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Abstract

In the last few years alternative energy sources have been fast de-
veloping. One of these sources is fuel cell. Due to development of the
renewable energy sources, the powering of fuel cells with bio-fuels is very
important. The one of this fuel is methanol. The use of fuel cells on a large
scale is mainly limited by the high cost of catalysts - mainly platinum.
Elimination of Pt as catalyst would allow for wider commercial applica-
tion of fuel cells. The paper presents a study of methanol electrooxidation
on electrode with Cu-B alloy catalyst. Researches were done by the meth-
od of polarizing curves of electrooxidation of methanol in glass vessel. An
aqueous solution of KOH was used as the electrolyte. Conducted meas-
urements show that there is a possibility of electrooxidation of methanol
on Cu-B catalyst. In any case, the process of electrooxidation of metha-
nol occurs. A current density of about 10-20 mA/cm?2 has been obtained
for all concentrations of methanol and B in alloy. So, the work shows
possibility to use Cu-B alloys as catalysts for fuel electrode of DMFC.

Keywords: fuel cell, methanol, bio-fuel, electrooxidation, Cu-B catalyst,
renewable energy sources, environment engineering

INTRODUCTION

In recent decades the energy consumption has increased very much due to
the increase of the standard of living. Energy production is generally based on
coal, nuclear energy, natural gas, crude oil, etc. Currently also some alternative
energy sources have been developing. They are used with wind turbines, heat
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pumps, solar collectors, photovoltaic cells and more. One of these ecological
sources of electric energy is also fuel cell (FC), mainly due to high efficiency and
low influence on environment (Redey 1970; Hoogers 2003; O’Hayre et al. 2005;
Stolten 2010). Although the operation principle of a FC has been known nearly
180 years (Grove, 1839), they still are not widely used. Fuel cells have been
successfully used in aerospace (Nowicki and Zigcina 1989; Hoogers 2003; Freeh
et al. 2004; Barbira et al. 2005). But in this case, the costs of producing cells do
not seem to be a limitation, whereas in case of mobile applications, e.g. FC vehi-
cles (FCVs) or mobile energy sources for laptops and cell phones (Appleby and
Foulkes 1988; Kakag et al. 2007), the cost may be the deciding parameter. Wide
use of FCs may improve air quality and influence the global warming reduc-
tion, because fuel cells transform the chemical fuel into electricity without in-
termediate stages (combustion). Therefore, the real efficiency reaches even 80%
(Hoogers 2003; O’Hayre et al. 2005; Stolten 2010). Moreover, FCs have many
other advantages, e.g. they have no moving parts and are noiseless (Redey 1970;
Larminie and Dicks 2003). There are, however, two major barriers regarding the
use of FCs: the expenses associated with the cost of platinum catalysts and many
restrictions associated with fuels, e.g. the filling and storage of hydrogen (Furu-
kawa and Yaghi 2009). For a long time, measurements of selection of fuels and
catalysts for FCs have been conducted. New fuels allow to eliminate the need
for using hydrogen (Vielstich 1969; Harrison and Khan 1970; Wtodarczyk and
Wtodarczyk 2013). For many years, measurements of selection of biofuels also
have been conducted (Hamnett 1997; Kelley et al. 2000; Milewski and Lewand-
owski 2013; Wtodarczyk and Wtodarczyk 2015b; Wiodarczyk and Wtodarczyk
2015d; Wtodarczyk and Wtodarczyk, 2016). Additionally, the new catalysts al-
low eliminating the costly platinum (Asazawa et al., 2007; Rolison at al., 1999;
Steigerwalt at al., 2001; Wlodarczyk and Wtodarczyk 2015b; Wtodarczyk and
Wtodarczyk, 2015e; Wtodarczyk and Wtodarczyk 2015f). However, these cata-
lysts must have high efficiency, comparable to that of platinum. In other case, the
platinum will remain the main catalyst for fuel electrodes of fuel cell. So, search
of new low cost catalysts is essential for commercialization of FCs. Develop-
ment of platinum substitutes has been studied intensely, but further improvement
of output performance is still required for practical use (Bashyam and Zelenay
2006; Matsumoto et al. 2006). For realization of the Pt-free FC with the potential
of practical use, it is also required to examine the fuel (Asazawa et al. 2007).
The most commonly used fuel for FCs is hydrogen. One main advantage of FCs
is that the only by-product is water. Nevertheless, problems with the storage
of hydrogen necessitate the search for other fuels. One such fuel is methanol.
Methanol is the simplest alcohol, being only a methyl group linked to a hydroxyl
group. Methanol is a light, volatile, colorless, flammable liquid with a distinctive
odor very similar to that of ethanol. Moreover, methanol is a biofuel. Moreover,
methanol is a biofuel. So, developing of direct methanol fuel cells (DMFCs)
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will allow develop a renewable energy sources. Methanol can be produced in
conventional steam reforming. It is the simplest and most widely practiced route
to synthesis gas production (Cheng and Kung 1994). Methanol can be produced
also from biomass (Dong and Steinberg 1997; Hiranoa et al. 1998; Wyman ef al.
1993). This solution is a future solution, due to obtaining energy from renewable
sources (Hamelinck and Faaij 2002).

The methanol can be use as fuel for fuel cell. The DMFC relies upon the
oxidation of methanol on a catalyst layer to form carbon dioxide. Water is con-
sumed at the anode and is produced at the cathode. Protons (H") are transported
across the proton exchange membrane (most often Nafion) to the cathode where
they react with oxygen to produce water. Electrons are transported through an
external circuit from anode to cathode, providing power to connected devic-
es. The reactions in DMFC are represented by the equations (1), (2) and (3)
(Hamnett 1997; Hoogers 2003; Kelley et al. 2000; Larminie and Dicks 2005).

ANODE CH3;0H + H,0 - 6H* + 6e~ + CO, (D
CATHODE 20, + 6H* +6e~ - 3H,0 (2)
OVERALL REACTION CH30H +320, - 2H,0 + CO, (3)

The operation of the DMFC (Hoogers, 2003; Kelley at al., 2000; Larminie
and Dicks, 2005) is shown in Figure 1.

— —l— i
CH,OH O, (air)

Source: own compilation

Figure 1. Direct methanol fuel cell with PEM (proton exchange membrane) A — anode,
K — cathode, R — electricity receiver, PEM — proton exchange membrane
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The electrochemical reactions in fuel cell involve the transfer of electrons.
This transfer takes place on the electrode surface. The resulting current deter-
mines the reaction and thus the transfer rate is proportional to the surface on
which the reaction is running, hence, the concept of current density (A/m?). Ac-
tivation barriers impede the conversion of reactants to products. So, part of the
cell voltage is used for the reduction in the activation barrier. These losses are
called the overpotential #_ . The correlation between current density and over-
potential is described by the Butler-Volmer exponential function (Bockris and
Reddy 2000). Due to the high price of platinum, other catalysts should be re-
searched. Elimination of platinum as catalyst would allow for wider commercial
application of FCs. This will contribute to the development of high efficiency
green energy sources. Unfortunately, despite extensive knowledge in the field of
solid-state physics and kinetics of catalytic reactions, the implementation of the
catalysts is carried out mainly experimentally.

MATERIAL AND METHODS

The Cu-B alloy was used as catalysts for fuel electrode. Cu-B alloys were
obtained by the method of electrochemical deposition. The alloys were depos-
ited on smooth surface of titanium electrode. The alloys were deposited from
a mixture of mainly NaBH, and CuSO, (Wlodarczyk and Wiodarczyk 2014b;
Wiodarczyk and Whodarczyk 2014c; Witodarczyk and Wtodarczyk 2015a). The
alloys were obtained at temperature of 365K.

Table 1. Mixture composition for deposited Cu-B alloy on copper electrode

Component Concentration [mol/1]
CuSO,-7H,0 0,05
NaBH, 0,02
NaOH 1,00
Trilon B 0,12

Source: Own compilation

Before the deposition of the alloy, copper electrode was prepared in several
steps:
» surface was mechanically purified to a shine,
» surface was degreased in 25% aqueous solution of KOH (after the de-
greasing the surface shall be completely wettable with water),
* electrode was digested in acetic acid,
* clectrode was washed with alcohol.
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The chemical composition of Cu-B alloys was determined with the X-ray
diffraction method (XRD). The alloy selected for measurements was Cu-B alloy
with 3, 9 and 15% of B. Researches were done by the method of polarizing curves
of electrooxidation of methanol in glass vessel, on Cu-B alloy as a catalyst. An
aqueous solution of KOH was used as the electrolyte. Measurements were done
in a glass cell with the use of AMEL system 5000 potentiostat. Researches of
methanol electrooxidation in alkaline electrolyte, for various concentrations of
methanol (0.1, 0.2, 0.3, 0.4, and 0.5M) and for concentrations 2M of KOH, were
carried out at a temperature of 313K.

RESULTS

Figure 2 shows dependence of deposition time on percentage of B.
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Figure 3. The polarization curves of electrooxidation of methanol with Cu-B catalyst in
alkaline electrolyte (2M KOH) (Cu-B alloy contained 3% of B)
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Figures 3-5 show the polarization curves of electrooxidation of methanol
with Cu-B catalyst in alkaline electrolyte (2M KOH). Measurements were per-
formed for methanol concentrations equal of 0.1, 0.2, 0.3, 0.4, and 0.5M.
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Figure 4. The polarization curves of electrooxidation of methanol with Cu-B catalyst in
alkaline electrolyte (2M KOH) (Cu-B alloy contained 9% of B)
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Figure 5. The polarization curves of electrooxidation of methanol with Cu-B catalyst
in alkaline electrolyte (2M KOH) (Cu-B alloy contained 15% of B)

During the measurements the deposition time was analysed in the range
of 10-60 min (fig. 2). It should be noted that along with increasing time of dep-
osition, the percentage of boron in the alloy decreases. At 10 min the boron part
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was over 15%. While at 60 minutes, the B part was only 3% (fig. 2). Carried out
measurements indicate that the methanol electrooxidation on the Cu-B catalytic
converter Cu-B occurs for all concentrations of B (3, 9, and 15%) in the catalyst
and for all the methanol concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 M) (figs. 3-5).
However, while the B concentration increases, the current density decreases.
And with the increase in the concentration of boron to 15% a sudden drop in
current density occurs (fig. 5). This sudden drop in current density (for 15% B)
occurs (in 2M aqueous solution of KOH) for all concentrations of methanol.
In this case (15% B) for 0.5M concentration of methanol the current density of
about 20 mA/cm? was obtained. And for 0.1M concentration of methanol the
current density of about 35 mA/cm? was obtained. But for 9% of boride and for
0.5M concentration of methanol the current density of about 25 mA/cm?, and for
0.1M of about 50 mA/cm? was obtained. The highest current density during elec-
trooxidation of methanol in 2M KOH was obtained for 9% of boride in catalyst.
For 9% concentration of B in catalyst occurs for all concentrations of methanol
(0.1,0.2,0.3,0.4, and 0.5 M) (fig. 4). Maximum current density of about 50 mA/
cm? was obtained for 0.1M concentration of methanol (fig. 4).

CONCLUSIONS

Measurements were conducted for concentration of methanol in range
from 0.1 to 0.5M and for one concentrations of KOH (2M). Conducted measure-
ments show that there is a possibility of electrooxidation of methanol on Cu-B
catalyst. In any case, the process of electrooxidation of methanol occurs. A cur-
rent density of about 10-20 mA/cm? has been obtained for all concentrations of
methanol (fig. 3-5). Maximum current density (50 mA/cm?) was obtained for 9%
of B in alloy (fig. 4). The current density is low, but the price of Cu-B catalyst is
about 5000-6000 times smaller than price of Pt.

A possibility of methanol electrooxidation with Cu-B catalyst in alkaline
electrolyte was presented in this paper. So, it is possible to use Cu-B alloy as
catalyst of fuel electrode for fuel cells powering with bio-fuel. But this alloy as
catalyst has a too low current density to build an efficient DMFC. However, the
main advantage compared to platinum is the price. Moreover, compared to e.g.
Raney Ni, the Cu-B alloy is easier to use (Armour, 2003). Due to the low current
density but also low cost in comparison to platinum, Cu-B alloy can be used
mainly as a catalyst for stationary DMFC.

REFERENCES

Armour, M. A. (2003). Hazarodous laboratory chemicals disposal guide. Boca Raton:
CRC Press.

1489



Barbara Wlodarczyk, Pawetl P. Wlodarczyk

Appleby, A.J., Foulkes, F.R. (1988). Fuel cell handbook. New York: Van Nostrand
Reinhold Co. Inc.

Asazawa, K., Yamada, K., Tanaka, H., Oka, A., Taniguchi, M., Kobayashi, T. (2007). 4
platinum-free zero-carbon-emission easy fuelling direct hydrazine fuel cell for vehicles,
Angewandte Chemie, 119(42), 8170-8173.

Barbira, F., Moltera, T., Daltonb L. (2005). Efficiency and weight trade-off analysis
of regenerative fuel cells as energy storage for aerospace applications, International
Journal of Hydrogen Energy, 30 (4) 351-357. DOI:10.1016/}.ijhydene.2004.08.004

Bockris, J.O.M., and Reddy, A.K.N. (2000). Modern electrochemistry, New York:
Kulwer Academic /Plenum Publishers.

Edited by Cheng, W-H., Kung, H.H. (1994). Methanol production and use, New York,
Basel, Hong Kong: Marcel Dekker Inc.

Dong, Y., Steinberg, M. (1997). Hynol - An economical process for methanol production
from biomass and natural gas with reduced CO, emission, International Journal of
Hydrogen Energy 22 (10-11) 971-977. DOI: 10.1016/S0360-3 199(96)00198-X

Freeh, J.E., Pratt, J.W., Brouwer, J. (2004). Development of a Solid-Oxide Fuel Cell/Gas
Turbine Hybrid System Model for Aerospace Applications, ASME Turbo Expo 2004:
Power for Land, Sea, and Air, vo. 7, Turbo Expo 2004, Paper No.GT2004-53616, 371-
379. DOI:10.1115/GT2004-53616

Furukawa H., Yaghi O.Y., 2009, Storage of Hydrogen, Methane, and Carbon Dioxide
in Highly Porous Covalent Organic Frameworks for Clean Energy Applications, J. Am.
Chem. Soc., 2009, 131 (25) s.8875-8883. DOI: 10.1021/ja9015765

Grove, W. (1839). On the gas voltaic battery, Philosophical Magazine, 3 (14), 127-130.
Hamnett A., (1997), Mechanism and electrocatalysis in the direct methanol fuel cell,
Catalysis Today, 38 (4) s.445-457.

Hamelinck, C.N., Faaij, A.P.C., (2002). Future prospects for production of methanol and
hydrogen from biomass, Journal of Power Sources 111 (1) 1-22. DOI:10.1016/S0378-
7753(02)00220-3

Harrison, J. A., and Khan, Z. A. (1970). The oxidation of hydrazine on platinum in acid
solution, Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, 28 (1)
131-138.

Hiranoa, A., Hon-Namia, K., Kunitoa, S., Hadab, M., Ogushib, Y., (1998). Temperature
effect on continuous gasification of microalgal biomass: theoretical yield of methanol
production and its energy balance, Catalysis Today 45 (1-4) 399-404. DOI:10.1016/
S0920-5861(98)00275-2

Hoogers, G. (2003). Fuel cell technology handbook. Boca Raton: CRC Press.
Kelley, S.C., Deluga, G.A., Smyrl, W.H. (2000), A Miniature Methanol/Air

Polymer Electrolyte Fuel Cell, Electrochem. Solid-State Lett. 3 (9) 407-409.
DOI:10.1149/1.1391161

1490



Methanol electrooxidation with...

Larminie, J., Dicks, A. (2005), Fuel cell system explained, John Wiley and Sons Ltd.

Milewski, J., and Lewandowski, J. (2013). Biofuels as fuels for high temperature fuel
cells, Journal of Power Technologies, 93 (5), 347-353.

Nowicki, J., and Zigcina, K. (1989). Samoloty kosmiczne. Warszawa: Wydawnictwa
Naukowo-Techniczne.

O’Hayre, R., Cha, S. W., Colella, W., and Prinz, F. B. (2005). Fuel cell fundamentals.
Hoboken: John Wiley and Sons.

Redey, L. (1970). Tiizeloanyag-elemek. Budapest: Muszaki Konyvkiado.

Rolison, D. R., Hagans, P. L., Swider, K. E., and Long, J. W. (1999). Role of hydrous
ruthenium oxide in Pt-Ru direct methanol fuel cell anode catalysis: The importance of
mixed electron/proton conductivity, Langmuir, 15(3), 774-779.

Steigerwalt, E. S., Deluga, G. A., Cliffel, D. E., and Lukehart, C. M. (2001). A Pt-Ru/
graphitic carbon nanofiber nanocomposite exhibiting high relative performance as a
direct-methanol fuel cell anode catalyst, Journal of Physical Chemistry B, 105 (34),
8097-8101.

Stolten, D. (2010). Hydrogen and fuel cells. Fundamentals, technologies and applications.
Weinheim: Wiley-VCH.

Twigg, M. V. (1989). Catalyst handbook. London: Wolfe Publishing Ltd..
Vielstich. W., (1969). Hydrazine fuel cell, Patent: US3442711A.

Wyman, C.E., Bain, R.L., Hinman, N.D., Stevens, D.J. (1993). Ethanol and methanol
from cellulosic biomass, Washington: Island Press.

Wiodarczyk B., Wtodarczyk P.P., (2015a), Electricity production in microbial fuel cell
with Cu-B alloy as catalyst of anode, QUAESTI-Virtual Multidisciplinary Conference, 3
(1) 5.305-308. DOI:10.18638/quaesti.2015.3.1.211

Wiodarczyk B., Wiodarczyk P.P., (2015b), Comparison of electrooxidation efficiency in
microbial fuel cell with a steel catalyst and aeration in wastewater treatment (article in
Polish, original title: Porownanie skutecznosci elektroutleniania w mikrobiologicznym
ogniwie paliwowym z katalizatorem stalowym i napowietrzania w oczyszczaniu sciekow),
Engineering and Protection of Environment 18 (2) (2015) 189-198.

Wiodarczyk, P.P., Wiodarczyk, B. (2013). Powering fuel cell with crude oil, Journal of
Power Technologies, 93 (5), 394-396.

Wiodarczyk, P.P., Wiodarczyk, B. (2014a). Electrooxidation of hydrazine with copper
boride catalyst, Conference proceedings of 21st International Congress of Chemical and
Process Engineering CHISA 2014, 1 (131).

Wiodarczyk, P.P., Wtodarczyk, B. (2014b). Possibility of using copper boride alloy as

catalyst for oxygen electrode of fuel cell, Conference proceedings, 21st International
Congress of Chemical and Process Engineering CHISA, P1 (2014) 134.

1491



Barbara Wlodarczyk, Pawetl P. Wlodarczyk

Wiodarczyk, P. P., and Wilodarczyk, B. (2015c¢). Electrooxidation of canola oil with
Pt catalyst in acid electrolyte, Archives of Waste Management and Environmental
Protection, 17 (2), 18-28.

Wiodarczyk P.P., Wiodarczyk B., (2015d), Possibility of fuel cell powering with
grape seed oil, QUAESTI-Virtual Multidisciplinary Conference, 3 (1) s.300-304.
DOI:10.18638/quaesti.2015.3.1.210

Wiodarczyk P.P., Wtodarczyk B., (2015¢), Ni-Co alloy as catalyst for fuel electrode of
hydrazine fuel cell, China-USA Business Review, 14(5) 5.269-279. DOI:10.17265/1537-
1514/2015.05.005

Wiodarczyk P.P., Wiodarczyk B., (2015f), Possibility of using Ni-Co alloy as catalyst
for oxygen electrode of fuel cell, Chinese Business Review, 14 (3) s.159-167.
DOI:10.17265/1537-1506/2015.03.005

Wiodarczyk P.P., Wiodarczyk B., (2016), Electrooxidation of sunflower oil in acid
electrolyte, New Trends in Management and Production Engineering - Regional, Cross-
border and Global Perspectives, Aachen: Shaker Verlag s.188-198.

Barbara Wtodarczyk, Ph.D.

Pawet P. Wiodarczyk, Ph.D.

Faculty of Natural Sciences and Technology
Department of Process Engineering
University of Opole

Dmowskiego Street 7-9

45-365 Opole

Poland

e-mail: barbara.wlodarczyk@uni.opole.pl
pawel.wlodarczyk@uni.opole.pl

Received:6.05.2016
Accepted: 28.10.2016



