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Abstract 

Direct liquid fuel cells (DLFCs) are a candidate technology for sustainable power generation 

with high energy efficiency. Among renewable liquid fuels (e.g. ethanol, methanol and formic 

acid), bioethanol is the most attractive liquid fuel because of its low toxicity and high energy 

density. However, Pt anode catalysts for ethanol oxidation face problems, such as large 

overpotential (causing the decrease of fuel efficiency) and catalyst poisoning (leading to severe 

current decay). In order to improve catalyst performance, one strategy is to introduce metal oxide 

supports. Nevertheless, the support effects of metal oxides prepared by different methods could 

not be fairly evaluated and systematically compared due to a wide range of particle sizes and 

different structures. Therefore, a consistent method should be used for preparation of metal 

oxide-supported catalysts. 

Thermal decomposition of M(acac)x complexes (acac = acetylecetonate) was investigated as 

a versatile method to rapidly prepare metal oxide supports (e.g. Ru oxide, Sn oxide, and mixed 

Ru-Sn oxides, Pb oxide, Mo oxide, Ga oxide, In oxide, V oxide, and Zr oxide) on Ti foil. 

Preformed Pt nanoparticles were drop coated onto the metal oxide supports, so that the 

morphology, size, and composition of the Pt were kept the same. Cyclic voltammetry was used to 

quickly investigate the influence of the metal oxide supports on catalytic activity of the Pt 

catalyst in ethanol oxidation. Charge transfer between metal oxide supports and the Pt 

(electronic/ligand effect) was analyzed using X-ray photoelectron spectroscopy. These metal-

oxide supported catalysts were quickly prepared and screened on Ti electrodes for oxidation of 

ethanol. 
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The methodology of M(acac)x thermal decomposition was further applied to a carbon 

support with a high surface area, so that the prepared anode catalysts can be used in proton 

exchange membrane (PEM) cells for ethanol oxidation. Online detection of the amount of CO2 

produced from complete oxidation of ethanol in the PEM cell was developed using a non-

dispersive infrared CO2 sensor. Therefore, the influence of M(acac)x modification on the CO2 

yield could be evaluated. In addition, the enhancement of Pt-catalyzed oxidation of methanol and 

formic acid through modification with some M(acac)x was also investigated.  

 



iv 

 

Dedication 

To my wife, Yi Liu, for her understanding, encouragement, and constant support during my 

PhD program. 

To my parents, for their support and encouragement in my life. 



v 

 

Acknowledgements  

I would like to acknowledge my supervisor, Prof. Peter Pickup, for providing me the 

opportunity to study in his group. His patience, profound knowledge, encouragement, guidance, 

and support greatly promoted my progress and my interest in research. I am also grateful that his 

kindness and precious advice made my PhD life enjoyable. 

I would like to deeply thank my supervisory committee members, Prof. Francesca Kerton 

and Prof. Jane Stockmann, for their valuable suggestions, support and the time they have 

dedicated throughout my PhD program. Thank you to all the faculty members at the Department 

of Chemistry who helped me through offering lectures, being examiners for my comprehensive 

exam and seminar, and providing assistance during my PhD program. 

I would like to gratefully acknowledge the Department of Chemistry, School of Graduate 

Studies (SGS), Graduate Students’ Union (GSU), Memorial University of Newfoundland, and 

Natural Science and Engineering Research Council of Canada for the services and financial 

support. 

Thank you to Dr. Pickup’s group and my friends for their encouragement and the fun we 

have had in the last four years. 

My deepest appreciation to everyone who helped and encouraged me. 



vi 

 

Table of contents 

Title ................................................................................................................................................... i 

Abstract ........................................................................................................................................... ii 

Dedication ....................................................................................................................................... iv 

Acknowledgements .......................................................................................................................... v 

List of tables……………………………………………………………………………………...xii 

List of figures……………………………………………………………………………………xiii 

List of abbreviations .................................................................................................................... xxiv 

List of symbols ............................................................................................................................ xxvi 

Chapter 1. Introduction .................................................................................................................... 1 

1.1  Fuel cells .......................................................................................................................... 2 

1.1.1. Proton exchange membrane fuel cells (PEMFCs) ................................................... 3 

1.1.2. Direct ethanol fuel cells (DEFCs) ............................................................................ 6 

1.2  Electrochemical oxidation of ethanol ............................................................................. 10 

1.2.1 Mechanism ............................................................................................................. 10 

1.2.2 Catalysts ................................................................................................................. 12 



vii 

 

1.3  Catalyst support materials .............................................................................................. 14 

1.3.1 Carbon supports ...................................................................................................... 14 

1.3.2 Non-carbon supports .............................................................................................. 15 

1.3.3 Metal oxide/carbon hybrid supports (MOx/C) ........................................................ 17 

1.4  Metal oxide support effects ............................................................................................ 18 

1.4.1 Ruthenium oxide .................................................................................................... 18 

1.4.2 Tin oxide ................................................................................................................ 23 

1.4.3 Mechanisms of metal oxide support effects ........................................................... 32 

1.5  Thermal decomposition of metal acetylacetonate complexes for preparation of metal 

oxide supports ............................................................................................................................ 35 

1.6  Thesis objectives ............................................................................................................ 37 

1.7  References ...................................................................................................................... 40 

Chapter 2. Experimental ................................................................................................................. 62 

2.1  Chemicals and materials ................................................................................................. 63 

2.2  Preparation of electrodes and membrane electrode assemblies (MEAs) ....................... 64 

2.3  Electrochemical measurements ...................................................................................... 65 

2.4  Non-dispersive infrared (NDIR) carbon dioxide detector .............................................. 66 

2.5  Catalyst characterization techniques .............................................................................. 67 



viii 

 

2.5.1 Thermogravimetric analysis (TGA) ....................................................................... 67 

2.5.2 X-ray diffraction (XRD) ......................................................................................... 68 

2.5.3 Transmission electron microscopy (TEM) ............................................................. 68 

2.5.4 Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX)

 ……………………………………………………………………………………69 

2.5.5 X-ray photoelectron spectroscopy (XPS) ............................................................... 69 

2.6  References ...................................................................................................................... 71 

Chapter 3. Ethanol oxidation at Pt nanoparticles supported on titanium modified by thermal 

decomposition of tin and ruthenium acetylacetonate complexes ................................................... 72 

3.1  Introduction .................................................................................................................... 74 

3.2  Experimental .................................................................................................................. 75 

3.2.1 Materials ................................................................................................................. 75 

3.2.2 Electrode preparation ............................................................................................. 75 

3.3  Results and discussion .................................................................................................... 76 

3.3.1 Characterization of the metal oxide layers ............................................................. 76 

3.3.2 Ethanol oxidation ................................................................................................... 81 

3.3.3 Mechanisms ............................................................................................................ 85 

3.4  Conclusions .................................................................................................................... 89 



ix 

 

3.5  References ...................................................................................................................... 90 

Chapter 4. Pt/Ru-Sn oxide/carbon catalysts for ethanol oxidation ................................................ 96 

4.1  Introduction .................................................................................................................... 98 

4.2  Experimental .................................................................................................................. 99 

4.2.1 Materials ................................................................................................................. 99 

4.2.2 Synthesis and characterization ............................................................................... 99 

4.2.3 Electrochemical measurements ............................................................................ 101 

4.3  Results and discussion .................................................................................................. 102 

4.3.1 Thermal decomposition of Ru(acac)3 and Sn(acac)2 on Vulcan XC-72 carbon 

black.……………………………………………………………………………………….102 

4.3.2 Characterization of the metal oxides and catalysts .............................................. 106 

4.3.3 Ethanol oxidation ................................................................................................. 113 

4.3.4 Effect of Ru:Sn ratio ............................................................................................ 115 

4.3.5 Ethanol electrolysis at 80 °C in a PEM cell ......................................................... 120 

4.4  Conclusions .................................................................................................................. 121 

4.5  References .................................................................................................................... 123 



x 

 

Chapter 5. Modification of carbon black and titanium by thermal decomposition of lead 

acetylacetonate to improve activities for ethanol and formic oxidation at supported Pt catalysts

 ...................................................................................................................................................... 127 

5.1  Introduction .................................................................................................................. 129 

5.2  Experimental ................................................................................................................ 131 

5.2.1 Synthesis of Pt/BLC/C catalysts .......................................................................... 131 

5.2.2 Preparation of Pt/PbO/Ti electrodes ..................................................................... 132 

5.2.3 Characterization ................................................................................................... 132 

5.2.4 Electrochemical measurements ............................................................................ 133 

5.3  Results and discussion .................................................................................................. 137 

5.3.1 Thermal decomposition of Pb(acac)2 on Vulcan XC-72 carbon black ................ 137 

5.3.2 Characterization of the prepared support materials and catalysts ........................ 138 

5.3.3 Ethanol oxidation ................................................................................................. 145 

5.3.4 Stability investigation ........................................................................................... 151 

5.3.5 Ethanol electrolysis at 80 °C in a PEM cell ......................................................... 152 

5.3.6 Formic acid oxidation ........................................................................................... 154 

5.3.7 Mechanistic investigation ..................................................................................... 156 

5.4  Conclusions .................................................................................................................. 159 



xi 

 

5.5  References .................................................................................................................... 160 

Chapter 6. Screening of Pt/metal oxide/Ti catalysts for ethanol and methanol oxidation ........... 167 

6.1  Introduction .................................................................................................................. 169 

6.2  Experimental ................................................................................................................ 172 

6.3  Results and discussion .................................................................................................. 173 

6.3.1 XRD analysis of the metal oxide layers ............................................................... 173 

6.3.2 XPS analysis of the surface of the electrodes ...................................................... 174 

6.3.3 Electrochemical activity of the electrodes ........................................................... 179 

6.3.4 Ethanol oxidation ................................................................................................. 182 

6.3.5 Methanol oxidation .............................................................................................. 187 

6.3.6 Mechanism ........................................................................................................... 189 

6.4  Conclusions .................................................................................................................. 191 

6.5  References .................................................................................................................... 192 

Chapter 7. Summary and future work .......................................................................................... 203 

7.1  Summary ...................................................................................................................... 204 

7.2  Future work .................................................................................................................. 206 

7.3  References .................................................................................................................... 208 



xii 

 

Appendix A .................................................................................................................................. 210 

XRD patterns for the calculation of average Pt particle sizes in the catalysts ......................... 211 

Appendix B .................................................................................................................................. 214 

Charge calculation for electrochemically active surface area of the electrodes....................... 215 

 

  



xiii 

 

 

List of tables  

Table 1.1. A list of typical DLFCs and their operating temperatures, theoretical efficiencies 

(under standard conditions) and actual efficiencies.10, 31 ................................................................. 6 

Table 4.1. Compositions of the catalysts employed in this work. ………………………..........111 

Table 5.1. Compositions of the catalysts employed in this work. ………………………..........142 

Table 5.2. Average Pt particle sizes of the catalysts measured by XRD. .................................... 142 

Table 5.3. Calculated faradaic yields of CO2 from NDIR CO2 measurements on the exhaust from 

both the anode and cathode of a PEM cell operated at 80 °C with 0.1 M ethanol solution. ........ 153 

Table 6.1. Binding energies for metal oxides (M = Mo, Ga, In, V, Zr, and Ti) that were 

experimentally determined and from the literature. ..…………………………………………..176 

Table 6.2. Binding energies of O 1s for metal oxides (M = Mo, Ga, In, V, Zr, and Ti) that were 

experimentally determined and from the literature. ..................................................................... 179 

Table 6.3. The electrochemically active surface areas of Pt/metal oxide/Ti electrodes (M = Mo, 

Ga, In, V, Zr, and Sn). The average diameter (5 nm) of Pt nanoparticles was used for calculating 

utilization rate. .............................................................................................................................. 181 

Table 6.4. Electrical conductivities of MOx (M = Mo, Ga, In, V, Zr, and Sn) from the selected 

literature. ...................................................................................................................................... 187 

 



xiv 

 

List of figures  

Figure 1.1. A scheme of a PEMFC. ................................................................................................ 4 

Figure 1.2. The principle of a direct ethanol fuel cell. .................................................................... 8 

Figure 1.3. Proposed reaction pathways for electro-oxidation of ethanol on Pt electrodes.42 ...... 11 

Figure 1.4. Linear sweep voltammograms obtained for electrooxidation of 0.5 M ethanol in 0.1 

M HClO4 on Pt(1-x)(RuO2)(x)/Ti electrodes. ν = 50 mV s−1, T = 25 ˚C.74 ....................................... 20 

Figure 1.5. The cyclic voltammograms of pre-adsorption CO oxidation in 1 M HClO4 solution 

for Pt/RuO2/CNTs (a), PtRu/CNTs (b), RuO2/Pt/CNTs (c) and Pt/CNTs (d) catalysts. The solid 

and dotted lines represent the 1st and the 2 nd cycle, respectively.89 (Reproduced with permission 

of Elsevier. All rights reserved.) .................................................................................................... 22 

Figure 1.6. Linear sweep voltammograms for Pt/SnO2(9:1)/C, Pt/SnO2(3:1)/C, Pt/SnO2(1:1)/C, 

Pt/SnO2(1:3)/C, Pt/C, and SnO2/C electrodes in Ar-saturated (1 M C2H5OH + 0.5 M H2SO4) 

solution at 30 °C. Sweep rate = 20 mVs−1.94 (Reproduced with permission of Elsevier. All rights 

reserved.) ........................................................................................................................................ 24 

Figure 1.7. Time courses of current density at 0.60 V (vs. RHE) for Nafion-coated 

Pt/SnO2(3:1)/C and Pt/C electrodes in Ar-saturated (1 M C2H5OH + 0.5 M H2SO4) solution at 30 

˚C.94 (Reproduced with permission of Elsevier. All rights reserved.) ........................................... 25 

Figure 1.8. CO-stripping voltammograms (solid line) for Nafion-coated (a) Pt/SnO2(3:1)/C and 

(b) Pt/C catalysts and the corresponding cyclic voltammograms (dash line) in 0.5 M H2SO4 



xv 

 

solution at 30 ˚C. Sweep rate = 50 mV s−1.94 (Reproduced with permission of Elsevier. All rights 

reserved.) ........................................................................................................................................ 26 

Figure 1.9. In situ IRRAS spectra in the range 2500-2000 cm−1 recorded during ethanol electro-

oxidation in 0.5 M ethanol + 0.1 M HClO4 solution: (a) a bare Pt electrode; (b) a Pt/SnO2 

electrode. The reference spectrum was taken at a potential of -0.20 V (vs. Ag/AgCl).40 

(Reproduced with permission of Elsevier. All rights reserved.) .................................................... 28 

Figure 1.10. In situ IRRAS spectra in the range 1350-850 cm−1 recorded during ethanol electro-

oxidation in 0.5 M ethanol + 0.1 M HClO4 solution: (a) bare Pt electrode; (b) Pt/SnO2 electrode. 

Reference spectrum was taken at a potential of −0.20 V.40 (Reproduced with permission of 

Elsevier. All rights reserved.) ......................................................................................................... 29 

Figure 1.11. Simultaneously recorded voltammograms (a) and mass spectrometric 

voltammograms for m/z = 44 (CO2) (b), m/z = 29 (acetaldehyde) (c) for ethanol oxidation on 

SnO2/Pt/graphene and Pt/graphene catalysts (with same Pt contents) in 0.25 M ethanol + 0.5 M 

H2SO4 solution. Scan rate: 10 mV s−1, room temperature.41 (Reproduced with permission of 

Elsevier. All rights reserved.) ......................................................................................................... 31 

Figure 1.12. Mechanisms of metal oxide effects.81 ....................................................................... 34 

Figure 1.13. Plot of the integrated intensities of X-ray absorption (Pt L3 signals) overlaid with 

the ethanol oxidation currents (in basic medium) taken after 45 min polarization at 0.50 V (vs. 

RHE) for Pt/C, Pt/CeO2/C, Pt/ZrO2/C, Pt/SnO2/C, Pt/MoO3/C, and Pt/TiO2/C catalysts.82 

(Reproduced with permission of Elsevier. All rights reserved.) .................................................... 34 



xvi 

 

Figure 2.1. Schematic diagram of the nine-anode PEM cell (top) and the crossover mode of 

operation (bottom). R = H or CH3.
1………………………………………………………………66 

Figure 2.2. The NDIR CO2 sensor. ............................................................................................... 67 

Figure 3.1.  X-ray emission spectrum and SEM image (inset) of a Ti foil modified by thermal 

decomposition of a 1:1 mixture of Ru(acac)3 and Sn(acac)2. ………………………………….. .77 

Figure 3.2.  X-ray diffraction patterns for Ti foil (a) and Ti foil coated by thermal decomposition 

of Ru(acac)3 (b), Sn(acac)2 (c), and a mixture of Ru(acac)3 and Sn(acac)2 (d). ............................ 78 

Figure 3.3. X-ray photoelectron spectra for Ti foil (A) and Ti foil coated by thermal 

decomposition of Sn(acac)2 (B), Ru(acac)3 (C), and a mixture of Ru(acac)3 and Sn(acac)2 (D). . 79 

Figure 3.4. Ru 3d and O 1s regions of selected spectra from Figure 3.3. ..................................... 81 

Figure 3.5. Cyclic voltammograms (100 mV s−1) of Pt/Ti, Pt/RuO2/Ti, Pt/SnO2/Ti and Pt/Ru-

doped SnO2/Ti electrodes in 0.1 M H2SO4(aq). ............................................................................. 82 

Figure 3.6. Cyclic voltammograms (10 mV s−1; 2nd cycle dotted) of catalyst coated Ti electrodes 

(2.4 μg Pt) in 0.2 M ethanol + 0.1 M H2SO4. ................................................................................. 84 

Figure 3.7. Currents at 0.1 V (○) and 0.3 V (●) during the first anodic scan vs. the mole% of 

Sn(acac)2 in the oxide precursor solution, for oxidation of 0.2 M ethanol + 0.1 M H2SO4 at 

Pt/Ru+Sn oxide/Ti electrodes......................................................................................................... 85 

Figure 3.8. Pt 4d (A) and 4f (B) regions of XPS spectra of Pt nanoparticles on unmodified Ti 

(Pt/Ti) and Ru-doped SnO2/Ti (Pt/Ru-doped SnO2/Ti) .................................................................. 87 



xvii 

 

Figure 3.9. Deconvoluted Pt 4f regions of the XPS spectra for Pt nanoparticles on unmodified Ti 

(Pt/Ti) and Ru-doped SnO2/Ti (Pt/Ru-doped SnO2/Ti). The peaks for Pt/Ti were fitted (black 

dotted line) with a single Pt(0) state (blue and yellow) while Pt(0) and Pt(II) (hydroxide) (red and 

green) were required for Pt/Ru-doped SnO2/Ti. The fitted backgrounds are omitted for clarity... 88 

Figure 4.1. TGA plots for decomposition of Ru(acac)3 and Sn(acac)2 on Vulcan XC-72 carbon 

black. ..…………………………………………………………………………………………..103 

Figure 4.2. TGA plots for the decomposition of Ru(acac)3 and Sn(acac)2 on Vulcan XC-72 

carbon black with 30 min isothermal periods at 180 °C, and 230 °C for Ru(acac)3 or 350 °C for 

Sn(acac)2. ...................................................................................................................................... 104 

Figure 4.3. TGA plot for decomposition of a mixture of Ru(acac)3 and Sn(acac)2 on Vulcan XC-

72 carbon black (0.55 mmol Ru(acac)3 + 0.55 mmol Sn(acac)2 per g of C), and a Ru+Sn oxide/C 

composite prepared with target Ru:Sn ratio of 2:1 and an oxide loading of 35.7%. ................... 106 

Figure 4.4. X-ray emission spectrum (EDX) of Ru+Sn oxide on carbon black. The target Ru:Sn 

ratio was 1:1. ................................................................................................................................ 107 

Figure 4.5. X-ray diffraction patterns for Ru oxide/C and Ru+Sn oxide/C composites. ............ 108 

Figure 4.6. TEM image of the Pt/Ru0.55Sn0.45O2/C catalyst. The scale bar is 50 nm. ................. 109 

Figure 4.7. TEM image of the Pt/Ru0.38Sn0.62O2/C catalyst. The scale bar is 50 nm. ................. 110 

Figure 4.8. TEM image of the Pt/Ru0.67Sn0.33O2/C catalyst. The scale bar is 50 nm. ................. 111 

Figure 4.9. Cyclic voltammograms (100 mV s−1) of Pt/C, Pt/Ru0.55Sn0.45O2/C, and 70% Pt/C 

electrodes in 0.5 M H2SO4(aq). .................................................................................................... 112 



xviii 

 

Figure 4.10. Cyclic voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol in 0.5 M H2SO4 

at Pt/C, Pt/Ru0.55Sn0.45O2/C, and 70% Pt/C electrodes. Dotted lines show the reverse scans. ..... 114 

Figure 4.11. Cyclic voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol in 0.1 M H2SO4 

at Pt/C, Pt/RuO2/C, Pt/SnO2/C, and Pt/Ru0.55Sn0.45O2/C electrodes. Dotted lines show the reverse 

scans. Note that H2SO4 concentration was lower than for the voltammetry reported in the 

manuscript, and that the peak potentials are higher due to the increase solution resistance. ....... 115 

Figure 4.12. Cyclic voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol in 0.5 M H2SO4 

at Pt/Ru0.38Sn0.62O2/C, Pt/Ru0.55Sn0.45O2/C, and Pt/Ru0.67Sn0.33O2/C electrodes. Dotted lines show 

the reverse scans and the inset shows the 2nd forward scans. ....................................................... 116 

Figure 4.13. Current vs. time during a series of potential steps for oxidation of 0.2 M ethanol in 

0.5 M H2SO4 at Pt/Ru0.38Sn0.62O2/C, Pt/Ru0.55Sn0.45O2/C, and Pt/Ru0.67Sn0.33O2/C, and 70% Pt/C 

electrodes. ..................................................................................................................................... 117 

Figure 4.14. Current vs. time for oxidation of 0.2 M ethanol in 0.5 M H2SO4 at 0.2 V and 0.3 V 

at Pt/Ru0.67Sn0.33O2/C and 70% Pt/C electrodes. The 1st data set is for a step from the open circuit 

potential for a pristine electrode. The 2nd data set is for the same electrode following a step to 0.7 

V for 5s. ........................................................................................................................................ 119 

Figure 4.15. Polarization curves for ethanol oxidation (0.1 M) at Pt/Ru0.55Sn0.45O2/C (1.0 mg Pt 

cm−2) and 20% Pt/C (2.0 mg Pt cm−2) anodes in a nine-anode PEM electrolysis cell at 80 °C. 

Averages and standard deviations are shown for 3 electrodes of each type. ............................... 121 



xix 

 

Figure 5.1. Scheme of the set-up for measuring CO2 generated from the PEM cell (one of the 

nine anodes and part of the cathode are shown as an example) with a non-dispersive infrared 

(NDIR) CO2 detector. …………………………………………………………………………..135 

Figure 5.2. Calibration curve of the CO2 detector with CO2 produced from oxidation of methanol 

(0.1 M) in the PEM cell, at 80 °C. ............................................................................................... 137 

Figure 5.3. TGA plots for decomposition of C and C/Pb(acac)2 (0.1 mmol/100 mg carbon black) 

with elevated temperature to 800.00 °C by 20.00 °C/min. .......................................................... 138 

Figure 5.4. XRD patterns of carbon black modified by thermal decomposition of Pb(acac)2 and 

unmodified carbon black. ............................................................................................................. 140 

Figure 5.5.  X-ray diffraction patterns for Ti foils with and without modification by thermal 

decomposition of Pb(acac)2. ......................................................................................................... 140 

Figure 5.6. X-ray emission spectra (EDX) of Pt/BLC/C catalysts prepared with Pb(acac)2 to 

carbon mass ratios of 0.20, 0.41, and 1.60. .................................................................................. 141 

Figure 5.7. Cyclic voltammograms (100 mV s−1) of Pt/C, Pt/BLC(0.80)/C, and 70% Pt/C 

electrodes (Pt loading: 0.30 mg cm−2) in 0.5 M H2SO4(aq). ........................................................ 143 

Figure 5.8. Cyclic voltammograms (100 mV s−1) of Pt/BLC(0.14)/C, Pt/BLC(0.22)/C, 

Pt/BLC(0.80)/C and BLC/C electrodes (Pt loading: 0.30 mg cm−2) in 0.5 M H2SO4(aq). .......... 144 

Figure 5.9. Cyclic voltammograms (100 mV s−1) of Pt/Ti and Pt/PbO/Ti electrodes (Pt loading: 

0.01 mg cm−2) in 0.1 M H2SO4(aq). ............................................................................................. 144 



xx 

 

Figure 5.10. Linear sweep voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol + 0.1 M 

H2SO4(aq) at Pt/Ti and Pt/PbO/Ti electrodes (Pt loading: 0.01 mg cm−2). .................................. 146 

Figure 5.11. Chronoamperometry measurements for oxidation of 0.2 M ethanol + 0.1 M 

H2SO4(aq) at Pt/Ti and Pt/PbO/Ti electrodes (Pt loading: 0.01 mg cm−2) were made consecutively 

over 100 s periods at each potential, after cleaning catalyst surface at 0.70 V for 5 s. ................ 146 

Figure 5.12. Cyclic voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol in 0.5 M 

H2SO4(aq) at Pt/C, Pt/BLC(0.80)/C, and commercial 70% Pt/C electrodes with a Pt loading of 

0.30 mg cm−2 (the first cycle). Dotted lines show the reverse scans and the inset shows the 2nd 

forward scans. ............................................................................................................................... 148 

Figure 5.13. Current vs. time during a series of potential steps for oxidation of 0.2 M ethanol in 

0.5 M H2SO4(aq) at Pt/ C, Pt/BLC(0.80)/C and 70% Pt/C electrodes (Pt loading: 0.30 mg cm−2).

 ...................................................................................................................................................... 148 

Figure 5.14. Cyclic voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol in 0.5 M 

H2SO4(aq) at Pt/BLC(0.14)/C, Pt/BLC(0.22)/C and Pt/BLC(0.80)/C electrodes (Pt loading: 0.30 

mg cm−2). Dotted lines show the reverse scans and the inset shows the 2nd forward scans. ........ 150 

Figure 5.15. Current vs time during a series of potential steps for oxidation of 0.2 M ethanol in 

0.5 M H2SO4(aq) at Pt/BLC(0.14)/C, Pt/BLC(0.22)/C and Pt/BLC(0.80)/C electrodes (Pt loading: 

0.30 mg cm−2). .............................................................................................................................. 150 

Figure 5.16. XRD patterns of a Pt/BLC(0.22)/C electrode before and after performing cyclic 

voltammetry measurement in 0.5 M H2SO4(aq). ......................................................................... 152 



xxi 

 

Figure 5.17. Polarization curves for 0.1 M ethanol oxidation at Pt/C and Pt/BLC(0.22)/C  anodes 

(Pt loading: 1.0 mg cm−2 on 0.24 cm−2 of C/CFP ) in a nine-anode PEM electrolysis cell at 80 °C. 

Averages and standard deviations of the oxidation currents are obtained from three electrodes for 

each catalyst. ................................................................................................................................ 153 

Figure 5.18. Linear sweep voltammograms (10 mV s−1) for oxidation of 0.2 M formic acid in 0.5 

M H2SO4(aq) at Pt/C and Pt/BLC(0.22)/C electrodes (Pt loading: 0.10 mg cm−2). ..................... 155 

Figure 5.19. Current vs time during a series of potential steps for oxidation of 0.2 M formic acid 

in 0.5 M H2SO4(aq) at Pt/C and Pt/BLC(0.22)/C electrodes (Pt loading: 0.10 mg cm−2). .......... 156 

Figure 5.20. XPS spectra (Pt 4f region) and fitting curves (dotted lines) of Pt nanoparticles on Ti 

(A) and PbO/Ti (B); and their comparison (C). ........................................................................... 158 

Figure 6.1. Schematic diagram of support effects on ethanol oxidation at a Pt nanoparticle….171 

Figure 6.2. Schematic diagrams of the preparation and structures of the Pt/metal oxide/Ti 

electrodes employed in this work. ................................................................................................ 171 

Figure 6.3.  X-ray diffraction patterns for Ti foil, V oxide/Ti, In oxide/Ti, Mo oxide/Ti, Zr oxide 

and Ga oxide/Ti. ........................................................................................................................... 174 

Figure 6.4.  XPS spectra showing the metal oxide layers of Ti (A), MoO3/Ti (B), In2O3/Ti (C), 

Ga2O+Ga2O3/Ti (D), V2O5/Ti (E), and ZrO2/Ti (F). .................................................................... 175 

Figure 6.5.  XPS spectra (O 1s) and fits for Ti (A), MoO3/Ti (B), In2O3/Ti (C), Ga2O+Ga2O3/Ti 

(D), V2O5/Ti (E), and ZrO2/Ti (F). ............................................................................................... 178 



xxii 

 

Figure 6.6. Cyclic voltammograms (100 mV s−1) of Pt/Ti, Pt/MoO3/Ti, and Pt/MoO3+SnO2/Ti 

electrodes in 0.1 M H2SO4(aq). .................................................................................................... 180 

Figure 6.7. Cyclic voltammograms (100 mV s−1) of Pt/Ti, Pt/Ga2O+Ga2O3/Ti, Pt/In2O3/Ti, 

Pt/V2O5/Ti and Pt/ZrO2/Ti electrodes in 0.1 M H2SO4(aq). ........................................................ 181 

Figure 6.8. Linear sweep voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol + 0.1 M 

H2SO4 at Pt/Ti, Pt/MoO3/Ti, and Pt/MoO3+SnO2/Ti electrodes. ................................................. 183 

Figure 6.9. A: each potential from 0.10 to 0.50 V were maintained for 100 s, after applying 0.70 

V for 5 s to clean the catalyst surface. B: current vs. time during a series of potential steps for 

oxidation of 0.2 M ethanol in 0.1 M H2SO4(aq) at Pt/Ti, Pt/MoO3/Ti, and Pt/MoO3+SnO2/Ti 

electrodes. ..................................................................................................................................... 184 

Figure 6.10. Linear sweep voltammograms (10 mV s−1) for oxidation of 0.2 M ethanol + 0.1 M 

H2SO4 at Pt/Ti, Pt/Ga2O+Ga2O3/Ti, Pt/In2O3/Ti, Pt/V2O5/Ti, and Pt/ZrO2/Ti electrodes. .......... 186 

Figure 6.11. Current vs time during a series of potential steps for oxidation of 0.2 M ethanol in 

0.1 M H2SO4(aq) at Pt/Ti, Pt/Ga2O+Ga2O3/Ti, Pt/In2O3/Ti, Pt/V2O5/Ti, and Pt/ZrO2/Ti electrodes.

 ...................................................................................................................................................... 186 

Figure 6.12. Linear sweep voltammograms (10 mV s−1) of the 2nd cycle for oxidation of 0.2 M 

methanol + 0.1 M H2SO4 at Pt/Ti, Pt/Ga2O+Ga2O3/Ti, Pt/In2O3/Ti, Pt/V2O5/Ti, and Pt/ZrO2/Ti 

electrodes. ..................................................................................................................................... 188 

Figure 6.13. Current vs time during a series of potential steps for oxidation of 0.2 M methanol in 

0.1 M H2SO4(aq) at Pt/Ti, Pt/Ga2O+Ga2O3/Ti, Pt/In2O3/Ti, Pt/V2O5/Ti, and Pt/ZrO2/Ti electrodes.

 ...................................................................................................................................................... 189 



xxiii 

 

Figure 6.14.  XPS spectra of Pt 4d (A) and Pt 4f (B) regions for Pt/Ti and Pt/MoO3/Ti. ........... 190 

Figure A.1. XRD pattern of Pt/C used for particle size calculation in Table 5.2. ……………..211 

Figure A.2. XRD pattern of Pt/BLC(0.14)/C used for particle size calculation in Table 5.2. .... 212 

Figure A.3. XRD pattern of Pt/BLC(0.22)/C used for particle size calculation in Table 5.2. .... 212 

Figure A.4. XRD pattern of Pt/BLC(0.80)/C used for particle size calculation in Table 5.2. .... 213 

Figure B.1. Cyclic voltammogram (100 mV s−1) of Pt/Ti (as an example from Figure 6.6 and 

Figure 6.7) with labeled Pt-H adsorption area used for calculation of electrochemically active 

surface area in Table 6.3. ……………………………………………………………………….215 

 

 

  



xxiv 

 

List of abbreviations  

acac Acetylacetonate 

BLC Basic lead carbonate 

CFP Carbon fiber paper 

CNTs Carbon nanotubes 

CO Carbon monoxide 

CO2 Carbon dioxide 

DEFCs Direct ethanol fuel cells 

DEMS Differential electrochemical mass spectroscopy 

DHE Dynamic hydrogen electrode 

DLFCs Direct liquid fuel cells 

EASA Electrochemically active surface area 

EDX Energy dispersive X-ray analysis 

H2O Water 

IR Infrared 

IRRAS In situ infrared reflection-absorption spectroscopy 

M(acac)x Metal acetylacetonate complexes 



xxv 

 

MEAs Membrane electrode assemblies 

MOx Metal oxides 

MOx/C Metal oxide modified carbon supports 

NDIR Non-dispersive infrared 

PEM Proton exchange membrane 

PEMFCs Proton exchange membrane fuel cells 

RHE Reversible hydrogen electrode 

SCE Saturated calomel electrode 

SEM Scanning electron microscopy 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

XAS X-ray absorption spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

 

 

 

  



xxvi 

 

List of symbols 

a.u. Arbitrary unit 

A Ampere 

C Coulomb 

ca. Approximately 

ηcell Efficiency 

ηt Theoretical energy efficiency 

ηE Voltage efficiency 

ηF Faradaic efficiency 

e− Electron 

e.g.  For example 

E Potential 

Eº Standard potential 

eV Electron volt 

F Faraday constant 

G Gibbs energy 

H Enthalpy 



xxvii 

 

h Hour 

I Current 

i.e. In other words 

J Current density 

min Minute 

m/z Mass to charge ratio 

Λ Wavelength 

nt Total electron transfer number 

nav Average electron transfer number 

Ɵ Diffraction angle 

Ω Ohm 

Q Charge 

ppm Parts per million 

s Second 

t Time 

V Voltage (volts) 

V̇ Volumetric flow rate 

vs. Versus 



 

1 

 

Chapter 1 

Introduction 

  



 

2 

 

1.1 Fuel cells 

The overuse of fossil fuel has caused serious problems such as climate change and energy 

shortage. Therefore, there is an urgent need to replace fossil fuels with renewable energy. 

Currently, the main alternative energy sources are solar, wind and biomass energy.1 However, it 

is not feasible to rely on only one renewable energy source for the entire replacement of fossil 

fuel. As renewable power sources that have been widely commercialized, both solar and wind 

power are easily affected by weather conditions.2 The generation of electricity from solar power 

depends on the abundance of sunlight and cannot proceed at night. The effective utilization of 

wind energy is significantly related to wind velocity, which fluctuates throughout the year. 

Therefore, electricity might not be supplied continuously and steadily by using these energy 

sources. Theoretically, a controllable power source with high energy efficiency is complementary 

for building up a sustainable electricity system.2 

A fuel cell is a type of powerful energy conversion device which converts chemical energy 

to electrical energy without fuel combustion. This technology is promising to continuously and 

controllably supply electricity by using renewable fuels. The concept of hydrogen fuel cells was 

first brought up by Sir William Robert Grove in the 19th century.3-4 The basic structure of a 

typical fuel cell is composed of an anode, a cathode, and an electrolyte. At the beginning of the 

20th century, fuel cells started to attract researchers’ attention because of the increasing utilization 

of electricity. The first fully operational fuel cell was reported by Francis Thomas Bacon in 

1959.5 In the 1960s, a fuel cell was successfully applied in a space mission by NASA. After one 

century of exploration, various types of fuel cells have been developed, such as proton exchange 

membrane fuel cells, alkaline fuel cells, and solid oxide fuel cells. They differ from each other in 
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electrolyte (e.g. polymer membrane, alkaline, and ceramic) and operation temperature (from 

ambient to 1000 °C).5-6 They can be used for stationary or portable power generation. 

1.1.1. Proton exchange membrane fuel cells (PEMFCs) 

Among many types of fuel cells, PEMFCs have become the most attractive sustainable 

power sources due to their relatively low operation temperatures, high energy conversion 

efficiency, and fast start-up.5-6 Although alkaline fuel cells also have these advantages, their 

stability is significantly influenced by carbon dioxide (CO2) from the air, leading to a change in 

pH of the electrolyte and decrease of the fuel cell efficiency. Traditionally, combustion engines 

are used as power sources to convert chemical energy of fossil fuels to electricity (in power 

stations) or mechanical energy (in transportation) with low energy efficiency (typically 25-

35%).7-8 In comparison with internal combustion engines, PEMFCs have several outstanding 

benefits, including higher energy conversion efficiency (up to 65% using hydrogen fuel), lower 

harmful emissions and lower noise from mechanical movement.9 Unlike other renewable but 

irregular-available power sources (e.g. solar, wind and water power generators), fuel cells are not 

affected by climate, sunlight, and geographic location, so it is possible to combine fuel cells with 

these renewable sources for continuous supply of power in stationary power stations. In 

transportation, the application of fuel cells in electrical vehicles as power generators has been of 

particular interest to researchers. It is a potential alternative to internal combustion engines in 

traditional vehicles, and therefore reduces the depletion of unrenewable fossil fuels and 

subsequent emission of greenhouse gases and poisonous substances. In comparison to batteries 

which is another potential alternative to conventional combustion engines, fuel cells have 
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Currently, the commonly used PEMs are perfluorosulfonic acid polymers (e.g. Nafion from 

DuPont). PEMs are normally composed of two phases: a continuous hydrophobic polymer frame 

and hydrophilic sulfonic groups.11 The hydration of PEMs is essential for conducting protons 

since water (H2O) participates in the dissociation of protons from sulfonic acid groups and their 

migration.12 The protons are transferred through a PEM to the cathode through diffusion (in the 

form of H3O
+ species) driven by electrochemical difference and concentration gradient, and 

hopping diffusion between proton carriers (-SO3H and H3O
+ groups) in PEMs.13 Since PEMs are 

not electrically conductive, the electrons migrate to the cathode through the electrical circuit and 

thereby produce electrical current. At the cathode, with protons and electrons, the reduction of 

oxygen generates water (Equation 1.2). The standard cell potential (E°cathode − E°anode) of a 

hydrogen fuel cell is 1.229 V. 

H2 → H+ + 2 e−                                E°anode = 0.000 V                                         (Equation 1.1) 

O2 + 4 H+ + 4 e− → 2 H2O               E°cathode = 1.229 V                                        (Equation 1.2) 

The commercial applications of hydrogen-PEMFCs have been widely developed, such as 

electrical vehicles, ships, aircrafts, space exploration, power stations, portable power generators, 

and emergency back-up power supply.14-20 In addition, when coupled with a CO2 separation 

system, hydrogen-PEMFCs can simultaneously capture CO2 from the air while supplying 

electricity.21 However, there are two major challenges for extensive application of hydrogen-

PEMFC equipment: bulk production of hydrogen from renewable sources and the security issue 

of flammable and explosive hydrogen highly compressed in storage and transportation. 
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The renewable liquid fuels (ethanol, methanol, and formic acid) can be produced from 

biomass (such as sugar-cane, corn, and woodchips),22-25 or electrochemical CO2 reduction using 

renewable electricity from solar and wind power.26-28 These liquid fuels have higher volumetric 

energy density than hydrogen, and can be easily transported and stored using current gasoline 

systems with simple modification.29 As hydrogen carriers, the liquid fuels can be directly fed into 

PEMFCs for electrochemical oxidization to generate electricity. These types of PEMFCs are 

called direct liquid fuel cells (DLFCs). As shown in Table 1.1, the theoretical efficiencies of the 

typical DLFCs are higher than that of hydrogen fuel cells (83%) under standard conditions 

(298.15 K and 101.325 kPa).30 However, DLFCs are still under development, and improvement 

on their actual efficiency is needed for commercialization. 

Table 1.1. A list of typical DLFCs and their operating temperatures, theoretical efficiencies 

(under standard conditions) and actual efficiencies.10, 31 

Types Operating 

temperature 

Theoretical 

efficiency 

Actual 

efficiency 

Direct ethanol fuel cells Ambient- 120 °C 97% 20-40% 

Direct methanol fuel cells Ambient- 110 °C 97% 35-60% 

Direct formic acid fuel cells 30-60 °C 106% 30-50% 

 

1.1.2. Direct ethanol fuel cells (DEFCs) 

DEFCs are one of the most attractive PEMFCs for sustainable power production, since they 

can use bioethanol to generate electricity.32 In comparison with methanol and formic acid, 

ethanol has much lower toxicity and higher energy density. It is massively produced from 
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biomass fermentation for wide utilization as a blended component in gasoline.33 Electricity is 

generated from DEFCs through ethanol electrooxidation, and the theoretical products from the 

use of DEFCs are only H2O and CO2. The CO2 generated from DEFCs will be consumed by plant 

growth. In this carbon recycle, the net carbon emission can be zero. Theoretically, DEFCs are 

safe, environmentally benign, and have high theoretical energy-conversion efficiency. Various 

applications of DEFCs have been developed, such as power packs for charging laptops and 

mobile phones, the power generator for a wireless vacuum cleaner, and a bio-energy discovery 

kit.34 A car prototype equipped with an ethanol fuel cell has been road tested.35 In addition, 

DEFCs have been developed into a novel type of electrolysis cell for hydrogen production 

(without the supply of oxygen at the cathode).36 Acetic acid, one of the main by-products of 

ethanol electrooxidation, is a food additive and valuable industrial chemical.37 

The principle of a DEFC is shown in Figure 1.2. At the anode, oxidation of ethanol in water 

generates carbon dioxide, protons, and electrons at the surface of catalysts such as platinum 

nanoparticles (Equation 1.3). The electrons are transferred from the anode to the cathode 

resulting in electrical current. A PEM, which is usually a Nafion membrane with proton-

conductivity and electrical insulation, is used as the electrolyte to separate the anode and cathode. 

The optimal operating temperature ranges between 60 °C and 80 °C. At the cathode, reduction of 

oxygen gas generates water under acidic conditions (Equation 1.4). The reactants at the anode 

(ethanol) and the cathode (oxygen gas from the air) can be continuously supplied from external 

sources. The diffusion layers of the anode and cathode are porous for the diffusion of fuel and air 

to the catalysts. Commonly, carbon fiber papers or fabrics are used to support the catalyst layers 
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is mainly caused by increased overpotentials. Overpotential is the potential difference between 

the practical potential required for facilitating ethanol electrooxidation (or oxygen reduction) and 

the reversible potential. For Pt catalysts, a large activation overpotential is required for 

transferring electrons from ethanol oxidation, and can be decreased through optimizing electro-

catalysts.38 In addition, crossover overpotential is due to the crossover of ethanol (to the cathode) 

or oxygen (to the anode) resulting in a decrease in the operating cell voltage and loss of fuel. 

Instead of separated oxidation (anode) and reduction (cathode), the redox reaction of the crossed 

ethanol or oxygen directly reacts on the surface of catalysts without providing electrical current. 

The crossover could be diminished through exploring new polymer membranes and modification 

of PEMs. 

For the complete oxidation of ethanol, the total number of electrons (nt) transferred by each 

ethanol molecule is 12. However, currently the CO2 selectivity of most anode catalysts is low, 

and the oxidation of ethanol is catalyzed to an incomplete extent, which results in the formation 

of acetic acid and acetaldehyde. The complete oxidation of ethanol to CO2 has higher energy 

efficiency than the incomplete oxidations since more electrons are transferred from one ethanol 

molecule. The faradic efficiency (Equation 1.9) is influenced by the average of the electron 

transfer number (na), which can be calculated by measuring product distribution. 

η
cell

=η
t
×η

E
×η

F
                                                                                              (Equation 1.6) 

 η
t
 =

∆G°

∆H°                                                                                                                                       (Equation 1.7) 

η
E
= 

Ecell

E cathode
°  - E anode

°                                                                                        (Equation 1.8) 
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 η
F
=

n
a

n
t

                                                                                                                           (Equation 1.9) 

1.2 Electrochemical oxidation of ethanol 

1.2.1 Mechanism 

Ethanol electro-oxidation is a complicated multiple-electron process involving various 

intermediates and products.39 The mechanism of ethanol electro-oxidation has been investigated 

through online detection by differential electrochemical mass spectroscopy (DEMS) and in situ 

infrared reflection-absorption spectroscopy (IRRAS) techniques. IRRAS combines an infrared 

spectrometer with a spectroelectrochemical cell containing a CaF2 window for infrared (IR) 

transmission.40 It can provide insight on intermediates and the product distribution on electrode 

surfaces at different potentials. As a sensitive qualitative and quantitative analytical technique, 

DEMS combines an electrochemical cell with mass spectrometry for mechanistic study of 

electrochemical reactions. Through online detection of volatile intermediates and products 

(carbon dioxide and acetaldehyde), the DEMS analysis can provide information about the 

potentiodynamic electro-oxidation of ethanol.41 

Analysis of product distributions has shown that the final products of ethanol electro-

oxidation are mainly acetic acid, acetaldehyde and carbon dioxide (CO2).
42 There are two main 

pathways for ethanol electro-oxidation (Figure 1.3). One pathway is partial oxidation of ethanol 

without C-C bond breaking, which leads to the formation of acetaldehyde by delivering two 

electrons (Equation 1.10) or acetic acid by delivering four electrons (Equation 1.11). 

Acetaldehyde can be further oxidized to acetic acid, which is the final product and difficult to be 

electro-oxidized. 
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produce adsorbed intermediates including CHx,ads, and CHyOads (Equation 1.17), which can be 

further oxidized to carbon monoxide (COads) by releasing protons and electrons (Equation 

1.18).39 The further oxidation of COads species to the final products (CO2 and H2O) proceeds with 

the hydroxyl groups on Pt surfaces (Equation 1.19), which is the limiting step at low potentials.44 

The Pt active sites are occupied by COads due to its strong adsorption at Pt, and thereby 

unavailable for further reaction (i.e. catalyst poisoning). Therefore, the activity of a catalyst 

decreases with time. In addition, the complete oxidation of ethanol is inhibited due to COads 

blocking, since multiple free and continuous Pt active sites (forming a cyclic adsorbate) are 

required for breaking C-C bonds.45 Consequently, the selectivity of incomplete oxidation of 

ethanol to aceteldehyde and acetic acid is increased as fewer active sites are required for this 

pathway. The investigation of the mechanism of ethanol oxidation is essential for the rational 

design of electro-catalysts to achieve a high CO2 selectivity in ethanol oxidation. 

Pt-OCH2 CH3 or Pt-CH(OH)CH3 → Pt-CHyO + Pt-CHx + (5−x−y)H+ + (5−x−y)e−  

        (Equation 1.17) 

Pt-CHyO or Pt-CHx → Pt-CO + (x or y)H+ + (x or y)e−                                     (Equation 1.18) 

Pt-CO + Pt-OH → 2Pt + CO2 + H+ + e−                                                             (Equation 1.19) 

1.2.2 Catalysts 

In order to solve the problems of catalyst poisoning and low energy conversion efficiency, a 

variety of binary and ternary anode catalysts have been investigated, such as PtM alloy catalysts 

(e.g. M = Ru, Ni, Sn, and Co) and metal oxide-supported catalysts.46-47 PtRu has been most 

commonly used as an anode catalyst, and provides the best performance in DEFCs. However, it 
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was reported that the nav of PtRu in ethanol oxidation was low.48 An on-line detection analysis of 

volatile products indicated that CO2 selectivity of PtRu was lower than Pt.49 The addition of Ru 

into the Pt catalyst promoted oxidation of intermediate aceteldehyde to acetic acid. In addition, 

PtSn is also a popular anode catalyst for ethanol electrooxidation.47 Beyhan et al. prepared a 

PtSn/C catalyst by depositing PtSn nanoparticles on a carbon black support (C) (the symbol “/” in 

PtSn/C is used to make a distinction between different phases).50 This catalyst gave higher 

current densities and a much lower onset potential, in comparison with Pt/C. PtSn/C catalysts 

with different atomic ratios (Pt:Sn = 3:1, 1:1, and 1:3) were investigated, and the PtSn(1:1)/C 

catalyst exhibited the highest current density for ethanol oxidation.51 Moreover, the addition of 

Sn shifted the onset for CO oxidation to lower potentials compared to the Pt/C catalyst. However, 

online analysis of product distribution of ethanol oxidation by DEMS showed that the products 

were mainly acetic acid and acetaldehyde.52 Although PtSn/C catalysts display higher catalytic 

activity than Pt catalysts for ethanol oxidation, mostly incomplete oxidation occurs with low 

energy conversion, instead of the complete oxidation of ethanol to CO2 at low potential. For 

further improvement, many PtSnX trimetallic catalysts (e.g. PtSnPd/C, PtSnRh/C, PtSnNi/C, 

PtSnCo/C) were investigated.47 Notably, the addition of Ni to PtSn provided the highest current 

densities for ethanol oxidation at low potentials, and adding Co resulted in the largest 

improvement in its catalytic activity at high potentials. 

The combination of metal oxide supports with Pt alloy catalysts to form ternary catalysts 

provides a promising way to get optimum performance with both high CO2 selectivity and high 

current density. Kowal et. al. reported that a ternary PtRh/SnO2/C electrocatalyst selectively 

oxidized ethanol to CO2 with high current efficiency.53 The catalyst was prepared by depositing 
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PtRh nanoparticles on prefabricated carbon-supported Sn(IV) oxide nanoparticles. The 

combination of Pt and Rh lowered the barrier for the formation of the metal-CH2CH2O 

intermediate, of which the C–C bond can be effectively split for the further oxidation to CO2. In 

addition, the presence of Rh was found to increase the electrochemical surface area of the PtRh 

alloy nanoparticles for hydrogen adsorption and desorption.54 Consequently, the PtRh/SnO2 

provided faster kinetics of ethanol oxidation than the Pt, PtRh, and Pt/SnO2 catalysts. 

1.3 Catalyst support materials 

The deposition of electrocatalyst particles (e.g. Pt nanoparticles) on support materials can 

greatly increase the electrochemically active surface area and reduce the aggregation of the 

catalyst. The performance of fuel cells is significantly affected by the properties of support 

materials. A high specific surface area of the support material is required to load a large amount 

of Pt nanoparticles. Moreover, the electrons generated from ethanol electro-oxidation need to be 

transferred to an electric circuit through the support material. High ohmic resistance of the 

support will lead to a loss of efficiency of a fuel cell. Therefore, an ideal catalyst support for fuel 

cells should satisfy the essential requirements including: high specific surface area (larger than 

100 m2 g−1), high electrical conductivity, and high electrochemical stability.55 In the past decades, 

carbon and non-carbon supports have been widely explored to improve the performance of 

catalysts in fuel cells. 

1.3.1 Carbon supports 

Carbon materials (e.g. carbon black, graphite, and carbon nanotubes) have been widely 

investigated as electrocatalyst supports due to their high specific surface area, good electrical 
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conductivity, and high availability.55 Carbon black mainly derives from agglomeration of 

spherical carbon nanoparticles with an amorphous structure, and a large quantity can be produced 

from pyrolysis of hydrocarbons (e.g. natural gas).56-57 Graphite and carbon nanotubes (CNTs) 

have different structures derived from stacking and wrapping two-dimensional graphene 

respectively.55 Among carbon materials, carbon black is most commonly used as the support for 

Pt nanoparticles for catalyst preparation due to good electrical conductivity, high specific surface 

area, and low cost. The specific surface area of Vulcan XC-72R carbon black (industrially 

produced by Cabot Corporation) is as high as 250 m2 g−1.58 For ethanol oxidation, higher peak 

currents were obtained on Vulcan XC-72R carbon black than a graphite support.59  

1.3.2 Non-carbon supports 

Due to the limitations (low utilization of catalysts and insufficient electrochemical stability) 

of carbon support materials, non-carbon supports were explored as alternatives to carbon 

materials to attain high durability and good performance of fuel cells, such as SiC, WO3, SnO2, 

TiO2, and IrO2.
55, 60-62 A SiC support was electrochemically inert at high potentials, which 

provided high resistance to corrosion in fuel cell applications. However, its low electrical 

conductivity diminishes the catalytic activity of Pt catalysts. Metal oxides have been widely 

studied as non-carbon catalyst supports. For instance, a WO3-supported Pt catalyst was 

synthesized and applied as an anode electrocatalyst.63 The WO3-supported Pt catalyst exhibited 

higher stability than a carbon-supported Pt catalyst in an acidic medium, but lower catalytic 

activity towards methanol oxidation due to aggregation of Pt nanoparticles on the WO3 support.64  
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SnO2 is a kind of n-type semiconductor with much lower electrical conductivity (3.62 × 10−6 

Ω−1 cm−1) than carbon black (ca. 2.77 Ω−1 cm−1).58, 65 In the study by Takasaki et al., a nano-sized 

SnO2 support strongly interacted with Pt nanoparticles and prevented catalyst aggregation, thus 

improving durability of the Pt catalyst.66 After a voltage cycling test (60,000 cycles 

corresponding to a lifetime of twenty years with eight times of start-up/shut-down per day), the 

electrochemically active surface area of the Pt/SnO2 was decreased slightly by 5.0%, in 

comparison to a drastic reduction by 80.3% for the Pt/C. This decrease mainly arose from the 

dissolution of Pt during the redox reaction, and the subsequent growth of Pt grains. Similar to 

SnO2 support, both bulk TiO2 and IrO2 have higher ohmic resistance, which prevents delivery of 

electrons generated from the oxidation of fuels at Pt nanoparticles.55 The low electrical 

conductivity of the metal oxide supports leads to low catalytic activity of the electrocatalysts. 

Although metal oxides can be good proton conductors and have higher oxidation resistivity 

in comparison with carbon materials, they are generally not appropriate to be used as independent 

catalyst supports due to their low electrical conductivity. As another type of non-carbon support 

materials, metal supports such as titanium, silver, and gold are of interest to researchers because 

of their significantly higher electrical conductivity.67-71  

Ti materials have been intensively investigated because of their advantages of non-toxicity, 

high electrical conductivity, good stability, and low production cost.72 Their anticorrosion 

property is derived from a thin layer of naturally formed TiO2 coated on the Ti surface. Ti wires, 

plates, and sponges have been explored for their potential to be applied as supports for 

electrocatalysts.72-75 Among these Ti materials, the three-dimensional Ti sponges with porous 

structures are most appropriate to be applied as anode supports in fuel cells, since they are 
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suitable for current collecting, electrolyte transport and gas diffusion. Furthermore, it is feasible 

to deposit metal or metal oxides particles on Ti sheets to study their catalytic performance in 

alcohol oxidation. Pt(1−x)(RuO2)x/Ti electrodes with different Pt-RuO2 ratios were prepared 

through in-situ reactions of Pt and Ru precursors on Ti plates.74 The optimum composition 

(Pt0.5(RuO2)0.5/Ti) in ethanol oxidation was determined by cyclic voltammetry and 

chronoamperometry measurements. In terms of functionality, the Pt portion was responsible in 

catalyzing the electro-oxidation of ethanol. The RuO2/Ti support did not show activity on ethanol 

oxidation, but had a significant effect on improving the catalytic activity of Pt. The onset of both 

CO and ethanol oxidation was negatively shifted towards low potentials, and lower current decay 

was observed in the chronoamperometry measurement. 

1.3.3 Metal oxide/carbon hybrid supports (MOx/C) 

Hybrid supports combining carbon with metal oxides is another choice for supporting 

electrocatalysts and improving the performance of direct alcohol fuel cells (e.g. ethanol and 

methanol).76 The addition of carbon to metal oxide supports can overcome the problems of low 

electrical conductivity and agglomeration of pure metal oxide supports. The deposition of the 

metal oxide layer on a carbon support can reduce direct contact between the carbon support and 

Pt catalyst, which reduces the corrosion of carbon caused by Pt-catalyzed oxidation at high 

potentials.58 Meanwhile, the Pt nanoparticles can be stabilized by metal oxides. For instance, the 

modification of a Pt/C catalyst with RuO2 significantly improved its stability during consecutive 

potential cycling (1000 cycles).77 After the accelerated potential cycling test, the degradation of 

the electrochemically active surface area of the RuO2 modified catalyst was less than that of the 

Pt/C catalyst, thereby allowing more electrocatalytic activity to be retained. This enhancement on 
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catalyst stability was attributed to the solid acid nature of the intrinsically negatively charged 

RuO2, which can restrict the diffusion of Ptn+ into the electrolyte. Similarly, a SnO2/carbon 

nanotube composite-supported catalyst (Pt/SnO2/CNTs) also demonstrated a higher stability than 

one without SnO2 (Pt/CNTs).78 Therefore, the modification of metal oxides on carbon supports 

effectively improves catalyst stability, through increasing the anti-corrosion ability of support 

materials and minimizing the dissolution and grain growth of Pt nanoparticles. Moreover, some 

metal oxide supports can work as co-catalysts to enhance the catalytic activity of Pt catalysts in 

electro-oxidation of ethanol, methanol, and CO.79-80 

1.4 Metal oxide support effects 

Recently, a variety of metal oxide supports have been investigated and showed co-catalytic 

effects on Pt-catalyzed electro-oxidation of ethanol, such as tin(IV) oxide (SnO2), nickel(II) oxide 

(NiO), ruthenium(IV) oxide (RuO2), titanium dioxide (TiO2), molybdenum(VI) oxide (MoO3), 

and iridium(IV) oxide (IrO2).
81-86 In contrast to Pt/C catalysts, higher current densities were 

obtained by modification of the catalyst with metal oxides. Importantly, the introduction of metal 

oxide components to the catalysts was found to effectively diminish COads poisoning, so that 

durability of the catalyst was improved. As examples, the support effects of RuO2 and SnO2 on 

Pt-catalyzed ethanol oxidation is discussed in the following sections. 

1.4.1 Ruthenium oxide 

The Ru in PtRu alloy catalysts was reported to intensively promote oxidation of the CO 

intermediates in methanol and ethanol oxidation. The co-catalytic effect can be explained by a 

bifunctional effect (Equations 1.20 and 1.21) and an electronic effect (which results in weakening 
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the binding of CO at Pt).87 Hydrous ruthenium oxide (RuO2·xH2O) was also found to play a 

similar role to Ru at the surface of PtRu.88 Therefore, RuO2 has been used in Pt-based catalysts to 

investigate how it influences electrocatalytic oxidation of ethanol and the intermediate COads. 

Freitas et al. prepared Pt(1−x)(RuO2)x/Ti electrodes through thermal decomposition of Pt and Ru 

precursors on Ti plates at 400 ˚C.74 For ethanol electro-oxidation, the performance of the 

electrodes prepared with different Pt-RuO2 ratios was studied by linear sweep voltammetry. In 

Figure 1.4, the peaks below 1.2 V (vs. RHE) were mainly attributed to ethanol electro-oxidation. 

For Pt(1−x)(RuO2)x/Ti electrodes, the peak current density was increased with the Pt percentage. In 

addition, the RuO2/Ti electrode without Pt showed no oxidation peak, which indicated Pt was the 

main active component to catalyze the oxidation of ethanol. However, the decrease of the 

percentage of RuO2 resulted in the shift of the peak to more positive values. The region below 0.6 

V (vs. RHE) exhibited the onset of ethanol electro-oxidation. In comparison with a Pt/Ti 

electrode, the addition of RuO2 significantly increased the current density at the low potentials by 

more than 10 times for the Pt(1−x)(RuO2)x/Ti electrode with optimized molar ratio (Pt:RuO2 = 1:1). 

The onset for ethanol electro-oxidation shifted from 0.6 to 0.4 V (vs. RHE). This suggests that a 

higher voltage efficiency can be obtained because of the lower overpotential for the 

Pt1(RuO2)1/Ti. 

Ru + H2O → Ru-OH + H+ + e−                                                                           (Equation 1.20) 

Ru-OH + Pt-CO → Ru + Pt + CO2 + H+                                                            (Equation 1.21) 
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CO for the four catalysts increased in the order: Pt/RuO2/CNTs < PtRu/CNTs < RuO2/Pt/CNTs < 

Pt/CNTs. Therefore, the direct deposit of RuO2 on the CNT support had the most significant 

effect on CO oxidation. The onset of CO oxidation for PtRu/CNTs was also shifted to a more 

negative potential in comparison with Pt/CNTs, which was attributed to the existence of hydrous 

ruthenium oxide (RuO2·xH2O) on the surface of a PtRu alloy catalyst.88 In addition, the peak area 

of CO oxidation was proportional to the amount of oxidized CO and electrochemically active 

surface area. The largest peak area of Pt/RuO2/CNTs indicated the largest utilization of Pt 

nanoparticles, since bare RuO2 had no activity for CO oxidation. This arises from the 

improvement of Pt dispersion on RuO2, which facilitated the formation of smaller sized Pt 

nanoparticles and the reduction of agglomeration of formed Pt nanoparticles. For RuO2/Pt/CNTs, 

the decline of the electrochemically active surface was due to coverage of the Pt by the outer 

layer of RuO2. 
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the hydroxyl species (Ru-OH) produced at lower potentials promotes the oxidation of 

intermediate COads (Pt-CO).87, 91 Therefore, anode catalysts containing RuO2 can initiate the 

electro-oxidation of ethanol and CO at lower potentials than the bare Pt catalysts. 

1.4.2 Tin oxide 

Tin oxide supports have also been widely investigated and show great improvement on 

ethanol electro-oxidation.40, 53, 76, 92-93 For example, Higuchi et al. studied the support effect of 

SnO2 on a Pt catalyst for ethanol oxidation.94 As shown in Figure 1.6, the linear sweep 

voltammograms showed that the SnO2/C electrode without Pt had no activity on ethanol electro-

oxidation. The distinct performance of Pt/SnO2/C catalysts with different Pt:SnO2 ratios implies 

that the SnO2 support played an important role in ethanol electro-oxidation. The optimum ratio of 

Pt to Sn was 3:1. The catalyst containing less SnO2 (Pt:SnO2 = 9:1) had lower current density, 

and a similar voltammogram shape to the Pt/C. This was likely due to less contact occurring 

between Pt and SnO2, as a result of insufficient SnO2. However, the catalyst with more SnO2 

(Pt:SnO2 = 1:3) resulted in an even lower oxidation current than Pt/C. The decrease of catalytic 

activity was attributed to the poor electronic conductivity of SnO2. The poorer the conductivity of 

the catalyst, the larger the overpotential needed to perform ethanol oxidation. For the optimum 

catalyst, Pt/SnO2/C (Pt:SnO2 = 3:1), the addition of SnO2 caused a large negative shift in the 

onset potential, from 0.40 to 0.20 V, in comparison with Pt/C. In addition, the current density for 

Pt/SnO2(3:1)/C was significantly larger than the Pt/C in the range of 0.30-0.60 V (vs. RHE). The 

influence of SnO2 on the onset potential and current density suggests that the SnO2 support has a 

co-catalytic effect with the Pt catalyst for ethanol oxidation.95-97  
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1.9), the bands at around 2050 cm−1 and 2343 cm−1 are respectively characteristic of the linear 

bond of adsorbed CO and the asymmetric stretching vibration of CO2 on the electrodes. 

According to the IRRAS spectra of the Pt electrode, breaking of the C-C bond of ethanol 

occurred at low potential forming adsorbed CO. The intensity of CO increased with the potential 

from −0.20 to 0.20 V (vs. Ag/AgCl), and decreased from 0.20 to 0.50 V (vs. Ag/AgCl). Owing to 

the unavailability of forming oxidants for Pt electrode at low potential, the surface was poisoned 

by adsorbed CO leading to the limited CO2 production. The further oxidation of intermediate CO 

to CO2 started from 0.30 V (vs. Ag/AgCl). However, for the Pt/SnO2 electrode, the complete 

oxidation of ethanol to CO2 started at relatively lower potential (0.20 V vs. Ag/AgCl). In 

comparison with the Pt electrode, the lower intensity of CO and higher intensity of CO2 at the 

Pt/SnO2 electrode indicates SnO2 promotes the oxidation of intermediate CO to CO2. According 

to the change of the intensity of CO and CO2 with potential, it can be concluded that the rate 

limiting step for ethanol oxidation was changed from the oxidation of CO (at lower potential) to 

C–C bond breaking (at higher potential). The main products of incomplete oxidation of ethanol 

are acetaldehyde and acetic acid. SnO2 facilitates ethanol oxidation on Pt sites, but has no 

improvement in the selectivity of CO2 production. As shown in Figure 1.10, in the range of 1350-

850 cm−1, the bands of 933 cm−1 and 1280 cm−1 were respectively attributed to acetaldehyde and 

acetic acid. The intensity of acetic acid at the Pt/SnO2 electrode was higher than that at the Pt 

electrode. Therefore, the introduction of SnO2 promotes not only the oxidation of intermediate 

CO of ethanol to CO2, but also the incomplete oxidation of ethanol to acetic acid. 
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currents (charge) from CO2 and acetaldehyde measured by DEMS are shown in Figure 1.11. 

Acetaldehyde can be measured by the mass signal (m/z = 29) of its fragment [CHO]+. Both 

acetaldehyde and CO2 give ion currents at the m/z = 44 mass signal. In order to exclude 

interference from acetaldehyde, the contribution of its interfering fragment [CH3CHO]+ at the ion 

current (m/z = 44) was subtracted from the total, to obtain the real CO2 production. The ion 

current of [CH3CHO]+ corresponding to the ion current of [CHO]+ for acetaldehyde, can be 

acquired by the experiment using pure acetaldehyde. The onset potentials for ethanol electro-

oxidation at these two electrodes were both −0.30 V (vs. Hg/Hg2SO4). In comparison with the 

Pt/graphene electrode, the presence of SnO2 negatively shifted the peak potential (the potential at 

which the current reaches a maxmium) from 0.30 to 0.20 V (vs. Hg/Hg2SO4).  However, the 

onset potentials for CO2 production at both electrodes were −0.10 V (vs. Hg/Hg2SO4), and their 

peak potentials were around 0.20 V (vs. Hg/Hg2SO4). Only at high potential, SnO2/Pt/graphene 

electrode produced more CO2 than the Pt/graphene electrode. Therefore, SnO2 has no effect in 

decreasing the onset potential for CO2 production in ethanol oxidation, but it promoted the 

removal of CO at high potential (Equation 1.22). This occurs because a higher potential is 

required for the oxidation of adsorbed CHx, which is the main source of CO at the 

SnO2/Pt/graphene electrode.41 Based on the respective ion currents for acetaldehyde (Figure 

1.11c), the addition of SnO2 decreased the onset potential and peak potential for acetaldehyde 

production. The average yields of CO2, acetaldehyde, and acetic acid were calculated based on 

DEMS data through calibration experiments. The product distributions at the SnO2/Pt/graphene 

electrode showed less acetaldehyde, but more CO2 and acetic acid than those at the Pt/graphene 

electrode, which agrees with the result of the IRRAS investigation. It suggests that the presence 
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Sn-OH + Pt-CO → Sn + Pt + CO2 + H+                                                             (Equation 1.22) 

Sn-OH + Pt-CHOCH3 → Sn + Pt + CH3COOH + H+                                        (Equation 1.23) 

In conclusion, the use of a SnO2 support provides abundant oxygenated groups (-OH), 

which promotes both the removal of CO from the Pt surface and the conversion of ethanol to 

acetic acid. The decrease of the onset potential of ethanol electro-oxidation resulted from the 

promotion of partial oxidation of ethanol to acetaldehyde with the SnO2 support. The presence of 

SnO2 had no effect on electro-catalytic splitting of the C–C bond in ethanol. In addition, SnO2 

symbiotically facilitated the removal of formed CO to enhance the current efficiency. 

1.4.3 Mechanisms of metal oxide support effects 

The oxidation of ethanol at Pt catalysts involves a number of elementary reactions, and 

includes the formation of various kinds of intermediates (e.g. CH3CHOads, CHx,ads, CHyOads, and 

COads). Some metal oxide supports have been confirmed to have a significant influence on 

electrocatalytic oxidation of ethanol and/or intermediates. This phenomenon derives from the 

interaction between Pt catalysts and metal oxide supports through co-catalytic (bifunctional 

mechanism and charge transfer mechanism), strain, and third-body effects.81  

The co-catalytic effects of metal oxide supported Pt catalysts in ethanol electro-oxidation 

can be explained by bifunctional mechanism and charge transfer mechanism as illustrated in 

Figure 1.12.81 The addition of metal oxides promotes the removal of the poisoning intermediate 

COads at adjacent Pt with adsorbed hydroxyl species, which originate from the dissociative 

adsorption of water by metal oxides. The abundant hydroxyl species provided by metal oxides 

not only improve catalyst tolerance to CO poisoning, but also enhance the oxidation current 
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through promoting COads oxidation. The free Pt active sites released by COads oxidation can 

adsorb further ethanol molecules for oxidation. Some metal oxides (e.g. RuO2 and SnO2) provide 

hydroxyl species at lower potentials than Pt, so that the onset of ethanol oxidation is shifted to 

lower potentials. Consequently, higher cell efficiency can be obtained through increase of the 

voltage efficiency. In addition, charge transfer by metal-support interaction can affect the 

catalytic activity of Pt catalysts.101 When Pt and MOx contact with each other, the charge tends to 

transfer from the one with lower electronegativity to the one with higher electronegativity due to 

their electronegativity difference. The second metal atom can affect the energy level of Pt, which 

changes the adsorption energy of the reactant, intermediates, and products during the 

electrocatalytic reaction. X-ray absorption spectroscopy (XAS) and X-ray photoelectron 

spectroscopy (XPS) are the common technologies used to investigate electronic structure of a 

sample through measuring the X-ray absorption coefficient and binding energy, respectively.81, 

101-103 The electronegativity change of an analyte can be determined according to the difference in 

absorption coefficients and binding energies. Figure 1.13 demonstrates the similar influence of 

MOx supports on the integrated XAS intensity of Pt catalysts related to the current of ethanol 

oxidation.82 The strong binding of COads at Pt occurs through electron donation from CO σ to Pt 

and back donation from Pt to CO π*. The higher intensity of XAS absorption indicated higher 

vacancy of the Pt 5d band, which resulted in weakening of the binding of COads to Pt by 

weakening the back donation from Pt to CO π*.82, 104 This leads to an increase of the reaction 

kinetics of COads oxidation. Moreover, the electronic effect of metal oxides (e.g. Ru oxide and Sn 

oxide) on Pt can increase water activation and Pt-OH strength, which promotes the formation of 

Pt-OH and COads oxidation.105 However, the electronic effect of the Pt-support interaction is not 
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The presence of a second metal component in a Pt catalyst (e.g. PtM or Pt/MOx) can 

improve the electro-oxidation of ethanol, methanol, and especially formic acid through a third 

body effect.109-112 The third body effect originates from inactive adatoms at the Pt surface, which 

can enhance oxidation current by blocking the formation of poisoning species COads and increase 

the desorption of intermediates. For ethanol electro-oxidation, the third body effect normally 

results in decrease of CO2 selectivity.112-113 The blockage of active sites by adatoms inhibits the 

cleavage of the C-C bond of ethanol due to lack of several adjacent Pt atoms, but promotes its 

oxidation to acetaldehyde and acetic acid since fewer Pt atoms are required.114-115 

A change of lattice strain of Pt-based catalysts can affect their catalytic activity, through a 

strain effect.116 Due to the addition of adatoms or different support materials in synthesis, 

compressive or expansive strain of Pt-Pt bonds results in an increase or decrease of d-orbital 

overlap, which modifies the electronic structure of the Pt catalysts (shift of d-band center 

position).117-122 A Pt catalyst can be expansively strained when prepared on a substrate with larger 

lattice (e.g. Au), and compressively strained on a substrate with smaller lattice (e.g. Rh). A 

catalyst with an expansive strain was reported to have increased activity for the oxidation of 

ethanol and methanol, but the one with compressive strain had decreased activity.123  

1.5 Thermal decomposition of metal acetylacetonate complexes for preparation of metal 

oxide supports  

The traditional preparation of metal oxides (precipitation and hydrothermal methods) are 

time-consuming, and require corrosive reagents and high calcination temperature of above 300 

˚C.76 In addition, the prepared metal oxides have inconsistent shapes (sphere and nanosheet) and 
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particle sizes (several to hundreds of nm), which influences the activity of catalysts. Recently, 

thermal decomposition of metal acetylacetonate complexes (M(acac)x) (Equation 1.24) has been 

confirmed as a versatile method for preparing metal oxides (e.g. ruthenium oxide) and complex 

metal oxides (e.g. indium tin oxide).124-127 A variety of metal oxides can be synthesized at low 

temperatures (< 300 ˚C) by isothermal decomposition of M(acac)x, such as In, Mo, Ru, and Ga 

oxides.128-132 

M(acac)x → MOx + volatiles                                                                               (Equation 1.24) 

In the ambient atmosphere, thermal decomposition of M(acac)x can proceed through three 

types of reactions related with temperature: (a) ligand exchange with hydroxyl groups on a 

substrate surface (e.g. silica) at a low temperature (Equation 1.25); (b) proton-assisted 

thermolysis between 150 and 300 ˚C (Equation 1.26); (c) oxidative decomposition of the 

remaining ligands to produce small organic fragments (e.g., acetone), water and CO2 at above 

300 ˚C (Equation 1.24).133 The properties of support materials (e.g. silica and alumina) have a 

significant influence on the decomposition temperature and the structure of the MOx produced.124, 

133 For example, thermal decomposition of M(acac)x (M = Mn, Ni, and Fe) on a TiO2 support can 

occur at lower temperatures in comparison with the pure precursors without TiO2.
134 Moreover, 

the MOx particles (Ni, Co, Mn, and Fe oxides) formed on TiO2 were amorphous nanoparticles 

(below 5 nm), which was different from the crystalline MOx particles produced via thermal 

decomposition of pure M(acac)x without TiO2 support. The structure difference was attributed to 

the strong electronic communication of MOx-TiO2, which restricted the mobility of surface-

bounded metallic species, thereby prevented the formation of a crystalline lattice on TiO2. The 

support effect on the structure of produced MOx was also found in thermal decomposition of 
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Mn(acac)3 and VO(acac)2 on alumina supports.135-136 A catalyst or co-catalyst with an amorphous 

structure usually exhibits higher catalytic activity than that with a crystalline structure because of 

a larger number of active sites.137-143 

Si-OH + M(acac)x → Si-O-M(acac)(x−1) + Hacac                                                (Equation 1.25) 

M(acac)x + H2O → HO-M(acac)(x−1) + Hacac                                                     (Equation 1.26) 

1.6 Thesis objectives 

The overall goal of this thesis was to systematically investigate the support effect of metal 

oxides on Pt-catalyzed ethanol oxidation, which would lead to a good understanding towards 

development of more efficient and cost-effective ethanol fuel cells. The following objectives 

were pursued in order to achieve this. The first objective of this thesis was to develop a consistent 

and quick methodology for preparation of various metal oxides and their mixtures with similar 

structures and particle sizes. The metal oxide support should be synthesized at a relatively low 

temperature to obtain a highly active amorphous structure (see section 1.5). In addition, the 

preparation process would avoid introducing the impurities of other cations (e.g. Na+) and anions 

(e.g. Cl−) to exclude their interferences. In Chapter 3, electrodes were prepared by in-situ 

deposition of catalysts on bulk Ti supports, which avoids separation of catalysts with a centrifuge 

or by filtration as well as preparation of catalyst ink, thereby being a less time-consuming method 

for screening catalysts. A consistent and quick methodology of M(acac)x thermal decomposition 

was developed to prepare two metal oxides (Ru oxide and Sn oxide) and their mixtures (Ru+Sn 

oxide) on Ti foil. A certain amount of preformed Pt nanoparticles was assembled on the metal 

oxide supports by drop coating, so that the interference of strain effect can be almost excluded. 
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The support effects (bifunctional and charge transfer effects) of the metal oxides on Pt-catalyzed 

ethanol oxidation were systematically evaluated and compared through cyclic voltammetry. 

Furthermore, the influence of Ru/Sn atomic ratio on ethanol oxidation was investigated by 

adjusting the ratio of Ru(acac)3 to Sn(acac)2 during the preparation of Ru+Sn oxide supports. 

The second objective of this thesis was to apply the methodology of M(acac)x thermal 

decomposition to a carbon support for the preparation of fuel/electrolysis cell anodes to study 

their performance in ethanol oxidation. In Chapter 4, a carbon support with high surface area was 

used as the substrate to replace the Ti foil for metal oxide preparation by M(acac)x thermal 

decomposition. Therefore, the prepared catalysts could be loaded on carbon fiber paper and 

assembled in an electrolysis cell for the investigation of their catalytic activity for ethanol 

oxidation. Anode catalysts were synthesized by self-assembly of Pt nanoparticles evenly on the 

carbon supports modified with metal oxides (Ru oxide/C, Sn oxide/C, and Ru+Sn oxide/C). The 

electrochemical performance of the prepared catalysts was investigated by cyclic voltammetry 

and chronoamperometry. Afterwards, the optimal catalyst (Pt/Ru+Sn oxide/C) was further 

applied to an electrolysis cell as the anode for ethanol oxidation. 

The third objective of this thesis was to develop a methodology for online detection of the 

amount of CO2 produced from complete oxidation of ethanol in an electrolysis cell. This 

methodology could be used to investigate the effect of M(acac)x modification on CO2 selectivity. 

In Chapter 5, Pb(acac)2 modified Ti and carbon electrodes were prepared to investigate their 

support effects on Pt-catalyzed ethanol oxidation. Thermal decomposition of Pb(acac)2 produced 

Pb oxide on a Ti foil, but basic lead carbonate (BLC) on a carbon support. The electrochemical 

properties of Pt/Pb oxide/Ti and Pt/BLC/C on ethanol oxidation were studied through cyclic 
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voltammetry and chronoamperometry. For Pt/BLC/C catalysts, the Pb/Pt atomic ratio had a 

significant influence on their catalytic activity for ethanol oxidation. Moreover, the stability of 

the Pt/BLC/C catalyst (Pb:Pt = 0.22) was studied to explain the current decay in 

chronoamperometry measurements. The Pt/BLC/C catalyst was used as the anode in a 9-anode 

electrolysis cell for further study of its performance for ethanol oxidation. A methodology of 

online CO2 detection was developed to measure the amount of CO2 produced from complete 

oxidation of ethanol. The influence of Pb(acac)2 modification on CO2 selectivity was investigated 

for better understanding the mechanism of its enhancement on ethanol oxidation. 

The final objective of this thesis was to expand the investigation of the support effects of 

metal oxides prepared by M(acac)x thermal decomposition. In Chapter 6, screening of catalysts 

for ethanol oxidation was performed among various metal oxide supported Pt catalysts. Some 

other metal oxide supports (Mo oxide, Mo+Sn oxide, Ga oxide, In oxide, V oxide, and Zr oxide) 

were quickly synthesized by M(acac)x thermal decomposition on Ti foils. The support effects of 

these metal oxides on Pt catalysts for ethanol oxidation were investigated by electrochemical 

measurements. 
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2.1 Chemicals and materials 

The following chemicals and materials were used as received: ruthenium(III) 

acetylacetonate (Ru(acac)3, Sigma-Aldrich), tin(II) acetylacetonate (Sn(acac)2, Sigma-Aldrich), 

lead(II) acetylacetonate (Pb(acac)2, Sigma-Aldrich), indium(III) acetylacetonate (In(acac)3, 

Sigma-Aldrich), bis(acetylacetonato) dioxomolybdenum(VI) (MoO2(acac)2, Sigma-Aldrich), 

gallium(III) acetylacetonate (Ga(acac)3, Sigma-Aldrich), vanadyl acetylacetonate (VO(acac)2, 

Sigma-Aldrich), zirconium(IV) acetylacetonate (Zr(acac)4, Sigma-Aldrich), dihydrogen 

hexachloroplatinate(IV) hexahydrate (H2PtCl6·6H2O, Pressure Chemical Co.), sodium citrate 

(Sigma-Aldrich), sodium borohydride (NaBH4, BDH Chemicals), methanol (ACP Chemicals), 

anhydrous ethanol (Commercial Alcohols Inc.), 1-propanol (Sigma-Aldrich), 2-propanol 

(Caledon), formic acid (Sigma-Aldrich), sulphuric acid (Fisher Scientific), hydrogen peroxide 

(30%, ACP Chemicals Inc.), Nafion solution (5%, DuPont), titanium foil (0.25 mm thick, Sigma 

Aldrich), titanium foil (0.025 mm thick, Sigma Aldrich), carbon black (C, Vulcan XC-72, Cabot), 

carbon fibre paper (CFP, TorayTM), and HiSPEC 13100 70% Pt on advanced carbon (Alfa Aesar). 

Distilled-deionized water was used throughout. High purity nitrogen (Praxair Canada Inc.) was 

used in electrochemical measurements. 

Before using, the pre-treatment of commercial proton exchange membranes was performed 

as follows:1 square pieces (ca. 4.5 × 4.5 cm) cut from as-received Nafion™ 117 membranes were 

heated in 3% H2O2 (aq) at 80 °C with stirring for 1 h, followed by rinse and immersion in 

distilled water for 15 min at ambient temperature. Afterwards, the membranes were heated in 1 M 

H2SO4 (aq) at 80 °C with stirring for 1 h. Finally, the membranes were heated in deionized water 

at 80°C with stirring for 3 h, then rinsed and stored in deionized water. 
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2.2 Preparation of electrodes and membrane electrode assemblies (MEAs) 

Ti electrodes (3.0 × 0.5 cm) were prepared by cutting a Ti foil (0.25 mm thick), and the 

catalysts were deposited at the end of the electrode (area: 0.5 × 0.5 cm). Carbon black/carbon 

fiber paper (C/CFP) electrodes were prepared by the spray painting method. Firstly, a square 

piece of CFP (ca. 10 × 10 cm) was cut from the as-received CFP. Then, a carbon black 

suspension (10 mg mL−1 in 2-propanol) was sprayed onto the piece of the CFP using a Paasche 

VL airbrush with a nitrogen (N2) source. A piece of CFP coated with a 1 mg cm−2 carbon black 

support layer was obtained, which was then cut into C/CFP discs (diameter Ø = 0.5 cm) as the 

electrodes. 

Catalyst inks were prepared by using a mixture of water (50 μL), 2-propanol (75 μL) and 1-

propanol (75 μL), to disperse 4.0 mg of the catalyst by sonication for 3 h. Each ink (ca. 5-15 μL) 

was painted onto a 0.24 cm2 disc of C/CFP to give a Pt loading of 0.30 mg cm−2 or 0.10 mg cm−2. 

All electrodes were dried at ambient temperature overnight before use. 

In order to prepare MEAs, anodes were firstly prepared by depositing catalysts on C/CFP 

discs (0.24 cm2) with a target Pt loading of 1 mg cm−2 for each electrode, followed by dropping 

Nafion solution on the top to give a target loading of 20 wt%. The electrodes were dried in a 

fume hood overnight. The 5 cm2 cathode consisted of 4 mg cm−2 Pt black loaded onto wet-

proofed TorayTM CFP (TGP-H-090). Nine anodes and a cathode were pressed onto each side of a 

treated NafionTM 117 membrane with a pressure of 1.5 MPa during assembly of the cell, at 

ambient temperature.2 
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2.3 Electrochemical measurements 

In a three-electrode cell, electrochemical measurements in aqueous H2SO4 solutions were 

conducted at ambient temperature with a BioLogic SP-50 Potentiostat operated with EC-Lab 

software. A piece of Ti foil or C/CFP loaded with an anode catalyst was used as the working 

electrode, while a saturated calomel electrode (SCE) and a platinum wire acted as the reference 

and counter electrode, respectively. All measurements were made under a nitrogen (N2) 

atmosphere following purging with N2 for 15 min. 

In a nine-anode proton exchange membrane (PEM) cell, polarization curves were measured 

with a MSTAT multi-channel potentiostat (Arbin Instruments). As shown in Figure 2.1, the cell 

was operated in a crossover mode with 0.1 M ethanol solution pumped into the cathode by a NE-

300 New Era Pump Systems syringe pump, while N2 was purged into the anode at a flow rate of 

10 mL min−1 to avoid interference from oxygen.1 Ethanol was transferred from the cathode to the 

anode by diffusion across the PEM. The reaction at the cathode was 2H+ + e− → H2, so that the 

cathode can be treated as a pseudo reference electrode (dynamic hydrogen electrode).3 The cell 

was maintained at 80 °C by a 60 W Watlow heating plate with a Digi Sense temperature 

controller. Steady-state currents were recorded from 0.9 V to 0 V in 0.05 V, 3 min steps. The 

average currents over the last 2 min are reported. 
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ambient temperature to 800 °C, and a gas condition of air. Carbon was burned at ca. 600 °C, and 

Ru oxide, Sn oxide and Pt were solid-state and thermally stable over the operating temperature 

range. Therefore, the total percentage of metal loading of the prepared MOx/C supports and 

Pt/MOx/C catalysts can be easily obtained by TGA analysis. In addition, the decomposition of 

Ru(acac)3, Sn(acac)3, and Pb(acac)2 on a carbon black support was analyzed under non-

isothermal and isothermal (keeping a temperature for a certain time) conditions. 

The analysis of Pb(acac)2 decomposition was conducted by Dr. Jianbin Lin at the Centre for 

Chemical Analysis, Research and Training (C-CART), Memorial University of Newfoundland. 

2.5.2 X-ray diffraction (XRD) 

In order to identify crystalline components and estimate particles sizes of the synthesized 

support materials and catalysts, XRD measurements were carried out on a Rigaku Ultima IV X-

ray diffractometer using a copper x-ray source at a power of 40 kV and 44 mA (Cu Kα radiation, 

λ = 1.5418 Å) and a scintillation counter detector. The X-ray powder diffraction was conducted 

from 20 to 90 degrees, at a scan rate of 1.0 degrees per minute. This work was performed by Dr. 

Wanda Aylward at Core Research Equipment and Instrument Training (CREAIT), Memorial 

University of Newfoundland. 

2.5.3 Transmission electron microscopy (TEM) 

TEM was used for morphology and particle size analysis. It can provide extremely high-

resolution images by transmitting the electron beam through a thin layer sample. For preparation 

of the TEM samples, the catalysts were well dispersed in deionized water by sonication. A drop 

of each sample solution was applied onto a TEM grid, which was allowed to dry overnight. The 
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TEM analysis was conducted on a A Tecnai Spirit scanning transmission electron microscope by 

Dr. Stephanie Tucker at Faculty of Medicine, Memorial University of Newfoundland. 

2.5.4 Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX) 

SEM is another type of electron microscopy which can provide surface morphology. High-

resolution images are obtained from the secondary or backscattered electron signals by applying 

focused scanning electron beams to a sample surface. When SEM is coupled with an EDX 

system, the energies and intensities of the emitted X-rays can be measured by an EDX analyzer, 

thus providing element distribution and semi-quantitative information. 

The sample on a Ti electrode was directly applied for SEM and EDX analysis. For analysis 

of the catalysts with C supports, about 2 mg of each catalyst powder was dispersed in 200 μL of 

deionized water by sonication for 3 h. Afterwards, the sample solution was applied to an adhesive 

carbon tab on a specimen stub. The SEM-EDX analysis was carried out using a Model FEI 

Quanta 400 scanning electron microscope equipped with a Bruker 4th generation XFlash SDD X-

ray detector. This work was performed by Dr. David Grant and Dylan Goudie at CREAIT, 

Memorial University of Newfoundland. 

2.5.5 X-ray photoelectron spectroscopy (XPS) 

XPS is one of the most widely used surface analytical techniques, which bombards X-ray 

photons to the surface of a sample and measures the kinetic energies of emission electrons by a 

high-resolution electron spectrometer. It can be used for sensitive surface analysis with only a 

few nanometers in depth, and provides sample information including atomic compositions, 
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oxidation states, species, and binding constants. The binding energy is determined by the 

photoelectric effect Equation 2.1:5 

BE = hν − (KE + ϕ)                                                                                                 (Equation 2.1) 

Where hν is the energy of injected X-ray photons (h: Planck's constant; ν: the frequency of a 

photon), KE is the resulting kinetic energy of the ejected electrons, ϕ is the work function for 

instrumental correction, and BE is the binding energy of the electron in the orbital concerned, 

which is characteristic of a specific electron orbital in a specific atom. A change in oxidation state 

or chemical bonding will lead to a change in the binding energy, which is referred to as a 

chemical shift.6 This allows to provide the information about oxidation states and species of an 

element. 

XPS analyses of the samples were performed using a VG Microtech MultiLab ESCA 2000 

X-ray Photoelectron Spectrometer by Andrew George at the Clean Technologies Research 

Institute (CTRI), Dalhousie University. 



 

71 

 

2.6 References 

1. Brueckner, T. M.; Pickup, P. G., Kinetics and stoichiometry of methanol and ethanol 

oxidation in multi-anode proton exchange membrane cells. Journal of The Electrochemical 

Society, 2017, 164 (12), F1172. 

2. Altarawneh, R. M.; Majidi, P.; Pickup, P. G., Determination of the efficiency of ethanol 

oxidation in a proton exchange membrane electrolysis cell. Journal of Power Sources, 2017, 

351, 106-114. 

3. Nogueira, J. A.; Varela, H., Direct liquid fuel cells - the Influence of temperature and 

dynamic instabilities. Energy & Fuels, 2020, 34 (10), 12995-13009. 

4. Gibson, D.; MacGregor, C., A novel solid state non-dispersive infrared CO2 gas sensor 

compatible with wireless and portable deployment. Sensors, 2013, 13 (6), 7079-7103. 

5. Lefebvre, J.; Galli, F.; Bianchi, C. L.; Patience, G. S.; Boffito, D. C., Experimental methods 

in chemical engineering: X-ray photoelectron spectroscopy - XPS. The Canadian Journal of 

Chemical Engineering, 2019, 97 (10), 2588-2593. 

6. Greczynski, G.; Hultman, L., X-ray photoelectron spectroscopy: Towards reliable binding 

energy referencing. Progress in Materials Science, 2020, 107, 100591. 

 

 

  



 

72 

 

Chapter 3 

Ethanol oxidation at Pt nanoparticles supported on titanium modified by 

thermal decomposition of tin and ruthenium acetylacetonate complexes 
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3.1 Introduction 

Titanium has been one of the most important support materials for electrocatalysis since the 

development of Dimensionally Stable Anodes for the chlor-alkali industry.1 It is also important in 

water electrolysis,2-3 fuel cells,4-6 and waste water treatment.7-8 The use of Ti in fuel cells has 

focussed primarily on bipolar plates, gas diffusion media, and microporous layers,4-5 and there 

has also been interest in its use as a catalyst support. Ti mesh coated with Pt and Pt alloy catalysts 

has been used as anodes for direct methanol fuel cells,9 and in direct borohydride fuel cells.10  

Electrocatalysis of fuel cell reactions has been reported for various Ti supported catalysts.  

Nanoporous networks of Pt, PtRu, PtIr, PtPb, and PtPd grown hydrothermally on Ti plates were 

reported for CO, methanol and formic acid oxidation.11 PtIr/Ti provided the highest activity for 

methanol oxidation, while PtPb/Ti was superior for formic acid. Multilayered Pt/Ir/Pt films on Ti 

also provided high activities for methanol oxidation,12 and a Pt64Ir33Ru3/Ti electrode provided 

high activities for oxygen reduction, and the oxidation of formic acid and methanol.13 Pt/Ti and 

Pt/BaTiO3/Ti electrodes, prepared on Ti foil, have been used for oxidation of methanol and 

ethanol under both acidic and basic conditions.14 Pd/Ti15 and PtNi/Ti16 have been reported for 

methanol oxidation, and Pd/Ti,17 PdRu/Ti,17 and PtNi/Ti16 were used for ethanol oxidation, under 

basic conditions. Recently, Pt/Nb-SnO2/Ti and Pt/Nb-SnO2/Ti electrodes were shown to provide 

high activities for methanol oxidation.18 

Alloying of Pt with Ti has also been shown to be effective for increasing activity for fuel 

cell reactions. PtTi alloy nanoparticles have shown higher activities for oxygen reduction, and 

improved CO tolerance for hydrogen oxidation.19 Pt3Ti has been shown to exhibit a lower affinity 
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for CO adsorption and higher oxidation current densities for both formic acid and methanol than 

Pt or PtRu.20 Ordered PtTi nanoparticles have shown improved durability over Pt for oxygen 

reduction in polymer electrolyte membrane (PEM) fuel cells.21  

The purpose of the work reported here was to explore the use of metal oxide modified Ti foil 

supports for ethanol oxidation. Ti offers a number of potential advantages over carbon in the 

fabrication of electrodes for fundament studies and for use in direct ethanol fuel cells, including 

beneficial support effects, stability at elevated temperatures, and durability. Controlling support 

effects is particularly important in ethanol oxidation because it allows the activity of Pt based 

catalysts to be increased with better retention of efficiency for the complete oxidation to CO2, 

than alloys.22-23  Here we have employed thermal decomposition of Ru(acac)3 and Sn(acac)2 

complexes (acac = acetylacetonate) to modify Ti foil in order to modulate support effects.24 The 

resulting Ru oxide, Sn oxide, and mixed oxide coatings improve the activities of adsorbed Pt 

nanoparticles for ethanol oxidation. 

3.2 Experimental 

3.2.1 Materials 

A colloidal solution of 5 nm Pt nanoparticles (0.48 mg mL−1 Pt) was prepared as previously 

described.25  

3.2.2 Electrode preparation 

Working electrodes were prepared by deposition of each catalyst on a strip of Ti foil. First, a 

Ru oxide and/or Sn oxide layer was prepared by applying 1.25 μL of 0.02 M Ru(acac)3 (in 

methanol), Sn(acac)2 (in 2-propanol) or their mixture onto a ca. 0.5 × 0.5 cm area of a Ti strip 
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(250 µm) (i.e. 1.0  10−7 mol cm−2 of complex), allowing it to dry, and then heating it on a hot 

plate in air, at 150 °C for 1 h and then 180 °C for 1 h. After cooling to ambient temperature, the 

oxide deposits were washed with ethanol, 0.1 M H2SO4 and deionized water and dried at 70 °C. 

Then 5.0 μL of the Pt nanoparticle solution (ca. 10 μg cm−2 Pt) was evenly drop-coated onto the 

oxide deposit and allowed to dry. 

3.3 Results and discussion 

3.3.1 Characterization of the metal oxide layers 

Figure 3.1 shows an SEM image of Ru-Sn oxide on Ti foil, where it can be seen that a 

relatively uniform film had been produced, and an X-ray spectrum (EDX), which shows the 

presence of both Ru and Sn. However, the measured mole ratio of Sn:Ru was ca. 14:1, which is 

much higher than the 1:1 Ru(acac)3:Sn(acac)2 ratio used to prepare the sample. This difference 

can be attributed to sublimation of most of the Ru(acac)3 before it decomposed.26 Based on the 

quantities of the Ru(acac)3 and Sn(acac)2 precursors, and the measured Sn:Ru ratio, a compact 

SnO2+RuO2 would be ca. 11 nm thick. For comparision, the layer of Pt nanoparticles applied for 

the electrochemical studies was ca. 5 nm, representing approximately one monolayer of close 

packed particles. SEM, TEM and AFM images of Pt nanoparticle prepared in the same way, and 

with the same average diameter have been previously published.25 
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samples. Deconvolution of the overlapping Ru 3d and C 1s peaks for RuO2/Ti indicates that the 

RuO2 layer was amorphous (a-RuO2; Ru 3d5/2 BE = 280.76 eV) with incipient crystallinity 

indicated by a component at 282.53 eV.30 A larger component with a lower BE of 280.13 eV 

indicates the presence of a lower oxidation state, presumably Ru(III). In contrast, the Ru 3d5/2 

region of the Ru-doped SnO2/Ti spectrum shows predominantly the presence of amorphous 

Ru(IV) at 281.44 eV, which is consistent with the assumption that Ru was incorporated into the 

SnO2 lattice.31 However, there is also a clear lower binding energy shoulder (280.11 eV), 

indicating the presence of a lower Ru oxidation state. Donation of electron density from this state 

to Sn(IV) is presumably responsible for the small decrease in the Sn 3d binding energy for Ru-

doped SnO2/Ti relative to SnO2/Ti in Figure 3.3.  

SnO2/Ti and Ru-doped SnO2/Ti gave similar O 1s spectra (Figure 3.4) with a main oxide 

(O2−) peak at 530.27 eV and 530.42 eV, respectively, and a shoulder at higher binding energy due 

to adsorbed water. In contrast, two distinct peaks were observed for RuO2/Ti, with a shoulder at 

ca. 533.5 eV. The peaks at 529.47 eV and 531.47 eV are consistent with values of 529.4 eV 

530.8 eV, respectively, reported for O2− and OH− in amorphous hydrous RuO2 that has been 

heated to 175 or 200 °C, while the shoulder is due to H2O (reported at 532.4 eV).30 
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  Figure 3.6 shows voltammograms for ethanol oxidation at Pt/RuO2/Ti, Pt/SnO2/Ti and 

Pt/Ru-doped SnO2/Ti electrodes. They show large enhancements in the electrocatalytic activity of 

the Pt when any of the oxides were present, with Ru-doped SnO2 providing the highest peak 

current and earliest onset of ethanol oxidation. SnO2 gave an early onset of ethanol oxidation, but 

the peak current was low, presumably due to its low conductivity. RuO2 has high conductivity, 

but only shifted the onset by about 50 mV relative to Pt/Ti. Clearly, the presence of both SnO2 

and RuO2 is necessary to obtain optimum performance, and there is a strong synergistic effect. 

Even a small amount of Ru (Sn:Ru mole ratio of ca. 14 for the sample in Figure 3.6) causes as 

large increase in activity relative to SnO2 alone. 

 Similar results to those in Figure 3.6 have been reported for Ru and Sn oxides on glassy 

carbon substrates,25 although the enhancements reported here are much greater, and the 

electrodes were more stable to potential cycling. In addition, the synthesis of the oxides by 

thermal decomposition is much more versatile and can be readily applied to high surface area 

substrates,26 scaled-up and ultimately automated. 
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and Figure 3.7. The strong dependence of the activity on the Ru:Sn ratio shows that these effects, 

and their balance, can be tuned to optimize performance, and also provides a test of the validity 

of this mechanistic model. 

Firstly, it is instructive to re-examine the model based on the current understanding of the 

role of Sn oxide in promoting electrocatalysis at Pt. Crooks and coworkers have reported a 

computational and experimental study of the electronic effect of SnOx (x = 1.9 or 2.0) supports on 

Au nanoparticles, in which it was shown by XPS that electron transfer from the oxide to Au 

promoted oxygen reduction.33 Density functional theory (DFT) calculations indicated that oxygen 

vacancies were responsible for the electronic effect, which was found to be localized at specific 

Au atoms that were next to oxygen vacancies. A similar catalytic effect on oxygen reduction, and 

charge transfer (from Sn to Pt), has been reported for Nb and Sb doped tin oxide decorated with 

Pt nanoparticles.34 Adzic and coworkers demonstrated that promotion of methanol oxidation at Pt 

by SnO2 nanoparticles was correlated with the strength of Sn-OH bonding, suggesting a 

bifunctional role of Sn-OH in releasing COads.
35 However, the observation of a lower binding 

energy Sn 3d peak in the XPS of the most active sample indicates that electron transfer from 

Sn(II) to Pt could also be responsible for the increased activity.     

In order to probe the electronic effect of the Ru-doped SnO2 employed in this work, XPS 

was used to measure the Pt binding energies of Pt nanoparticles drop coated onto Ru-doped 

SnO2/Ti. Figure 3.8 compares the Pt 4d and Pt 4f regions for a Pt/Ru-doped SnO2/Ti electrode 

and Pt nanoparticles coated directly onto the Ti substrate (deconvoluted Pt 4 f spectra are shown 

in Figure 3.9). It can be seen that the presence of Ru-doped SnO2 caused a significant decrease in 

the Pt 4d5/2 binding energy, from 314.9 eV to 314.1 eV, indicating that there was electron transfer 
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Figure 3.9. Deconvoluted Pt 4f regions of the XPS spectra for Pt nanoparticles on unmodified Ti 

(Pt/Ti) and Ru-doped SnO2/Ti (Pt/Ru-doped SnO2/Ti). The peaks for Pt/Ti were fitted (black 

dotted line) with a single Pt(0) state (blue and yellow) while Pt(0) and Pt(II) (hydroxide) (red and 

green) were required for Pt/Ru-doped SnO2/Ti. The fitted backgrounds are omitted for clarity. 

These observations are consistent with the previous reports discussed above, and indicate 

that both ligand and bifunctional effects can play a role in improving the activities of Pt/Ru-

doped SnO2/Ti electrodes. Both effects can promote the oxidation of COads, while the electronic 

effect also influences the adsorption strength of ethanol.36 The voltammetric responses in Figure 

3.6 provide a clear differentiation of the differing effects of the Ru and Sn component of the 

oxide supports. The primary effect of SnO2 is a substantial decrease in the onset potential for 

ethanol oxidation, which can be attributed primarily to its electronic effect. In contrast, RuO2 

mainly causes an increase in peak current, which can be attributed to its bifunctional effect. The 

variation of the balance of these effects with the level of Ru doping in the mixed oxides is a 

plausible explanation for the dependence on the Sn:Ru ratio, although further work is required to 

fully quantify this. 
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3.4 Conclusions 

Thermal decomposition of Ru(acac)3 and Sn(acac)2 metal acetylacetonate complexes on Ti 

is a convenient and effective method for preparing mixed Sn + Ru oxide (Ru-doped SnO2) 

supports for electrocatalysis. Drop coating these supports with preformed pure Pt nanoparticles 

ensures that the support does not influence their size, shape, or composition, and therefore allows 

unambiguous comparison of supports with different Sn:Ru ratios. XPS measurements suggest 

that both ligand and bifunctional effects are involved in the promoting effect of Ru-doped SnO2 

on ethanol oxidation, and that the optimum performance obtained by using 33 mole% of 

Sn(acac)2 in the oxide precursor solution occurs when these effects are balanced. The 

methodology employed here is very versatile, and can be applied to other electrode materials (e.g. 

high surface area carbon), and oxides (e.g. Pb, In, Mo).24 
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Chapter 4 

Pt/Ru-Sn oxide/carbon catalysts for ethanol oxidation 
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4.1 Introduction 

Efficient electrochemical oxidation of ethanol is a prerequisite for the development of direct 

ethanol fuel cells (DEFC) as a competitive technology for sustainable power generation.1-2 In 

theory, DEFC are safe, environmentally benign, and have an energy-conversion efficiency of 

97%. However, their high anode overpotentials, and the incomplete oxidation of ethanol to acetic 

acid and acetaldehyde, present major challenges to their implementation. To address these 

problems, a wide variety of binary and ternary anode catalysts have been investigated, and there 

have been considerable improvements in the electrochemical performances of DEFC.3-4 

Consequently, the remaining major challenge is to decrease the production of by-products to 

manageable levels. In this context, metal oxide supports appear to offer significant potential in 

combination with alloys such as PtRh and PtNi that provide increased selectivity for the complete 

oxidation of ethanol to carbon dioxide.3-4 

The use of oxide supported Pt catalysts in polymer electrolyte membrane fuel cells (PEMFC) 

has been recently reviewed.5 Mo, W, and Ti oxide have been widely used in cathode catalysts for 

oxygen reduction, while Sn oxide has most commonly been used in anodes for methanol and 

ethanol oxidation. Incorporation of Sn oxide into Pt based catalysts for ethanol oxidation can 

increase both activities and selectivities for the complete oxidation to CO2.
6-8 Mixed oxides of Sn 

with Sb 9-11 and Ru 12-14 have also been employed.  

Pt nanoparticle catalysts supported on co-deposited Sn and Ru oxides on carbon black 

showed enhanced activity for ethanol oxidation, while largely maintaining the selectivity of 

Pt/C.13-14 However, the oxide deposition method involving the reaction of KRuO4 and SnCl4 with 
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carbon black is difficult to control,14 making it difficult to optimize the Sn to Ru ratio. Here we 

describe a new method for deposition of mixed Ru+Sn oxides on carbon black, based on the 

thermal decomposition of the metal acetylacetonate complexes (Ru(acac)3 and Sn(acac)2), and 

the development of Pt/Ru-Sn oxide/C catalysts for ethanol oxidation. The use of acetylacetonate 

complexes allows oxides to be produced at lower temperatures than for the conventional method 

using chlorides,15 and so is more compatible with the use of carbon substrates. 

4.2 Experimental 

4.2.1 Materials 

A colloidal solution of Pt nanoparticles (0.48 mg mL−1 Pt) was prepared as previously 

described.16 The average particle diameter was determined to be 4.9 nm by X-ray diffraction. 

4.2.2 Synthesis and characterization 

Thermogravimetric (TGA) measurements were performed using a TA Instruments Q500 

TGA, under an air atmosphere. For investigation of the thermal decompostion of Ru(acac)3 and 

Sn(acac)2 complexes on Vulcan XC-72 carbon black (C), a certain volume of Ru(acac)3 (0.02 M 

in methanol) and/or Sn(acac)2 (0.02 M in 2-propanol) was mixed thoroughly with C through 

sonication for 3 h. Following drying overnight in a fume hood, decompostion of the samples was 

analyzed by increasing the temperature up to 800 °C at 20 °C/min. In some cases the temperature 

was halted at selected values to investigate isothermal behaviour. Bulk Ru+Sn oxide/C samples 

were also analyzed by TGA in order to determine their metal oxide loading. 

A Model FEI Quanta 400 scanning electron microscope with an energy dispersive X-ray 

detector (SEM/EDX) and Rigaku Ultima IV X-ray diffractometer (XRD) were used to 
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characterize the oxide layers. Bulk samples of oxide coated C were prepared for these 

measurements as follows. A mixture of C (9.3 mg) and Ru(acac)3 (1.167 mL, 0.02 M in 

methanol), or 0.02 M Sn(acac)2 in 2-propanol (0.734 mL) + 0.02 M Ru(acac)3 in methanol (0.584 

mL), was allowed to dry and then heated in air, on a hot plate at 250 °C for 1 h. After being 

cooled, the product was washed with ethanol, 0.1 M H2SO4 and deionized water. These materials 

were dispersed in 2-propanol to prepare layers for characterization by XRD and SEM/EDX. 

Bulk samples of oxide-coated C (RuxSnyO2/C) used for preparation of catalysts were 

prepared as follows. C (100 mg) was dispersed well by sonication for 3 h in a mixture of 

Ru(acac)3 (0.02 M in methanol) and Sn(acac)2 (0.02 M in 2-propanol). The loading of M(acac) 

on carbon black was maintained at 0.004 mol g−1, while the ratio of Ru to Sn was varied. After 

drying at ambient temperature overnight, the mixture was heated in air, on a hot plate at 150 °C 

for 1 h, and then 180 °C for 2 h. This dual-temperature program was selected in order to 

minimize loss of Ru while also producing Sn oxide. The product was washed with 2-propanol, 

methanol and deionized water, and dried in an oven at 100 °C for 6 h. The oxide loading was 

determined by TGA and the Ru:Sn ratio (x and y in the oxide formulae) was determined by EDX.  

Pt/RuxSnyO2/C catalysts were prepared by absorbing Pt nanoparticles onto the oxide-coated 

C support materials. In order to prepare 23% Pt/Ru0.67Sn0.33O2/C, for example, 58.5 mg of 

Ru0.67Sn0.33O2/C was dispersed in the required volume of Pt nanoparticle solution by 3 h of 

sonication, allowed to settle overnight, and collected by filtration. Following washing three times 

with deionized water, the catalyst was dried at 80 °C for 6 h. A 23% Pt/C catalyst was prepared 

similarly by using unmodified C. The compositions and characteristics of the Pt/RuxSnyO2/C 



 

101 

 

catalysts are summarized in Table 4.1. A Tecnai Spirit scanning transmission electron microsco-

pe was used to obtain TEM images. 

4.2.3 Electrochemical measurements 

Working electrodes were prepared as follows. Carbon fibre paper was coated with a carbon 

black support layer (C/CFP; 1 mg cm−2) by spraying a C suspension (10 mg mL−1 in 2-propanol) 

onto CFP (10 × 10 cm). Catalyst inks were prepared by added water (50 µL), 2-propanol (75 µL) 

and 1-propanol (75 µL), to disperse 4.0 mg of the catalyst and sonication for 3 h. Each ink (ca. 5-

15 µL) was painted onto a 0.24 cm2 disc of C/CFP to give a Pt loading of 0.30 mg cm−2. All 

electrodes were dried at ambient temperature overnight before use.  

Voltammetric and chronoamperometric measurements were carried out using a Bio-Logic 

SP-50 Potentiostat/Galvanostat operated with EC-Lab software. A saturated calomel electrode 

(SCE) and a platinum wire were used as the reference and counter electrodes. Nitrogen was used 

to purge the electrolyte solution prior to all measurements, and to maintain an inert atmosphere 

during measurements.   

A nine-anode polymer electrolyte membrane (PEM) electrolysis cell,17 operated at 80 °C 

and controlled with a MSTAT multi-channel potentiostat from Arbin Instruments, was used to 

evaluate one catalyst for use in DEFC. Electrodes for this cell were prepared as follows. At 

100 °C, a mixture of 5.5 mL Ru(acac)3 (3.5 mM) and 5.5 mL Sn(acac)2 (3.5 mM) in methanol 

was slowly and evenly drop-coated on C/CFP (25 cm2). The temperature was maintained at 

100 °C for 2 h, followed by 150 °C for 2 h and 180 °C for 0.5 h. After cooling to ambient 

temperature, the oxide/C layer was washed with ethanol and allowed to dry. Discs (0.24 cm2) cut 
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from this oxide modified substrate, were drop coated with the Pt nanoparticle solution at 70 °C, 

to provide a Pt loading of 1.0 mg cm−2, allowed to dry for 5 min, and then washed with 0.1 M 

H2SO4 and deionized water. Nafion solution (22 μL) was then drop-coated onto each electrode at 

60 °C and allowed to dry for 10 min. 

 The PEM cell was operated in crossover mode with a 0.1 M ethanol solution pumped 

through the cathode flow field at 0.5 mL min−1 while the anode flow field was purged with 30 

mL min−1 N2 gas to prevent interference from oxygen.17 Under these conditions, the flux of 

ethanol to the anode is controlled by its diffusion rate through the membrane and the cathode acts 

as a dynamic hydrogen electrode. Polarization curves were recorded by applying each potential 

for 3 min and averaging the current over the final 2 min. 

4.3 Results and discussion 

4.3.1 Thermal decomposition of Ru(acac)3 and Sn(acac)2 on Vulcan XC-72 carbon black  

As shown in Figure 4.1, Ru(acac)3 started to decompose on the surface of carbon black at ca. 

150 °C, which is in agreement with a previous report,18 and was essentially complete at 245 °C. 

The resulting Ru oxide catalyzed the combustion of the carbon support, shifting the peak in the 

combustion rate from 750 °C to 590 °C.  The residue of 5.9% RuO2 represents a yield of 58.5% 

(ca. 50% after correction for the residual mass from the carbon support), indicating that ca. 50% 

of the mass loss from 150 to 245 °C was due to sublimation of Ru(acac)3.  

Decomposition of Sn(acac)2 on carbon black (Figure 4.1) also began at ca. 150 °C, but was 

much slower than for Ru(acac)3. Two mass-loss steps were observed with similar changes in 

mass. The loss of mass between 150 and 400 °C can be attribited primarily to loss of one of the 
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The co-decomposition of Ru(acac)3 and Sn(acac)2 on carbon black (Figure 4.3) was quite 

different from decomposition of the individual components. By 260 °C, there had been a ca. 10% 

loss of mass, corresponding to decomposition/sublimation of most of the Ru(acac)3, which was 

followed by a sharp 6.3% mass loss at ca. 265 °C corresponding to decomposition of the 

Sn(acac)2 (theoretically 6.8%). The residual mass of 9.7% was close to the theoretical mass of 

11.2%. Cleary, the decomposition of Sn(acac)2 was catalysed by the RuO2, and the sublimation 

of Ru(acac)3 was suppressed by the presence of Sn(acac)2. Although the co-decomposition has 

been described here as step-wise, these observations indicate that it is concerted to some extent, 

and that there is likely to be some mixing of the Ru and Sn oxides, particularly during isothermal 

decomposition at lower temperatures.  

TGA of a Ru+Sn oxide/C composite prepared using a maximum temperature of 180 °C is 

shown in Figure 4.3. The Ru+Sn oxide strongly catalysed combustion of the carbon support, 

which occurred in two distinct stages at ca. 350 °C and 400 °C, vs. 750 °C for the carbon support 

alone (Figure 4.1). This suggests that the Ru and Sn oxides were not fully mixed. The residual 

mass of 33.7% from the Ru+Sn oxide/C composite was close to the expected value of 35.7%, 

indicating that sublimation of Ru(acac)3 has only a small influence on the composition of mixed 

oxides prepared at 180 °C. 
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4.3.3 Ethanol oxidation 

Initial evaluation of the effects of the oxide layers on ethanol oxidation at Pt nanoparticles 

was performed by cyclic voltammetry at ambient temperature in a conventional cell with a 0.5 M 

H2SO4(aq) electrolyte. Figure 4.10 compares 1st cycle voltammograms at Pt/C, 

Pt/Ru0.55Sn0.45O2/C, and 70% Pt/C electrodes. The results for the two Pt/C electrodes were very 

similar, with the commercial catalyst producing slightly higher currents due to the smaller Pt 

particle size. In contrast, the Pt/Ru0.55Sn0.45O2/C catalyst produced much higher currents at low 

potentials (0.1 to 0.5 V) on the forward scan, and decreased the peak potential slightly. There was 

a similar shift in the peak potential on the reverse scan, and slightly higher currents at low 

potentials. The more pronounced effect of the Ru-Sn oxide coating at low potentials on the 

forward scan indicates that it mitigates the effects of adsorbed CO produced as an intermediate in 

ethanol oxidation, by providing -OH sites for its oxidation and/or via an electronic (charge-

transfer) effect.16 At higher potentials, CO is rapidly oxidized by Pt-OH, resulting in the peak at 

ca. 0.65 V. On the reverse scan, reduction of the Pt-OH layer produces a CO-free Pt surface that 

is more active for ethanol oxidation.22   

Similar results to those in Figure 4.10 have been reported for Ru and Sn oxides on glassy 

carbon substrates,16 and for Pt/Ru-Sn oxide/C catalysts with Ru-Sn oxide layers prepared by 

reaction of the carbon surface with KRuO4 and SnCl4.
14 This therefore validates the thermal 

decomposition of Ru(acac)3 and Sn(acac)2 as an alternative and potentially valuable method to 

produce Ru-Sn oxide/C supports for fuel-cell catalysts.  
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electrodes employed at each potential. The 2nd data set in each case was obtained on the same 

electrode following a step to 0.7 V for 5 s to remove adsorbates; primarily CO.  

It can be seen from the 1st data sets in Figure 4.14 that the Pt/Ru0.63Sn0.37O2/C catalyst 

initially produced much higher currents than Pt/C at both potentials. At 0.2 V the current at the 

Pt/Ru0.63Sn0.37O2/C electrode was still slightly higher after 1 h, but the effect of the Pt-Ru oxide 

had decreased greatly. Following adsorbate stripping at 0.7 V, both electrodes showed higher 

currents than in the 1st data set, indicating that they had been activated. However, there were not 

significant differences between the two electrodes, indicating that the effect of the Pt-Ru oxide 

had been irreversibly lost. At 0.3 V, the decay in activity of the Pt/Ru0.63Sn0.37O2/C catalyst was 

much more pronounced, falling below that of the Pt/C catalyst after ca. 30 min. Following 

adsorbate stripping at 0.7 V, the Pt/C electrode produced higher currents than the 

Pt/Ru0.63Sn0.37O2/C catalyst, again indicating that the effect of the Pt-Ru oxide had been 

irreversibly lost. 
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4.3.5 Ethanol electrolysis at 80 °C in a PEM cell  

Figure 4.15 shows steady state currents vs. potential polarization curve for 

Pt/Ru0.55Sn0.45O2/C/CPF (1.0 mg Pt cm−2) electrodes at 80 °C in the PEM cell. High currents 

were maintained during the 1 h conditioning period and data collection, indicating good 

durability of the catalyst under these conditions. At low potentials, the Pt/Ru0.55Sn0.45O2/C 

catalyst provided much higher currents in the PEM cell than a commercial 20% Pt/C catalyst 

with a higher Pt loading (2.0 mg Pt cm−2) operating under the same conditions. The higher 

currents for the 20% Pt/C electrodes at higher potentials were presumably due partly to the higher 

Pt loading employed and partly to difficulty in controlling the drop coating method used to 

prepare the Pt/Ru0.55Sn0.45O2/C/CFP electrodes. Preparation of Pt/RuxSnyO2/C/CFP electrodes by 

spraying the precursor metal acetylacetonate and Pt nanoparticle solution onto C/CFP should be 

more effective, and will facilitate optimization of compositions, decompositions temperatures, 

and loadings. These preliminary results clearly demonstrate the potential of synthesis of oxide 

supported catalysts directly onto DEFC electrodes. 
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coating was poor at high potentials in H2SO4(aq), much better durability was obtained in a PEM 

cell at 80 ⁰C.  

Electrodes for PEM electrolysis and fuel (DEFC) cells can be fabricated by coating a carbon 

fibre paper backing layer consecutively with carbon black, Ru(acac)3 + Sn(acac)2, and Pt 

nanoparticles, with appropriate thermal processing. A low Pt loading anode with high activity at 

low potentials was prepared in this way. This methodology is well suited for rapid preparation 

and screening of libraries of oxide supported catalysts to optimize activity and durability under 

fuel cell conditions. It can be used to produce a wide variety of oxide supports and offers simple 

control of the catalyst composition. 
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Chapter 5 

Modification of carbon black and titanium by thermal decomposition of lead 

acetylacetonate to improve activities for ethanol and formic oxidation at 

supported Pt catalysts 
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5.1 Introduction 

Direct liquid fuel cells (DLFCs) are a type of promising energy-conversion device with high 

theoretical efficiency. In comparison with hydrogen, liquid biofuels (e.g. ethanol and formic acid) 

have outstanding advantages in volumetric energy density, transportation, storage, and safety.1-3 

Ethanol is produced on a large scale from biomass as bioethanol, while formic acid can be 

sustainably generated from CO2 electroreduction using renewable electricity.4-6 With the aim of 

superseding internal combustion engines for transportation and electricity generation, the 

tremendous potential of DLFCs has attracted the interest of numerous researchers. However, the 

performance of DLFCs still needs further improvement for commercialization. Optimization of 

anode catalysts for DLFCs is important for improving their current density and fuel efficiency. 

Aiming to improve the performance of pure platinum (Pt) anode catalysts for DLFCs, many 

other metallic components have been introduced into the catalysts (e.g. binary alloy catalysts and 

metal oxide-supported catalysts). PtPb alloy catalysts initially attracted researchers’ attention 

because of their remarkable performance for formic acid oxidation.7 The presence of Pb greatly 

promoted the direct oxidation of formic acid to carbon dioxide (CO2) by dehydrogenation at low 

potentials, which was explained by a third body effect.8 PtPb was also found to enhance the 

current density in methanol oxidation, and the addition of Pb to the Pt catalyst led to a lower 

charge-transfer resistance.9 

Lead oxides are active for the oxidation of small organic compounds. PbO has been used as 

an ethanol sensor material.10 As a strong oxidant, PbO2 was used to electrochemically oxidize 

organic pollutants.11 Significantly, a lead oxide supported anode catalyst (Pt/PbOx) was reported 
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to have a similar effect as PtPb on formic acid oxidation.12 Under basic conditions, PbO2 

modification of a commercial Pt catalyst improved its performance through providing a higher 

catalytic activity and durability for ethanol oxidation.13 However, the behavior of Pt/PbO for 

ethanol oxidation under acidic conditions has not been reported. 

Among a variety of commercial catalysts, carbon black is the common support material due 

to its advantages in electrical conductivity, specific surface area, bulk production, and cost. 

Thermal decomposition of M(acac)x complexes (acac = acetylacetonate) has been reported as a 

versatile method to rapidly prepare metal oxide supports on high surface area carbon electrode 

materials for electrocatalysis of ethanol oxidation.14 Due to its strong corrosion resistance and 

electrical conductivity, titanium in various forms (e.g. felt, mesh, and foam) has been applied as 

electrodes for methanol electrooxidation, water electrolysis in polymer electrolyte membrane 

electrolysis cells, and photoelectrocatalytic degradation of organic contaminant.15-18 It is an 

excellent candidate for supporting catalysts in fuel cells. 

In this work, high surface area carbon black and titanium were modified by thermal 

decomposition of lead acetylacetonate (Pb(acac)2), and used as supports for Pt catalysts to 

investigate the effect on oxidation of ethanol and formic acid. Pb3(CO3)2(OH)2 (basic lead 

carbonate, BLC) and PbO were respectively produced on carbon black and titanium supports by 

Pb(acac)2 thermal decomposition. Pt nanoparticles were prepared separately and adsorbed onto 

the modified supports. Large enhancement in ethanol oxidation was observed at both Pt/BLC/C 

and Pt/PbO/Ti electrodes in cyclic voltametric measurements. Moreover, the presence of BLC 

greatly enhanced the activity of the Pt nanoparticles for formic acid oxidation at low potentials. 

For Pt/PbO/Ti, charge transfer between Pt and the PbO support was investigated by X-ray 
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photoelectron spectroscopy. The stability of Pt/BLC/C was also investigated, and the catalyst was 

applied as the anode catalyst in a proton exchange membrane (PEM) electrolysis cell to 

investigate its performance and CO2 selectivity for use in direct ethanol fuel cells. A Pt/BLC/C 

catalyst exhibited the potential to be used in direct formic acid fuel cells and direct ethanol fuel 

cells. 

5.2 Experimental 

5.2.1 Synthesis of Pt/BLC/C catalysts 

The modified carbon black support materials (BLC/C) used for preparation of catalysts were 

prepared as follows. Carbon black (100 mg) was dispersed well by sonication for 3 h in a solution 

of lead acetylacetonate (Pb(acac)2) (0.005 M in methanol). The loading of Pb(acac)2 on the 

carbon black was adjusted by changing the volume of Pb(acac)2 solution. After drying at ambient 

temperature overnight, the mixture was heated in air on a hot plate at 150 °C for 1 h and then 

250 °C for 2 h. The product was washed with methanol and deionized water, and dried in an oven 

at 100 °C for 6 h.  

Pt/BLC/C catalysts with similar Pt percentages were prepared by adsorbing the same 

amount of Pt nanoparticles onto the modified carbon black support materials. A colloidal solution 

of 5 nm Pt nanoparticles (0.48 mg mL−1 Pt) was prepared as previously described.19 58.5 mg of 

the modified carbon black support material was dispersed in 36.3 mL of the Pt nanoparticle 

solution by 3 h of sonication, allowed to settle overnight, and collected by filtration. The catalyst 

was washed three times with deionized water, followed by drying at 80 °C for 6 h. A Pt/C 
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catalyst was prepared similarly by using unmodified carbon black for comparison on catalytic 

activity.  

5.2.2 Preparation of Pt/PbO/Ti electrodes 

Ti based working electrodes were prepared by synthesis of each catalyst on a strip of Ti foil 

(250 μm thick). PbO modification of a Ti electrode was performed by applying 5.0 μL of 0.005 

M Pb(acac)2 in methanol onto a ca. 0.5 × 0.5 cm area of a Ti strip, allowing it to dry, and heating 

it on a hot plate in air at 150 °C for 1 h and then 180 °C for 1 h. After cooling to the ambient 

temperature, the oxide deposit was washed with ethanol, 0.1 M H2SO4 and deionized water and 

heated at 70 °C until completely dry. A Pt/PbO/Ti electrode was prepared by evenly drop coating 

5.0 μL of the Pt nanoparticle solution (ca. 0.01 mg cm−2 of Pt) onto the oxide deposit and allowed 

to dry. A Pt/Ti electrode was prepared by coating same amount of Pt nanoparticles on a strip of 

Ti foil without PbO modification. 

5.2.3 Characterization 

Thermal decomposition behavior of Pb(acac)2 complex with and without carbon black 

support were investigated by thermogravimetric (TGA) measurement using a TA Instruments 

Q500 TGA. The materials produced by Pb(acac)2 thermal decomposition on Ti and carbon black 

were identified by X-ray diffraction (XRD) using a Model Rigaku Ultima IV X-ray 

diffractometer. To characterize the product layer on a Ti support with XRD, the sample was 

prepared on a thinner Ti foil (25 µm thick, 1 × 1 cm) with a higher loading of Pb(acac)2 (2×10−6 

moles cm−2), and heated on a hot plate at 150 °C, 180 °C each for 1 h. Through XRD 

measurement, the average crystallite sizes (shown in Table 5.1) of Pt nanoparticles for Pt/C and 
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Pt/BLC/C catalysts were evaluated using Scherrer’s equation (D = 0.9λ/β cos θ), where the 

wavelength λ is 0.15406 nm, β is the full width at half maximum intensity of the peak, and θ is 

diffraction peak.20 The Pt percentages and Pt:Pb ratios of prepared Pt/BLC/C catalysts were 

characterized by a FEI Quanta 400 scanning electron microscope with an energy dispersive X-ray 

detector (SEM/EDX), and are shown in Table 5.2. A VG Microtech MultiLab ESCA 2000 X-ray 

Photoelectron Spectrometer (XPS) was used to characterize Pt/PbO/Ti for investigating 

possibility of charge transfer between Pt and PbO. The XPS measurements were carried out by 

Andrew George, at Dalhousie University (the Clean Technologies Research Institute). The XPS 

samples were prepared as follows: the solution containing 0.002 mmol Pb(acac)2 was dropping 

coated on a thin Ti foil (25 µm thick, 1 × 1cm). After drying in a fume hood, they were heated on 

a hot plate at 150 °C and then 180 °C, each for 1 h. Finally, Pt/PbO/Ti and Pt/Ti samples were 

prepared by drop coating 20 μL of Pt nanoparticle solution on the Ti foils (1 × 1cm) with and 

without Pb(acac)2 modification, then dried at 70 °C. 

5.2.4 Electrochemical measurements 

Working electrodes of carbon black supported catalysts were prepared as follows. Carbon 

fiber paper (10 × 10 cm) was coated with carbon black as a support layer (1 mg cm−2) by 

spraying with a carbon black suspension (10 mg mL−1 in 2-propanol). Catalyst inks, prepared by 

dispersing 4.0 mg of catalyst in water (50 μL), 2-propanol (75 μL) and 1-propanol (75 μL) by 

sonication for 3 h, were painted onto 0.24 cm2 discs of carbon black/carbon fiber paper (C/CFP) 

to give Pt loadings of 0.30 mg cm−2. All electrodes were dried at ambient temperature overnight 

before use. Voltammetric and chronoamperometric measurements were carried out using a Bio-

Logic SP-50 Potentiostat/Galvanostat operated with EC-Lab software. A saturated calomel 
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electrode (SCE) and a platinum wire were used as the reference and counter electrodes. Nitrogen 

was used to purge the electrolyte solution prior to all measurements and maintain an inert 

atmosphere during measurements.  

A nine-anode PEM electrolysis cell controlled with a MSTAT multichannel potentiostat 

(Arbin Instruments) was used to investigate the performance of a Pt/BLC/C catalyst for ethanol 

oxidation at 80 °C.21 This cell contains nine separated anodes, so it can be used to evaluate and 

compare different catalysts simultaneously. Working electrodes were prepared by painting a 

certain volume of catalyst ink onto a 0.24 cm2 disc of C/CFP to give a Pt loading of 1.0 mg cm−2. 

Afterwards, 6 μL of Nafion solution was drop coated on the top of each electrode. For each 

catalyst, three working electrodes were prepared, and dried in a fume hood at ambient 

temperature overnight before use. In crossover mode of the PEM cell, a 0.1 M ethanol solution 

was pumped through the cathode at 0.5 mL min−1, and N2 gas was purged to the anode with 10 

mL min−1 flow to prevent interference from oxygen.21 At the anode, the flux of ethanol to the 

working electrodes is controlled by its diffusion rate through the membrane. The cathode was 

assembled with a Pt black electrode, which also acted as a dynamic hydrogen electrode. 

Polarization curves were recorded by applying each potential for 3 min and averaging the current 

over the final 2 min. 
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0.1 M methanol (0.2 mL min−1) at various potentials. The theoretical concentration of produced 

CO2 was calculated using Equation 5.1. 

Theoretical CO2 concentration (ppm)=
(

It
nF

)×106

Vሶ t
Vm

 +(
It
nF

)
                                                 (Equation 5.1) 

Where I is sum of currents of three electrodes for the same catalyst (A), n is the number of 

electrons transferred for forming a CO2 molecule, F is the faraday constant (96500 A s mol−1), V̇ 

is the volumetric flow rate of nitrogen in L s−1, Vm is molar volume of any gas in L mol−1, and t is 

the time length (s). The oxidation current and CO2 concentration reading (ppm) were allowed to 

stabilize, and their averages over the last 60 s were used for calculation. As shown in Figure 5.2, 

the CO2 calibration curve has a good linearity (R² = 0.9981), and its slope (1.0266) close to one 

indicates that the NDIR CO2 detector can accurately measure CO2 concentration of the products 

from the PEM cell.22 For ethanol oxidation, the CO2 yield was measured for 0.1 M ethanol (0.2 

mL min−1) oxidized at 0.5 V (vs. DHE), with N2 flow of 50 mL min−1. The CO2 concentration 

was calculated with the CO2 calibration curve. The CO2 yield of ethanol oxidation was calculated 

using Equation 5.2. 

Faradaic CO2 yield=
experimental concentration of CO2

theoretical concentration of CO2
                                      (Equation 5.2) 
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observed for PbO, we refer to the Pb containing product as BLC for simplicity. XRD data for a Ti 

foil and a Ti foil modified by Pb(acac)2 thermal decomposition are presented in Figure 5.5. 

Besides the characteristics peaks of α-Ti for the Ti foil, the new peaks of the sample modified 

with Pb(acac)2 can be assigned to orthorhombic lead oxide (β-PbO).29-31 Normally, β-PbO can be 

synthesized by heating α-PbO at about 490 °C.32 The Pb(acac)2 thermal decomposition on a Ti 

support provides a low-temperature route to β-PbO. 

It is interesting that the product from Pb(acac)2 thermal decomposition was significantly 

influenced by the support material with BLC on carbon black and β-PbO on the Ti support. 

Support materials have a strong effect on the behavior of thermal decomposition of M(acac)x 

complexes and the nature of products (e.g. composition and structure, and particle size). Schubert 

et al. reported that the addition of a TiO2 support can significantly lower the temperature for 

thermal decomposition of M(acac)x (M = Mn, Fe, and Co), in comparison with pure M(acac)x.
33 

In contrast to crystalline MOx produced from thermal decomposition of these pure M(acac)x, 

amorphous and small MOx nanoparticles (less than 5 nm) were formed on the TiO2 substrate. The 

difference could arise from active electronic communication between the TiO2 support and the 

MOx products, which prohibited the mobility of the metallic species on the surface to crystals. In 

addition, the oxidation states of formed metallic species on the TiO2 support could be distinct 

from the ones produced with pure precursors. The major product was FeO on the TiO2 support, 

whereas Fe2O3 was produced from thermal decomposition of pure Fe(acac)3. 
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Table 5.1. Compositions of the catalysts employed in this work. 

Name Target Pb:Pt  

atomic ratio 

Measured Pb:Pt 

atomic ratio 

Pb 

(mass%) 

Pt 

(mass%) 

24% Pt/BLC(0.14)/C 0.29 0.14 3.6% 24% 

26% Pt/BLC(0.22)/C 0.52 0.22 6.1% 26% 

26% Pt/BLC(0.80)/C 1.28 0.80 22% 26% 

25% Pt/C ─ ─ ─ 25% 

 

Table 5.2. Average Pt particle sizes of the catalysts measured by XRD. 

Name Average diameter of Pt nanoparticles (nm) 

Pt/C 4.9 

Pt/BLC(0.14)/C 4.7 

Pt/BLC(0.22)/C 4.7 

Pt/BLC(0.80)/C 4.9 

 

As shown in Figure 5.7, the voltammogram of the Pt/C catalyst prepared by adsorbing Pt 

nanoparticles onto unmodified carbon black is similar to that of the commercial 70% Pt/C 

catalyst, with similar hydrogen adsorption/desorption peaks between −0.20 and 0 V. With the 

same Pt loadings (0.3 mg cm−1) of the prepared Pt/C and the commercial 70% Pt/C electrodes, 

their difference in electrochemically active surface area arises from the different particle sizes as 

reported previously.14 In contrast, Pt/BLC(0.80)/C shows almost complete suppression of the 

hydrogen adsorption and desorption peaks, probably due to coverage of the surface, and 

prominent oxidation and reduction peaks at ca. 0.30 V presumably resulting from a Pb0/Pb2+ 

couple.34 It suggests that Pb0 was adsorbed on the surface of the Pt nanoparticles. In addition, the 
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5.3.3 Ethanol oxidation 

In Figure 5.10, linear sweep voltammograms are compared for Pt/PbO/Ti and Pt/Ti 

electrodes (Pt loading: 10 μg cm−2 on 0.25 cm2 of Ti ) in 0.1 M H2SO4(aq) containing 0.2 M 

ethanol. In comparison with Pt/Ti, the modification of PbO greatly enhanced Pt-catalyzed ethanol 

oxidation. Notably, the oxidation peak shifted to a lower potential from 0.55 V to 0.52 V, and the 

peak current increased from 0.44 mA to 0.60 mA. Presumably, the presence of PbO can lower the 

potential for oxidizing the intermediate CO, and favor CO oxidation by providing more 

hydroxide groups (-OH) from water dissociation. The introduction of a Pb component to a Pt 

catalyst was reported to promote CO oxidation with a lower peak potential, and CO tolerance of 

the catalyst was improved because of repulsion between Pb and CO.36 Chronoamperometry 

measurements were performed in 0.1 M H2SO4(aq) containing 0.2 M ethanol, and the current was 

measured over 100 s periods at each potential after cleaning the catalyst surface at 0.70 V for 5 s. 

As shown in Figure 5.11, higher oxidation currents at the Pt/PbO/Ti electrode were maintained at 

0.40 and 0.50 V in contrast to the Pt/Ti electrode. However, sharp current decays were observed 

over the first 20 s for Pt/PbO/Ti at 0.20 and 0.30 V. 
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Carbon fiber paper disc electrodes coated with Pt/C, Pt/BLC(0.80)/C and commercial 70% 

Pt/C catalysts (Pt loading: 0.3 mg cm−2 on 0.24 cm2 of C/CFP) were used to evaluate the effects 

of the BLC support on ethanol oxidation at Pt nanoparticles. As shown in Figure 5.12, the 

outstanding performance of the Pt/BLC(0.80)/C catalyst indicates that the BLC support can play 

an important role in ethanol oxidation. The addition of BLC led to a large negative shift in the 

onset potential from ca. 0.40 to 0.25 V, in comparison with Pt/C. The peak oxidation current for 

Pt/BLC(0.80)/C was also significantly higher than for Pt/C. The influence of BLC on the onset 

potential and current density suggests that the BLC support had a co-catalytic effect with the Pt 

catalyst for ethanol oxidation. Importantly, the Pt/BLC(0.80)/C catalyst even had better 

performance in ethanol oxidation than the high-performance commercial 70% Pt/C catalyst. In 

the second cycle (Figure 5.12 inset), the peak current slightly increased for the Pt/BLC(0.80)/C 

catalyst, but decreased for the Pt/C and commercial 70% Pt/C catalysts, suggesting better 

tolerance of Pt/BLC(0.80)/C to CO poisoning. The addition of Pb3(CO3)2(OH)2 can promote 

ethanol oxidation through providing OH species from itself and electrochemical dissociation of 

water, which facilitates the removal of the poisoning intermediate (adsorbed CO) by completing 

its further oxidation to CO2. In Figure 5.13, chronoamperometry measurements show that 

depositing BLC on the carbon support greatly enhanced the activity of Pt for ethanol oxidation at 

short times (< 10 s). Notably, the current at 0.50 V for Pt/BLC(0.80)/C was even higher than for 

the commercial 70% Pt/C. While the current at 0.30 and 0.40 V decayed rapidly for the 

Pt/BLC(0.80)/C electrode, it was more stable at 0.50 V. The reason for current decay is discussed 

in section 5.3.4. 
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In order to investigate the effect of Pb loading on catalytic activity, Pt/BLC/C catalysts with 

different Pb to Pt ratios (0.14, 0.22, and 0.80) were prepared, with the Pt loading constant at ca. 

25 mass%. In Figure 5.14, the cyclic voltammograms show that the amount of BLC loaded on the 

carbon support had a significant effect on the current for ethanol oxidation. The current increased 

at all potentials as the Pb:Pt ratio was increased. This confirms that the BLC support played an 

important role as a co-catalyst in ethanol oxidation. As exhibited in Figure 5.15, the 

chronoamperometry measurements indicate that current decay was affected by Pb:Pt ratio, and 

the optimum Pb:Pt ratio varied with different potentials. Large enhancements were observed at 

0.50 V as the Pb:Pt ratio was increased, with Pt/BLC(0.80)/C providing the largest current. 

However, the Pt/BLC(0.22)/C catalyst gave higher and more stable currents than Pt/BLC(0.14)/C 

and Pt/BLC(0.80)/C catalysts at 0.20, 0.30, and 0.40 V. In this region, the catalyst performance 

was improved with the slight increase of Pb:Pt ratio from 0.14 to 0.22, but severe current decay 

was observed for the catalyst with the highest Pb:Pt ratio (0.80). The fast current decay was 

presumably caused by its poor stability due to the composition change of BLC between 0.20 and 

0.40 V, which was coincidental with the region of current decay.  
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5.3.4 Stability investigation 

To investigate catalyst stability and the reason for current decay in chronoamperometry 

measurement, two Pt/BLC(0.22)/C electrodes (1.0 × 1.0 cm) with and without performing cyclic 

voltammetry in H2SO4(aq) were analyzed by XRD. The XRD patterns are shown in Figure 5.16. 

The characteristic peaks of Pt are centered at 40.0°, 46.6°, 68.0°, and 81.7°, and the peaks 

situated at 26.4° and 54.5° are assigned to CFP.37-38 The small peaks (20.9°, 23.9°, 27.7°, 29.7°, 

32.4°, 33.2°, 43.8°, and 44.7°) that appeared after running cyclic voltammetry in 0.5 M H2SO4(aq) 

are attributed to PbSO4.
39 This indicates that BLC is unstable during cycling, and can form a 

PbSO4 precipitate on the catalyst surface in H2SO4(aq). Coverage of Pt active area by the PbSO4 

precipitate probably led to the fast current decays in chronoamperometry measurements at 0.20, 

0.30, and 0.40 V. In addition, suppression of the hydrogen adsorption/desorption peaks was also 

observed at PtPb and PdPb catalysts in 0.5 M KOH(aq).40 There is a likelihood that Pb0 produced 

from the reduction of BLC covered the Pt active area (between −0.20 and 0.10 V) and resulted in 

blocking of hydrogen adsorption. Then, oxidation of Pb in H2SO4(aq) would form PbSO4 

between 0.20 and 0.40 V. 
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5.3.6 Formic acid oxidation 

The performance of Pt/BLC(0.22)/C electrodes with a low Pt loading (0.1 mg cm−2 on 0.24 

cm2 of C/CFP) was studied by cyclic voltammetry in the oxidation of 0.2 M formic acid. As 

shown in Figure 5.18, the linear sweep voltammograms indicate that Pt/BLC(0.22)/C had a much 

lower oxidation peak potential (0.25 V) than Pt/C (0.62 V), suggesting two different reaction 

mechanisms (direct and indirect pathways). Dehydrogenation (Equation 5.3) of formic acid 

mainly proceeded at 0.25 V for Pt/BLC(0.22)/C, which directly generated CO2 without forming 

CO intermediates (COads). Pt/C primarily carried out indirect oxidation of formic acid at 0.62 V 

(Equation 5.4, 5.5, and 5.6). CO intermediates produced from dehydration of formic acid were 

further oxidized to CO2 as hydroxide species formed at Pt at high potentials. The selective 

oxidation of formic acid by the direct pathway for Pt/BLC(0.22)/C can be explained by a third 

body effect.44 At low potentials, Pb2+ was reduced to Pb0, and covered on Pt surface, resulting in 

a decrease in the hydrogen peaks. The Pb at the Pt surface would cause the formation of isolated 

single Pt atoms, so that dehydration of formic acid, which could not occur without two adjacent 

Pt atoms, is suppressed. Instead, dehydrogenation of formic acid proceeded at the isolated Pt 

atoms. 

Direct pathway: HCOOH → CO2 + H+ + 2e−                                                       (Equation 5.3) 

Indirect pathway: HCOOH + Pt → Pt-CO + H2O                                                (Equation 5.4) 

                       Pt + H2O → Pt-OH + H+ + e−                                                         (Equation 5.5) 

                        Pt-CO + Pt-OH → 2Pt + CO2 + H+ + 2e−                     (Equation 5.6) 
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a slight positive shift (0.3 eV). The charge transferred from Pt to the PbO support can weaken CO 

adsorption at Pt.46 In addition, metal oxide supports usually provide abundant OH species at low 

potentials, which can promote oxidation of the poisoning intermediate COad. In comparison with 

Pt/Ti, the better performance of Pt/PbO/Ti on ethanol oxidation was probably due to a 

bifunctional effect and a charge transfer effect brought by PbO.42  
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5.4 Conclusions 

Thermal decomposition of Pb(acac)2 can be used to rapidly prepare BLC-containing 

catalysts on a carbon support and PbO supported catalysts on a Ti support. The presence of BLC 

significantly increased the activity of Pt nanoparticles in oxidation of ethanol and formic acid, 

presumably resulting from the combination of a third body effect and a bifunctional effect. These 

effects were more pronounced and persistent in cyclic voltammetry than in chronoamperometry. 

Nevertheless, the fast current decays in chronoamperometry measurements are due to a change of 

the Pb-containing layer to PbSO4, which can not be formed in the PEM cell. In formic acid 

oxidation, the addition of BLC selectively promoted the direct oxidation of formic acid to CO2. 

Pt/BLC(0.22)/C provided stable and 70 times higher oxidation current than Pt/C at 0 V. The 

bifunctional and charge transfer effects are responsible for the electrocatalytic improvement of 

Pt/PbO/Ti catalysts in ethanol oxidation. 
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Chapter 6 

Screening of Pt/metal oxide/Ti catalysts for ethanol and methanol oxidation 
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The introduction of this chapter has been published in the paper below: 

P. G. Pickup; H. Hang, Pt/metal oxide/Ti and Pt/metal oxide/carbon composite films for 

ethanol oxidation. ECS Transactions, 2020, 97(7), 837. 

The principal author (Hui Hang) as the main researcher contributed to all aspects of the 

project including: literature review, designing some of the experiments, performing all of the 

experiments, collecting, analyzing, and presenting the data. He wrote this chapter, except for the 

introduction. 

The corresponding author (Prof. Peter G. Pickup) proposed the initial experiments, oversaw 

all aspects of the project, and contributed to several aspects of the project including: experimental 

design, data analysis, writing and revision of the published manuscript, submission to the journal, 

and supervision of the principal author (Hui Hang).  

The raw data is provided in Appendix B. 
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6.1 Introduction 

Direct alcohol fuel cells become attractive as an alternative power source, since the 

renewable fuels bioethanol and biomethanol have the advantages of high energy density and easy 

transportation, and can be produced from waste biomass.1-2 Efficient electrochemical catalysts are 

a prerequisite for the development of direct alcohol fuel cells as a competitive technology for 

sustainable power generation.3-4 In the past decade, a variety of binary and ternary 

electrocatalysts have been investigated to improve the current density and catalyst durability in 

ethanol electro-oxidation.5-6 Metal oxide-supported Pt catalysts, with Mo, W, and Ti oxide 

supports have been widely explored for improving oxygen reduction, and Sn and Ni oxide 

supports have proved effective in the enhancement of electro-oxidation of ethanol and 

methanol.7-8  

The co-catalytic effects of metal oxide (MOx) supports promote oxidation of ethanol and 

methanol in a number of ways, as illustrated in Figure 6.1. These include changing the d-band 

level of the Pt via electron transfer (electronic effect) and providing surface -OH functionality for 

the oxidation of adsorbed CO (bifunctional effect).9 For ethanol oxidation, it is important to 

induce these effects with minimal blocking of the ensembles of three Pt sites required for 

breaking the C-C bond,10 and this can be achieved by using supports that incorporate metal 

oxides.11-15 Sn oxide is one of the most studied metal oxide in previously reported research, and 

the addition of Ru oxide can provide further enhancement of ethanol oxidation.16 Recently, it has 

been reported that carbon black (C) coated with a mixture of Ru and Sn oxides could increase the 

activity of Pt in ethanol oxidation without a significant loss of selectivity for its complete 
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oxidation to CO2.
17 This is important for the development of direct ethanol fuel cells, where the 

overall efficiency is strongly influenced by the yield of CO2.
18-19 

Thermal decomposition of metal acetylacetonate complexes (M(acac)x) has been widely 

developed for preparation of various metal oxides, such as RuO2, TiO2 and MnO2.
20-22 The 

reaction products are mainly metal oxides and volatiles. Ti has become attractive as a type of 

electrode material due to its good conductivity, low cost, and stability in fuel cells arising from its 

compact and thin TiO2 outer layer.23-25 In  terms of electrochemical properties, MOx with 

crystalline structures have low reactivity due to the relatively unreactive M-O-M structure.26 The 

higher activity of amorphous MOx was attributed  to the function of abundant M=O groups on the 

surface.27 Here we report the use of various MOx composites prepared by thermal decomposition 

of M(acac)x complexes on Ti. The aim of this work is to develop a methodology for preparing a 

wide range of MOx supported Pt catalysts, and investigate their support effects on Pt catalyzed 

oxidation of ethanol and methanol. Various metal oxide layers were deposited onto Ti foil 

electrodes, then drop coated with preformed Pt nanoparticles, as illustrated in Figure 6.2. The co-

catalytic effects of the oxide layers were studied through cyclic voltammetry in H2SO4(aq). A 

strong synergistic effect was observed on Mo, Mo+Sn, Ga, In, V and Ir oxide supports. The use 

of acetylacetonate precursors provided a versatile method for screening libraries of oxide 

supported catalysts, as well as the production and screening of electrodes for fuel cells.28 
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6.2 Experimental 

Ti based working electrodes were prepared by synthesis of each catalyst on 5 × 5 mm area 

of a strip of Ti foil (250 μm thick), as illustrated in Figure 6.2. The metal oxide-coated Ti 

electrodes were prepared with a loading of ca. 2.5 × 10−5 mmol M(acac)x (using solutions of 0.02 

M MoO2(acac)2, 0.02 M VO(acac)2, 0.02 M Zr(acac)4, 0.01 M In(acac)3, 0.005 M Ga(acac)3 in 

methanol, and 0.02 M Sn(acac)2 in 2-propanol). After the solvent had evaporated, they were 

heated on a hot plate in air, at 150 °C for 1 h and then 180 °C for 1 h. After cooling to ambient 

temperature, the oxide deposits were washed with ethanol, 0.1 M H2SO4(aq) and deionized water, 

and then dried at 70 °C. A colloidal solution of 5 nm Pt nanoparticles (0.48 mg mL−1 Pt) was 

prepared as previously described.16 Finally, 5.0 μL of the Pt nanoparticle solution (ca. 10 μg cm−2 

Pt) was evenly drop-coated onto the oxide deposit and allowed to dry. 

A Rigaku Ultima IV X-ray diffractometer (XRD) and a VG Microtech MultiLab ESCA 

2000 X-ray Photoelectron Spectrometer (XPS, performed by Andrew George at Dalhousie 

University, Nova Scotia, Canada) were used to characterize the oxide layers. Electrochemical 

measurements in H2SO4(aq) at ambient temperature were carried out with a SP-50 Potentiostat 

operated with EC-Lab software. A saturated calomel electrode (SCE) and a platinum wire were 

used as the reference and counter electrode, respectively. All measurements were made under a 

nitrogen (N2) atmosphere by purging N2 for 15 min. Chronoamperometry (current vs. time) 

measurements were made consecutively over 100 s periods at each potential, after cleaning 

catalyst surface at 0.70 V for 5 s. 
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6.3 Results and discussion 

6.3.1 XRD analysis of the metal oxide layers 

Metal oxide layers were produced from thermal decomposition of M(acac)x (M = Mo, In, Ga, 

V and Zr) on Ti foils. To characterize the prepared metal oxide layers with XRD, the samples 

were prepared on thinner Ti foils (25 µm thick, 1 × 1 cm) with a higher loading of M(acac)x (2 × 

10−6 mole cm−2). The samples of Ti foils coated with M(acac)x were heated on a hot plate in air to 

150 °C and then 180 °C, each for 1 h. As shown in Figure 6.3, the dominate peaks (35.2°, 38.5°, 

40.3°, 52.9°, 63.0°, 70.7°, 76.3°, 77.4°, 82.3°, and 86.8°) were characteristics for the α-Ti 

substrate.29 In comparison with unmodified Ti foil, the XRD patterns of metal oxide-modified Ti 

show no new sharp peaks attributable to crystalline metal oxides. The broad peaks in the range of 

20°~30° indicate that the formed metal oxides (Mo, In, Ga, V and Zr) had amorphous 

structures.30-36 This phenomenon was presumably due to a support effect of the thin layer of TiO2 

(see XPS data below) on the Ti surface. It was reported that a TiO2 support greatly influenced the 

reaction temperature of thermal decomposition of M(acac)x and the structure of produced MOx.
22 

The TiO2 support strongly bound M(acac)x by chemisorption, and lowered the temperature for 

their thermal decomposition relative to pure M(acac)x. Rather than crystalline oxides (without 

TiO2), amorphous MOx particles (1-5 nm) were formed and evenly distributed on the surface of 

TiO2 resulting from the strong electronic communication between these two components. 

Furthermore, at a low loading of M(acac)x, isolated monomeric metal oxide species were formed 

on TiO2 supports due to suppression  of crystal development by TiO2.
37-38 
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Table 6.1. Binding energies for metal oxides (M = Mo, Ga, In, V, Zr, and Ti) that were 

experimentally determined and from the literature. 

Name Peak Experimental 

binding energy (eV) 

Literature 

binding energy (eV) 

Reference 

MoO3 Mo 3d3/2 232.8 232.8 40 

 Mo 3d5/2 235.9 235.9  

In2O3 In 3d5/2 444.6 444.4 41, 42 

 In 3d3/2 452.1 451.9  

Ga2O Ga 2p3/2 1117.3 1117.4 43 

Ga2O3 Ga 2p3/2 1118.5 1118.5 44 

V2O5 V 2p3/2 516.8 516.9 46 

 V 2p1/2 524.1 524.0  

ZrO2 Zr 3d5/2 182.2 182.2 47 

 Zr 3d3/2 184.6 184.5  

TiO2 Ti 2p1/2 464.3 464.4 39 

 Ti 2p3/2 458.6 458.6  

 

The XPS high resolution spectra of O 1s region and corresponding fitting curves are 

presented in Figure 6.5. The deconvolution of the O 1s spectra indicates the existence of lattice 

oxygen (O2−) and hydroxyl species (OH−). Ti has two peaks at 529.9 eV and 531.0 eV, which are 

consistent with O2− (529.9 eV) and OH− (531.3 eV) of TiO2.
39 In the spectrum of MoO3/Ti, the 

peaks at 530.6 eV and 531.8 eV are well fitted with O2− and OH− of MoO3.
40, 48 The fitting peaks 

of In2O3/Ti at 529.9 eV and 531.5 eV are attributed to O2− and OH− of In2O3.
42 In the spectrum of 

Ga2O+ Ga2O3/Ti, the peak centered at 532.7 eV can be assigned to OH− of Ga2O3,
49 and  the peak 

at 529.7 eV is attributed to O2− (530.0 eV) of Ga2O3.
50 The fitting curves of V2O5/Ti has two 
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peaks at 530.0 eV and 531.7 eV, which can be assigned to  O2− and OH− of vanadium oxide.51 

For ZrO2/Ti, two signals at 529.8 eV and 531.3 eV is consistent with O2− and OH− of ZrO2-

TiO2.
47 The experimental binding energies of O 1s for MOx (M = Mo, In, Ga, V, Zr, and Ti) are 

in agreement with literature values listed in Table 6.2. The O2− peak position of MoO3/Ti is 

significantly different from TiO2 on the Ti surface. The binding energies of OH− for other MOx 

(M = In, Ga, V, and Zr) are distinct from TiO2. The results of O 1s spectra imply that other metal 

oxides were produced on the Ti surfaces. Among the metal oxide supports, MoO3/Ti has the 

highest area ratio of OH− to O2− (1.83:1). Hydroxide species can play an important role in 

promoting ethanol oxidation, through the bifunctional mechanism as shown in Figure 6.1. 
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Table 6.2. Binding energies of O 1s for metal oxides (M = Mo, Ga, In, V, Zr, and Ti) that were 

experimentally determined and from the literature. 

Name Oxygen 

species 

Experimental 

binding energy (eV) 

Literature 

binding energy (eV) 

Reference 

MoO3 O2− 530.6 530.6 40, 48 

 OH− 531.8 531.6  

In2O3 O2− 529.9 530.0 42 

 OH− 531.5   

Ga2O3 O2− 529.7 530.0 49, 50 

 OH− 532.7 532.7  

V2O5 O2− 530.0 530.0 51 

 OH− 531.7   

ZrO2 O2− 529.8 529.8 47 

 OH− 531.3   

TiO2 O2− 529.9 529.9 39 

 OH− 531.0 531.3  

 

6.3.3 Electrochemical activity of the electrodes 

The electrochemically active surface areas (EASA) of the Pt nanoparticles on the electrodes 

were determined by cyclic voltammetry in 0.1 M H2SO4(aq). As shown in Figure 6.6 and Figure 

6.7, the peaks located between −0.20 V and 0.15 V are attributed to hydrogen adsorption and 

desorption at Pt, which can be used to calculate the electrochemically active surface area of Pt 

(Equation 6.1).52  

ሺܿ݉ଶሻ	ܣܵܣܧ	 ൌ
ொಹషೌೞೝ	ሺఓሻ

ଶଵ	ሺఓ	షమሻ	
																																																				                          (Equation 6.1) 
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6.3.4 Ethanol oxidation 

The electrodes were prepared by depositing preformed Pt nanoparticles on MOx modified Ti 

foils. The same batch of pre-synthesized Pt nanoparticles was used for electrode preparation for 

control experiments with Pt drop coated on unmodified Ti foil, therefore the influence of strain 

effect (the significant effect of changing the Pt size) can be excluded. The effects of the oxide 

layers on Pt catalyzed ethanol electro-oxidation were preliminarily evaluated by linear sweep 

voltammetry. As shown in Figure 6.8, the MoO3 support showed a large synergistic effect with Pt 

nanoparticles on ethanol oxidation. The peak current (at 0.56 V) of the Pt/MoO3/Ti is around 1.8 

times that of the Pt/Ti. The addition of MoO3 lowers the onset potential for ethanol electro-

oxidation from 0.25 V to 0.13 V. It was reported that MoO3 promotes CO oxidation and the 

oxidation of the acetaldehyde intermediate to acetic acid (Equation 6.2 and 6.3).53 The thermal 

decomposition method is also useful for preparing mixed metal oxides. The combination of SnO2 

with MoO3 enhanced ethanol oxidation at low potential (0.10-0.30 V), but decreased the 

oxidation current above 0.33 V. This was probably caused by decrease of conductivity with the 

introduction of SnO2 (Table 6.4). 



 

 

Figure 

H2SO4 a

Pt-CHO

Pt-CO +

Thr

were inv

for 5 s 

exhibite

with the

at 0.10 V

ethanol 

further 

surface, 

6.8. Linear 

at Pt/Ti, Pt/M

OCH3 + MoO

+ MoOx(OH

rough chron

vestigated o

to clean t

ed higher ox

e result of cy

V and 0.20

can occur a

oxidation r

which can

sweep volt

MoO3/Ti, an

Ox(OH)ads →

H)ads → Pt +

noamperom

over a poten

the catalyst 

xidation cur

yclic voltam

 V. In the p

at a low pot

requires hig

n impede th

tammogram

nd Pt/MoO3+

→ Pt + MoO

+ MoOx + C

metry measu

ntial range o

surface (F

rrents than P

mmetry. How

process of e

tential and g

gher potenti

he adsorptio

183 

ms (10 mV s

+SnO2/Ti el

Ox + CH3CO

O2 + H+ + e

urements, th

of 0.10 to 0.5

Figure 6.9A

Pt/Ti from 0

wever, enha

ethanol elec

generate ad

ials.54 The 

on of ethano

s−1) for oxid

lectrodes. 

OOH + H+ +

e−             

he currents 

50 V (each 

A). As show

0.30 to 0.50

ancement by

ctro-oxidatio

dsorbed CO 

intermediat

ol and decr

dation of 0.2

+ e−         

               

(vs. time) f

for 100 s), 

wn in Figu

0 V, which 

y the MoO3 

on, breaking

(COads) at t

te CO stron

rease its cat

 

2 M ethano

         (Equ

          (Equ

for ethanol 

after applyi

ure 6.9B, Pt

is in good 

support did

g of the C-C

the Pt surfa

ngly binds 

talytic activ

ol + 0.1 M 

uation 6.2)

uation 6.3)

oxidation 

ing 0.70 V 

t/MoO3/Ti 

agreement 

d not occur 

C bond of 

ace, but its 

to the Pt 

vity.55 The 



 

 

introduc

oxidized

and 0.2 

Figure 6

V for 5 

oxidatio

electrod

ction of SnO

d at a low p

V than Pt/T

6.9. A: each

s to clean 

on of 0.2 M

des. 

O2 can alter 

potential.56 

Ti and Pt/Mo

h potential f

the catalyst

M ethanol in

the linear b

Therefore, 

oO3/Ti. 

from 0.10 to

t surface. B

n 0.1 M H2

184 

bonding of C

Pt/MoO3+S

o 0.50 V we

: current vs

2SO4(aq) at

COads at Pt  

SnO2/Ti had

ere maintain

s. time durin

t Pt/Ti, Pt/M

to bridge-b

d higher ox

ned for 100 

ng a series 

MoO3/Ti, an

bonding, wh

idation curr

 

s, after app

of potentia

nd Pt/MoO

hich can be 

rent at 0.1 

plying 0.70 

l steps for 

3+SnO2/Ti 



 

185 

 

The performances of some other metal oxides prepared by thermal decomposition of 

M(acac)x complexes (M = Ga, In, V, and Zr) were also investigated for catalyst screening. The 

linear sweep voltammograms (Figure 6.10) show that these metal oxides produce large 

enhancements in the activity of Pt for ethanol electro-oxidation. The peak currents of the MOx (M 

= Ga, In, and V) supported catalysts increase to approximately 0.7 mA, compared with 0.44 mA 

at Pt/Ti. The MOx modification introduces more OH species, which favors the oxidation of COads 

as illustrated in Figure 6.1. For Pt/ZrO2/Ti, the slight enhancement in peak current probably 

resulted from hydroxide species provided by the ZrO2 support, and positive shift of its peak 

potential were presumably due to significantly low conductivity of ZrO2 (Table 6.4). The results 

of chronoamperometry measurements confirm the improvement on Pt-catalyzed ethanol electro-

oxidation by the metal oxide supports. As shown in Figure 6.11, higher currents were maintained 

for Pt/MOx/Ti (M = Ga, In, V, and Zr) at 0.30, 0.40 and 0.50 V, in contrast to Pt/Ti. In addition, 

the MOx supports exhibit their improvement in catalyst durability, as less current decay was 

observed at the MOx supported catalysts than Pt/Ti.  
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Table 6.4. Electrical conductivities of MOx (M = Mo, Ga, In, V, Zr, and Sn) from the selected 

literature. 

Name Electrical conductivity (Ω−1 cm−1) Reference 

MoO3 1.0 × 103 57 

Ga2O3 3.3 × 10 58 

In2O3 5.6 × 102 59 

V2O5 2.8× 10−1 60 

ZrO2 6.7 × 10−14 61 

SnO2 3.6 × 10−6 62 

RuO2 3.0 × 102 63 

 

6.3.5 Methanol oxidation 

The performances of electrodes modified by MOx (M = Ga, In, V, and Zr) were investigated 

for methanol electro-oxidation. Several catalysts exhibited great potential as anode catalysts for 

direct methanol fuel cells. Linear sweep voltammograms (Figure 6.12) show that 

Pt/Ga2O+Ga2O3/Ti, Pt/In2O3/Ti, and Pt/V2O5/Ti have significantly higher peak currents than 

Pt/Ti. Different from ethanol oxidation, the process of methanol oxidation does not include C-C 

bond breaking. The oxidation of the COads intermediates is the limiting step in the process of 

methanol oxidation. COads at the Pt surface can migrate to the interface between Pt and MOx 

support, and be oxidized with the assistance of abundant OH species provided by the MOx 

support based on the Mars-van Krevelen model.9 Charge transfer between Pt and MOx support 

also plays an important role in promoting oxidation of COads. It was reported that the interaction 

between Pt and Ga oxide positively shifted the peak positions of Pt 4f to higher binding 



 

 

energies

results o

have gre

6.13, the

In2O3, a

linear sw

Figure 

methano

electrod

s.64 The cha

of chronoam

eat improve

e oxidation 

and V2O5 are

weep voltam

6.12. Linea

ol + 0.1 M 

des. 

arge transfe

mperometry 

ment in the 

currents (a

e significan

mmetry. 

ar sweep vo

H2SO4 at P

r from Pt to

measureme

catalytic ac

at 0.30, 0.40

ntly higher th

ltammogram

Pt/Ti, Pt/Ga

188 

o Ga oxide 

ents indicate

ctivity of Pt 

0, and 0.50 

han that of 

ms (10 mV 

a2O+Ga2O3/

 will result 

e Ga2O+Ga2

for methan

V) of catal

Pt/Ti. The r

s−1) of the 

/Ti, Pt/In2O

in weakeni

2O3, In2O3, a

nol oxidation

lysts suppor

results are c

2nd cycle fo

O3/Ti, Pt/V2O

ing Pt-CO b

and V2O5 su

n. As shown

rted by Ga2

consistent w

or oxidation

O5/Ti, and P

bond. The 

upports do 

n in Figure 

2O+Ga2O3, 

with that of 

 

n of 0.2 M 

Pt/ZrO2/Ti 



 

 

Figure 6

0.1 M H

6.3.6 M

XP

transfer 

peaks. T

Figure 6

Pt/MoO

are 2.0 e

(71.5 eV

4f7/2 (71

occurred

6.13. Curren

H2SO4(aq) at

Mechanism

PS analysis 

(in or out)

The XPS sp

6.14. In com

O3/Ti. For Pt

eV higher th

V) and Pt 4f

1.1 eV) and

d from Pt to

nt vs time d

t Pt/Ti, Pt/G

m 

can be use

) leads to n

pectra of Pt

mparison w

t/MoO3/Ti, t

han Pt/Ti (3

f5/2 (74.7 eV

d Pt 4f5/2 (7

o MoO3 sup

during a seri

Ga2O+Ga2O3

d to investi

negative or 

t 4d and Pt

with Pt/Ti, p

the binding 

15.0 eV and

V) of Pt/Mo

74.3 eV) of 

pport, which

189 

ies of potent

3/Ti, Pt/In2O

igate occup

positive sh

t 4f regions

positive shif

energies of

d 332.0 eV)

oO3/Ti also 

f Pt/Ti, resp

h can result

tial steps fo

O3/Ti, Pt/V2O

ied electron

hift of bindi

s of Pt/Ti a

ft was obse

f Pt 4d5/2 (3

). In addition

have a pos

pectively. Th

t in weakeni

or oxidation 

O5/Ti, and P

nic states of

ing energies

and Pt/MoO

erved in Pt 

17.0 eV) an

n, the bindin

itive shift in

his suggests

ing of Pt-C

of 0.2 M m

Pt/ZrO2/Ti e

f an elemen

s of its cha

O3/Ti are ex

4d and 4f r

nd Pt 4d3/2 (

ng energies 

n compariso

s that charg

O bond.65-6

 

methanol in 

electrodes.

nt. Charge 

aracteristic 

xhibited in 

regions of 

(334.0 eV) 

 of Pt 4f7/2 

on with Pt 

ge transfer 

6 This can 



 

 

lead to 

energies

affected

and barr

charge s

Figure 6

faster rate 

s of other in

d by the var

riers of inte

shift could s

6.14.  XPS s

of ethanol 

ntermediate

riation of el

ermediate ox

strengthen b

spectra of P

oxidation a

es (e.g. CH3

lectronic pro

xidation and

binding of H

Pt 4d (A) and

190 

at Pt/MoO3

3CO and C

operties of 

d water diss

H2O to a Pt a

d Pt 4f (B) r

/Ti than Pt

Hx) and ad

Pt, leading 

sociation.67

alloy catalys

regions for P

t/Ti. In prin

sorbed OH 

to changes

It was men

st, and ease 

Pt/Ti and Pt

nciple, the a

species ma

s of the reac

ntioned that 

water disso

 

t/MoO3/Ti. 

adsorption 

ay also be 

ction rates 

a positive 

ciation.  



 

191 

 

6.4 Conclusions 

Thermal decomposition of M(acac)x complexes on Ti foil is a versatile method for rapidly 

preparing amorphous MOx supported catalysts, and suitable for catalyst screening. MOx supports 

exhibited significant enhancement in Pt catalyzed electro-oxidation of ethanol and methanol. 

According to preliminary investigation, the significant improvement was attributed to providing 

OH species and modifying electronic structure of Pt catalyst through introducing MOx supports. 

The bond strength of Pt-CO is susceptible to MOx support through charge transfer between Pt and 

MOx. Weakening Pt-CO bond facilitates the oxidation of COads. The abundance of OH species on 

MOx supports promotes oxidation of COads to CO2 as bifunctional mechanism. 
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Chapter 7 

Summary and future work 
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7.1 Summary 

Thermal decomposition of M(acac)x complexes on flat and high surface area electrode 

materials was developed as a versatile method for rapidly preparing metal oxide supported Pt 

catalysts for electrocatalysis. The performance of the prepared catalysts on oxidation of ethanol 

and methanol was investigated by cyclic voltammetry and chronoamperometry. Then, the 

optimized catalysts were applied in a PEM cell for ethanol oxidation. The faradaic CO2 yields 

obtained at the prepared catalysts were determined online by a NDIR CO2 detector. 

In the first part of the study, metal oxide supported Pt catalysts on Ti electrodes were 

consistently and quickly prepared by the method of M(acac)x thermal decomposition for catalyst 

screening. A wide variety of metal oxides were successfully synthesized at a low temperature, 

and their support effects on Pt-catalyzed oxidation of ethanol and methanol were systematically 

studied. In cyclic voltammetry measurements for ethanol oxidation, the catalysts supported by 

Mo, Pb, Ru+Sn, In, V, Ga oxides exhibited outstanding performance. In comparison with the Pt 

catalyst, a large enhancement at low potentials was observed for the Ru+Sn oxide supported Pt 

catalyst. The Ru: Sn ratio had a significant effect on the performance of the catalyst, and the 

optimized Ru(acac)3 to Sn(acac)2 ratio was 2:1. Use of a PbO support shifted the oxidation peak 

of Pt-catalyzed ethanol oxidation to a lower potential relative to use of bare Ti. In addition, other 

metal oxide supports (e.g. Mo, In, Ga, and V oxides) greatly enhanced the oxidation current, 

especially at high potentials.  

In order to better understand their support effects, the electronic effect between the metal 

oxide supports and Pt was investigated by XPS measurement. It was found that these metal 
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oxides had distinct effects on the binding energies of Pt, which indicated that charge transfer 

occurred between metal oxide supports and Pt. This can affect the adsorption energy of poisoning 

species (e.g. CO) at Pt, resulting in easier CO removal. Moreover, metal oxides significantly 

promoted the catalytic activity of Pt in methanol oxidation. 

In the second part of the study, the methodology of M(acac)x decomposition was 

successfully applied to a carbon black support for the preparation of anodes and investigation of 

their performance in a PEM cell for ethanol oxidation. Similar to Pt/Ru+Sn oxide/Ti, the 

prepared Pt/Ru+Sn oxide/C electrode also had a low onset potential in cyclic voltammetry 

measurements. In a PEM cell for ethanol oxidation, higher oxidation currents were obtained at 

Pt/Ru+Sn oxide/C electrodes than Pt/C electrodes in the region of low potentials. This suggested 

that the Pt/Ru+Sn oxide/C catalyst had the potential to be applied in DEFCs. 

Modification of carbon black by Pb(acac)2 thermal decomposition showed significant 

improvement on activities for ethanol oxidation at supported Pt catalysts. Different from the 

product of PbO on a Ti support, the thermal decomposition of Pb(acac)2 produced BLC on 

carbon black. The presence of BLC significantly increased the activity and CO tolerance of Pt 

nanoparticles for ethanol oxidation in cyclic voltammetry measurements, and the oxidation 

current increased with the BLC percentage. In chronoamperometry measurements, the BLC 

support enhanced ethanol oxidation at 0.5 V, but had severe current decays at low potentials due 

to a change in the composition over time. However, the Pt/BLC(0.22)/C catalyst provided a 

stable performance for ethanol oxidation in a PEM cell. Compared with Pt/C, the lower CO2 

yield of Pt/BLC(0.22)/C indicated that providing OH species had no improvement on selectively 

breaking the C-C bond of ethanol. The increase of oxidation current might result from the 
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promotion of the oxidation of acetaldehyde to acetic acid. Due to BLC reduction between 0 and 

0.2 V, Pb deposition on the Pt surface led to a third body effect on the oxidation of formic acid, 

which selectively promoted direct oxidation of formic acid. 

7.2 Future work 

Through the method of M(acac)x thermal decomposition, only a small number of metal 

oxides have been prepared and investigated in this work, while a variety of mono metal oxides 

and complex metal oxides should be screened in the future.1 Although charge transfer was found 

between metal oxide supports and Pt, its influence on reaction pathways and products need to be 

studied in detail. In order to specifically understand the mechanism of the improvement brought 

by metal oxide supports, a setup combining an infrared spectrometer with a 

spectroelectrochemical cell can be used to observe variations in intermediates and products with 

different catalysts. In this way, the relationship between charge transfer and product distribution 

could be developed. 

M(acac)x complexes can also be reduced to synthesize binary or ternary alloy catalysts 

through co-deposition methods.2-3 It is important for the systematic investigation of binary or 

ternary alloy catalysts to use the same synthetic method, as the particle size, composition, and 

morphology of the desired alloys can be well controlled.4-7 Moreover, M(acac)x complexes can be 

used to prepare core-shell catalysts, by depositing a Pt shell on core-nanoparticles. In comparison 

with a supported Pt catalyst, a core-shell catalyst has a higher utilization rate of Pt atoms, and is 

more stable because of the inert Pt shell.8 
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Although metal oxide supported Pt catalysts significantly promote ethanol oxidation, their 

CO2 selectivity is still low. In contrast to a Pt catalyst, several alloy catalysts (e.g. PtRh and PtNi) 

were found to have a higher selectivity for complete oxidation of ethanol to CO2.
9-10 Fabrication 

of ternary catalysts such as PtRh/MOx and PtNi/MOx has the potential to address the problems of 

low catalytic activity and incomplete oxidation of ethanol. 

Finally, metal oxide supported catalysts can also be applied in DMFCs, DFAFCs, and 

hydrogen-PEMFCs. Therefore, it is significant to evaluate the performance of metal oxide 

supported catalysts for the oxidation of methanol, formic acid, and hydrogen in a PEM cell. 
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Appendix A 

Modification of carbon black and titanium by thermal decomposition of lead 

acetylacetonate to improve activities for ethanol and formic oxidation at 

supported Pt catalysts 
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Appendix B 

Screening of Pt/metal oxide/Ti catalysts for ethanol and methanol oxidation 
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