]-SBA-15(3[(32 13.2 691
[Al]-SBA-1513133 12.9 679
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