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Abstract 

Classification of fuel cells is presented. Progress in low temperature fuel cells fueled by 

hydrogen, methanol and formic acid is discussed and the possible future use of fuel cells is 

indicated. Ethanol is a special fuel because it is available from renewable  environmentally 

friendly sources and its oxidation product (CO2) can be transformed by photosynthesis to 

ethanol. The design of the anode catalyst for electrochemical ethanol oxidation in the Direct 

Ethanol Fuel Cell (DEFC) is described in some detail. 
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INTRODUCTION 

 

Fuel cells are almost ideal energy converters. The conversion of chemical energy to 

electrical energy has the general scheme:  

Fuel + O2 → electric energy 

In fuel cells this takes place without the limitations of the Carnot heat cycle. Thus, they are more 

efficient in extracting energy from a fuel than conventional generators. Fuel cells can bi 

classified according to their operating temperature [1-3], as shown in Figure 1.  
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Progress in developing low-temperature cells is discussed in this work. The best-known 

low temperature fuel cell, the hydrogen fuel cell, is presented in Figure 2. 

For example a car fitted with the most common hydrogen fuel cell (Fig.3) needs only 8 

kilograms of hydrogen for 500 kilometers distance, compared to a classic car consuming 20-30 

liters of gasoline or diesel fuel. This is an important achievement. If a cell is fed by pure 

hydrogen (produced in the photochemical process) it produces also a clean product - water, i. e. 

no adverse effects on the environment are produced. 

 

 

Figure 1. The classification of fuel cells with fuels and catalysts for low-temperature type indicated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.Schematics of proton exchange membrane fuel cell (PEMFC) (from: 

http://z.about.com/d/alternativefuels/1/0/H/9/-/-/fcell_diagram). 
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Difficulties with storage and distribution of hydrogen restrict the use of these cells, and 

requires further development of cells based on methanol, formic acid and recently ethanol. These 

cells produce nothing beside energy, water and carbon dioxide. Other advantageous features of 

fuel cells are continuous silent work in comparison with steam and wind generators. 

 

Figure 3. An example of car with fuel cells: GM Sequel. 

 

HYDROGEN CELLS 

 

Platinum is typically used at the anode and cathode of a hydrogen fuel cell. These fuel cells 

have been used in military and space applications for more than 30 years. In these applications, 

the price is a not primary issue. More recent constructions are fitted with a platinum/ruthenium 

anode allowing the use of hydrogen containing carbon monoxide from petrochemical processes 

[2-26]. Recent developments seek to eliminate platinum, substituting palladium or tungsten 

carbide dotted with palladium at the anode. 

Figure 4. An example of a commercial hydrogen fuel cell. 

The cell is constructed in a manner similar to a filter press. Individual units are connected 

in series giving the battery a desired voltage. 
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DIRECT METHANOL FUEL CELL 

 

Carbon monoxide is an intermediate product of methanol oxidation in the Direct Methanol 

Fuel Cell (Fig. 5). It poisons platinum contained in the anode. For this reason platinum modified 

with a second metal is a component of an anode. Ruthenium is most commonly used as this 

second metal. 

 

 

 

 

 

 

 

Figure 5. Oxidation of methanol 

The aim of present works is preparation of catalysts which avoid the formation of CO on Pt 

sites and minimization of catalyst particle size both on cathode and anode material [11-26]. 

These advances could improve efficiency of energy conversion and lower the total costs. 

Methanol-based fuel cells can be used in cars and mobile electrical devices such as cell phones 

or laptops. However due to methanol’s poisonous properties distribution of this type of cell is 

limited. 

 

 FORMIC ACID FUEL CELLS 

 

Platinum is the base component of anode material. However, other catalysts containing 

additional components besides platinum are under development [27-45] because platinum can be 

deactivated by the intermediate products of formic acid oxidation (Fig. 6).   

 

Figure 6. Mechanism of formic acid oxidation on platinum 
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Oxidation of formic acid goes in two independent ways. Both of them lead to carbon 

dioxide, but intermediate product COads poisons the surface of the electrode. One additional 

metal which prevents the deactivation of the electrode is bismuth [44-46]. Surface topography of 

Pt-Bi catalyst is presented in figure 7. 

Pt-Bi catalyst grains of 10-30 nm size clearly can be seen on the presented image. Small 

particle size and satisfactory current densities of formic acid oxidation point to the prospective 

use of this fuel in a fuel cell operating at limited oxygen pressures. 

 

STM

 

 

Figure 7. An STM image of Pt-Bi electrode surface 

 

DIRECT ETHANOL FUEL CELLS 

 

Ethanol is the best prospective fuel for fuel cells because is environmentally friendly. This 

fuel is non-toxic and can be produced from renewable sources. Its distribution does not require 

the construction of new, expensive equipment.  Ethanol has a high energy density. From one 

molecule of ethanol one can get 12 electrons. Reactions going on in Direct Ethanol Fuel Cell 

(DEFC) are given: 

Anode reaction:  C2H5OH + 3 H2O  2 CO2 + 12 H
+
 + 12 e

– 

Cathode reaction:  3 O2 + 12 H
+
 + 12 e

–
  6 H2O  

Summary reaction:  C2H5OH + 3 O2  2 CO2 + 3 H2O 
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At present, intensive work is under way to develop an efficient catalyst for the 

electrochemical oxidation of ethanol [47-58]. The catalyst must be trifunctional due to the 

necessity of breaking the C-C bonds in a molecule of ethanol. The Brookhaven National 

Laboratory in the USA developed the anode catalyst consisting of Pt, Rh, and SnO2 [52, 55, 57, 

58]. The Adzic method [54] was used for the creation of the Rh layer partially covering the 

surface of platinum. The method of preparing trifunctional Pt/Rh/SnO2 catalyst for 

electrochemical oxidation of ethanol is shown in Figure 8. 

 

 

 

Figure 8. Scheme of ternary catalyst preparation including: electrochemical creation of 0.5 Cu 

monolayer on Pt nanoparticle; conversion of Cu to Rh through the process of chemical exchange; deposit 

on the surface of Pt-Rh grains“2 monolayers” of SnCl4; thermal oxidation of SnCl4 to SnO2 

 

The size of platinum nanoparticles deposited on activated carbon (Vulcan 72) was 

determined using XRD technique (Fig. 9) and the Scherrer equation. The average size of Pt 

nanoparticles was determined from the size of a symmetrical peak half-width (220). It is equal 

to: 2.9-3.1 nm. 

The average Pt/Rh/SnO2 nanoparticle size determined using the same technique is 3-5 nm. 

The optimal amount of SnO2 nanoparticles present on the surface of platinum was determined in 

the electrochemical experiments (Fig. 10). 

The largest ethanol oxidation currents were recorded for the Pt electrode surface coated 

with SnO2 in an amount of 1-2 monolayers (ML).The reaction products formed during the 

process of electrochemical oxidation of ethanol was verified by IRRAS technique [52, 55, 57]. 

This technique allows registration of the infrared spectra of chemical compounds existing on the 

anode surface during the electrochemical process running at a given potential (Fig. 11). 
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Figure 9. The XRD pattern for the platinum particles deposited on amorphous carbon (Vulcan 72) 

 

 

Figure 10. Optimization of present amount of SnO2 on the surface of Pt favorable for efficient oxidation 

of ethanol: ethanol oxidation currents versus the electrode potential for various tin dioxide 

coverages of Pt 
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Figure 11. IRRAS spectra recorded during the oxidation of ethanol on the (2 ML) SnO2/Pt (111) 

electrode. Solution contains  0.1 M HClO4 + 0.1 M ethanol. Spectra normalized to the spectrum recorded 

at the potential -0.05 V 

 

 

 

 

 

 

Figure 12. IRRAS spectra recorded during the oxidation of ethanol on the (2ML)SnO2/Rh(0.5 

ML)/Pt(111) electrode. Solution contains 0.1 M HClO4 + 0.1 M ethanol. Spectra normalized to the 

spectrum recorded at the potential -0.05 V 
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The presented spectra indicate that starting from the potential of 0.4 V, the characteristic 

CO2 peak appears at a wavelength of 2340 cm-
1
. Thus, oxidation of ethanol to CO2 starts at this 

potential. But for electrodes containing Pt, SnO2 and Rh (Fig. 12) the process of CO2 formation 

begins at potential 0.2 V. This indicates that the presence of Rh on the surface of platinum 

enhance ethanol oxidation. 

Comparison of the ethanol oxidation activity for a catalyst containing 20% Pt nanoparticles 

covered by 0.5 Rh monolayer and 2 ML of SnO2 with a commercial  catalysts containing 20% 

Pt-Ru nanoparticles is shown in Figure 13. 

Comparison of ethanol oxidation currents recorded for the new catalyst and the commercial 

catalyst indicates that the new catalyst is much more active. The rate of ethanol oxidation for the 

new catalyst is about one order of magnitude greater ( at 0,2 V) than the rate registered for the 

commercial catalyst. 

 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0

10

20

30

 

 

j/m
A

cm
-2

E / V Ag/AgCl

1: Rh
0.5ML

SnO2
2ML

/Pt
20

/C

2: (PtRu)
20

/C

60
o
C

0.1M HClO
4
+ 0.23M EtOH

scan rate 50mV/s

 

 

Figure 13. Ethanol oxidation currents versus electrode potential 

1. - for catalyst containing on active carbon 20% Pt nanoparticles covered by 0.5 Rh monolayer 

and 2 ML of SnO2 (denoted as (Rh(0,5ML),SnO2(2ML)/Pt20%/C), 

2.  - for commercial  catalysts containing 20% Pt-Ru nanoparticles at activated carbon. 
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CONCLUSIONS 

 

 Hydrogen, methanol, formic acid and ethanol are effective fuels for fuel cells, but it 

should be noted that only ethanol is now produced from renewable sources. 

  The main component of the anode catalyst in acidic fuel cells is platinum modified by 

another metal (Ru, Bi, Rh). 

  Ethanol oxidation on Pt is enhanced by modifying the surface with Rh. 

      Further enhancement can be achieved by the addition of SnO2. 

   Spliting  of the C-C bonds in the ethanol oxidation was verified by the detection of CO2 

in the IRRAS spectra. 

   Catalyst: Pt / 0.5 ML Rh / SnO2 is a promising material for the anode in DEFC. 

 

Acknowledgements: Institute of Non-ferrous Metals Division in Poznan, Central Laboratory of 

Batteries and Cells, Poznan, Poland are gratefully acknowledged for helping write this review. 

 

REFERENCES 

 

[1] S. Gunter, K Kordesch, Fuel Cells and their Applications, VCH, Weinheim, 1996.  

[2]  U. Stimming, L. Carrette, K. A Friedrich, ChemPhysChem, 1 (2000) 162. 

[3]  R. O'Hayre, S-W. Cha, W. Colella, F. B. Prinz, Fuel Cell FundamentaIs, J.Wiley & 

Sons, 2006. 

[4]  A Tripkovic and K Popovic,  J. Serb. Chem. Soc. 61(1996) 557-565. 

[5]  E. Morallon, A. Rodes, J.L. Vazquez, J.M. Perez, Electroanal. Chem., 391(1995) 149-

157. 

[6]  A Tripkovic, K Popovic, J. Lovic, Electrochim. Acta, 46 (2001) 3163-3173. 

[7]  A. Tripkovic, K Popovic,M. Drazic, J. Serb. Chem. Soc., 63 (1998) 1031-1047. 

[8] E.H. Yu, K Scott, R.W. Reeve, J. Electroanal. Chem., 547 (2003) 17-24. 

[9]  A Tripkovic, K Popovic, J. Lovic, V. Jovanovic, A Kowal, J. Electroanal. Chem., 572 

(2004) 119-128. 

[10]  A Tripkovic, V. Jovanovic, J. Lovic, K Popovic, A Kowal, Material Science Forum, 494 

(2005) 229-234. 

[11]  V.S. Bagotsky, AM. Skundin, Chemical Power Sources, Academic Press, London, 1980, 

362. 

[12]  AS. Arico, S. Srinivasan, V. Antonucci, Fuel cells 1, (2001) 133-161. 

[13]  M.M.P. Janssen, J. Moolhuysen, Electrochim. Acta, 21 (1976) 869-878. 

[14]  B.B. Cattaneo, T. Iwasita, J. Electroanal. Chem., 238 (1987) 151. 

[15]  M. Shibata, S. Motoo, J. Electroanal. Chem., 209 (1986) 151. 

[16]  M. Watanabe, Y. Furuuchi, S. Motoo, J. Electroanal. Chem., 191 (1985) 367-375. 



_____________________________________________________________________________________ 

Journal of Engineering & Processing Management|  149 

 

 
   Volume 4, No. 1, 2012 

[17]  S.-A Lee, K-W.Park, J. H. Choi, B.K.Kwon,Y.-E. Sung, J. Electrochem. Soc., 149 A 

(2002) 1299-1304. 

[18] M. Watanabe, S. Motoo, J. Electroanal. Chem., 60 (1975) 267-273. 

[19] J.B. Goodenough, A Hammnett, B.J.Kennedy,R. Manoharan, S.A.Weeks, J. Electroanal. 

Chem., 240 (1988) 133-145. 

[20]  AS. Arico, V. Antonucci, N. Giordano, AK Shukla, M.K Ravikumar, A. Roy, S.R. 

Barman, D.D. Sharma, J. Power Sources, 50 (1994) 295-309. 

[21] P. Waszczuk, A Więckowski, P. Zelenay, S. Gottesfeld, C. Coutanceau,J.-M. Leger, C. 

Lamy, J. Electroanal. Chem., 511 (2001) 55-64. 

[22]  P. Waszczuk, G.U. Lu, A Wieckowski, C. Lu, C. Rice, M.I. Masel, Electrochim.Acta, 47 

(2002) 3637-3652. 

[23]  C. Lu, C. Rice, M.I. Maseł, P.K. Babu, P.Waszczuk, H.S. Kim, E. Oldfield, A 

Wieckowski, J. Phys. Chem., B 106 (2002) 9581-9589. 

[24] I-S. Park, B. Choi, D-S. Jung, Y-E. Sung, Electrochim. Acta, 52 (2006) 1683-1687. 

[25] A. Kowal, P. Olszewski, D. Tripkovic, R Stevanovic, MateriaIs Science Forum, 518 

(2006) 271-276. 

[26] S. Terzic, D. Tripkovic, V. Jovanovic, A. Tripkovic, A Kowal, J. Serb. Chem. Soc., 72, 2 

(2007) 165-171. 

[27]  A Capon, R Parsons, J. Electroanal. Chem., 44 (1973) 205-223. 

[28] E. Levia, T. Iwasita, E. Herrero, J.M. Feliu, Langmuir, 13 (1997) 6287-6293. 

[29]  T.D. Jarvi, E.M. Stuve, Electrocatalysis of Direct Methanol Fuel Cells: From 

Fundamentals to Applications, J. Lipkowski, P.N. Ross, Wiley- VCH, New York, 1998, 

pp. 227-255. 

[30]  C. Lamy, J.M. Leger, J. Chem. Phys., 88 (1991) 1649. 

[31]  A. Miki, S. Ye, M. Osawa, Chem. Commun., (2002) 1500-1501. 

[32]  G. Samjeske, A Miki, S. Ye, M. Osawa, J. Phys. Chem. B, 110 (2006) 16559-16566.  

[33]  Y.X. Chen, M. Heinen, Z. Jusys, R.J. Behm, Langmuir, 220 (2006) 10399-10408. 

[34]   Y.X. Chen, M. Heinen, Z. Jusys, R.J. Behm, Angew. Chem. Int. Ed. 45 (2006) 981-985. 

[35]   S. Park, Y. Xie, M.J. Weaver, Langmuir, 18 (2002) 5792-5798. 

[36]  S.-C. Chang, L.-W.H. Leung, M.J. Weaver, J. Phys. Chem. B 94 (1990) 6013-6021. 

[37]  R Adzic, Electrocatalytic Properties of the Surfaces Modified by Foreign Metal ad Atoms 

in: Advances in electrochemistry and electrochemical engineering, H.Gerisher, C.W. 

Tobias, Wiley, New York, 1984, p.159. 

[38]  R. Adzic, A.V. Tripkovic, N. Markovic, J. Electroanal. Chem., 150 (1983) 79-88.  

[39]  R. Adzic, A. Tripkovic, V. Vesovie, J. Electroanal. Chem. 204 (1986) 329. 

[40]  C. Rice, S. Ha, R.I. Masel, A Wieckowski, J. Power Sources, 111 (2002) 83-89. 

[41]  S. Park, Y. Xi e, M.I Weaver, Langmuir, 18 (2002) 5792-5798. 

[42]  R. Adzic, State-of-the-Art Electrocatalysts for Direct Methanol Fuel Cells, in: 

Electrocatalysis of Direct Methanol Fuel Cells: From Fundamentals to Applications, J. 

Lipkowski, P.N. Ross, Wiley-VCH Ed., New York, 1998, pp. 197-226.  



_____________________________________________________________________________________ 

Journal of Engineering & Processing Management|  150 

 

 
   Volume 4, No. 1, 2012 

[43]  S. Kang, J. Lee, J.K. Lee, S.-Y. Chung, Y. Tak, J. Phys. Chem., B 110(2006) 7270-7274. 

[44]  J. Lovic, A Tripkovic, S. Gojkovic, K. Popovic, D. Tripkovic, P. Olszewski, A. Kowal, J. 

Electroanal. Chem., 581 (2005) 294-302. 

[45] A. Tripkovic, K. Popovic, R. Stevanovic, R. Socha, A. Kowal, Electrochem.Commun. 8 

(2006) 1492-1498. 

[46] A. Tripkovic, S. Gojkovic, K. Popovic, J. Lović, A Kowal, Electrochim. Acta, 53 (2007) 

887-893. 

[47]  E. Mendez, J. L. Rodriguez, M. C. Arevalo, E. Pastor, Langmuir, 18, (2002) 763-772. 

[48]  C. Lamy, S. Rousseau, E.M. Belgsir, C. Coutanceau, J.-M. Leger, Electrochim. Acta, 49, 

(2004) 3901-3908. 

[49]  W.J. Zhou, B. Zhou, W.Z. Li, Z.H. Zhou, S.Q. Song, G.Q. Sun, Q. Xin,S. Douvartzides, 

M. Goula, P. Tsiakaras, J. Power Sources, 126 (2004)16-22.  

[50]  S. Song, W. Zhou, J. Tian, RuiCai, G. Sun, Q. Xin, S. Kontou, P. Tsiakaras, J. Power 

Sources, 145 (2005) 266-271. 

[51]  S. Song, P. Tsiakaras, Applied Catalysis B: Environmental, 63 (2006) 187. 

[52]  A Kowal, J. Zhang, M. Shao, R. Adzic, Oxidation of Etanol on Metal Oxide Modified Pt 

Electrodes, Book of Abstracts Intern. Symposium on Surface Imaging/Spectroscopy at the 

Solid/Liquid Interface, Cracow, 2006, p. 85, ISBN 83-60514-02-X. 

[53] A. Kowal, K.-S. Lee, S. J. Yoo, P. Olszewski, Y.-E. Sung, Synthesis and Properties of Pt-

Rh, Pt-Sn02 and Pt-Rh-Sn02 Electrocatalysts for Etanol Oxidation, Materiały XXXIX 

Ogólnopolskiego Kolokwium Katalitycznego, red. L. Mokrzycki, Instytut Katalizy i 

Fizykochemii Powierzchni PAN, Kraków, 2007, p. 313, ISBN 978-8360514-04-7. 

[54]  J. Zhang, M. B. Vukmirovic, Y. Xu, M. Mavrikakis, R. R. Adzic, Angew. Chem. Int. Ed., 

117 (2005) 2170-2173. 

[55]  A. Kowal, M. Li, M. Shao, K. Sasaki, M. Vukmirovic, J. Zhang, N. Marinkovic, P. Liu, A 

Frenkel, R. Adzic, Nature Mater., 8 (2009) 325-330. 

[56]  A. Kowal, S. Gojković, K.-S. Lee, P. Olszewski, Y-E. Sung, Electrochem Commun.,11, 

(2009) 724-727. 

[57]  M. Li, A Kowal, K. Sasaki, N. Marinkovic, D. Su, E. Korach, P. Liu, R. Adzic, 

Electrochim. Acta, 55 (2010) 4331-4338. 

[58]  R. Adzic, A.Kowal, Electrocatalyst for Alcohol Oxidation at Fuel Cell Anodes, Patent 

Application Publication, Pub. No.: US 2009/0068505 Al, Mar. 12, 2009. 

 

 

 

 

 

 

 

 


