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Abstract  11 

Direct methanol fuel cells (DMFCs) have been actively investigated from both fundamental and applied points of view 12 

due to their interesting perspectives for the application in the fields of auxiliary power supply and portable power 13 

sources. However, research efforts are still needed to solve the drawbacks presently affecting these devices, such as 14 

methanol cross-over constraints, high costs of materials, etc.  The present paper addresses these issues by using a new 15 

FUMATECH proton exchange membrane (fumapem® F-1850), characterized by a nominal equivalent weight of 1800, 16 

as the electrolyte, and low electrode noble metal loadings compared to the state of the art. A membrane-electrode 17 

assembly (MEA) based on this membrane was investigated in a small area (5 cm
2
) direct methanol fuel cell at 60°C and 18 

compared to a benchmark Nafion® 115 membrane in terms of performance and methanol cross-over. The F-1850 19 

membrane showed a lower methanol cross-over rate than Nafion® 115, despite a lower thickness of the fumapem® 20 

membrane. This allowed to obtain a higher performance (74 vs. 64 mW cm
-2

) for the F-1850 membrane compared to 21 

Nafion® at ambient pressure. To study the scalability of the DMFC device and related components, the new membrane 22 

was integrated in large-area MEAs (100 cm
2
) and investigated in a 5–cell and 10–cell pressurized stack based on a 23 

bipolar design. The stack was tested at 75°C, 5 M methanol solution at the anode and pressurized oxygen (2 atm. rel.) at 24 

the cathode, giving a normalized power density per cell of about 130 mW cm
-2

.  The results obtained with the 10-cell 25 

stack showed a good agreement with the performance recorded with the 5-cell stack, confirming the scalability of the 26 

DMFC device. 27 

 28 
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1. Introduction 30 

Direct methanol fuel cells (DMFCs) are almost ready for commercialization, but the high costs associated with noble 31 

metal catalysts and the commonly used perfluorosulfonic polymer electrolyte membranes hinder the widespread 32 

diffusion of these devices [1-3]. Up to now, the Nafion® membrane, a perfluorosulfonic acid solid polymer electrolyte 33 

produced by DuPont, is the most widely used in H2/air and direct methanol fuel cells due to its high proton conductivity 34 

(up to 80°C), suitable mechanical properties and good chemical and electrochemical stability. However, Nafion® 35 

membranes exhibit some negative aspects such as: high H2 and methanol crossover, fast dehydration with loss of proton 36 

conductivity at temperatures above 100 °C and loss of fluorine ions in the exhaust gas due to •OH radicals attack [4-6]. 37 

Accordingly, research efforts are needed to develop alternative membranes, which should be cheaper than Nafion® and 38 

with similar or higher conductivity and lower fuel cross-over in the temperature range of interest (25 °C-100 °C) [7-9].  39 

Reduction of methanol crossover can be achieved by using cross-linking procedures or adding nanosized inorganic 40 

fillers inside the membrane to increase the tortuosity path as well as by tuning the ion exchange capacity (IEC) [10-13]. 41 

Another approach considers the variation of the chemical properties of the polymer network surrounding the ionic 42 

groups to modulate the degree of dissociation as well as the degree of interpenetrated networks [14-16]. These 43 

approaches can reduce the level of methanol permeability while keeping the proton conductivity at suitable levels.  44 

Several polymer membranes characterized by different chemistry (sulfonated polyethersulfones [17], sulfonated 45 

polysulfones [18], sulfonated polyetherketones [19], sulfonated polyimide [20], sulfonated or acid doped 46 

polybenzimidazole (PBI) [21-23]) were investigated with the aim to reduce methanol cross-over in direct methanol fuel 47 

cells [24]. FUMATECH developed a range of low IEC (high equivalent weight) membranes designed for low methanol 48 

crossover that were based upon long side chain (fumion® F) PFSA blends [24-26]. In the framework of a European 49 

Community FP7 collaborative FCH JU Project, DURAMET (www.duramet.eu), a FUMATECH membrane with a 50 

nominal equivalent weight (EW) of 1800 g·mol
-1

 was investigated and compared to a benchmark Nafion® 115 51 

membrane (from Ion Power) in terms of performance and methanol cross-over. The main results obtained in a 5-cm
2
 52 

single cell are reported in the present paper. The same membrane has been integrated in large-area MEAs (100 cm
2
) and 53 

investigated, for the first time, in a 5–cell and 10–cell stack based on a bipolar design, which consists of a number of 54 

repeating units of membrane-electrode assemblies (MEAs) and bipolar plates, developed within the project [27]. A 55 

bipolar plate separates each MEA, provides an in-series electrical connection between the cells and supplies reactants to 56 

each cell through flow channels manufactured on both sides of the plates. Compared to a monopolar design [28-31], the 57 

stack based on a bipolar configuration has a lower internal resistance and, thus, is suitable for larger stacks. The stack 58 

http://www.duramet.eu/
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equipped with the FUMATECH membrane has been investigated at 75°C feeding a high methanol concentration (5 M) 59 

in order to minimize the size of the fuel reservoir and increase the energy density of the system. 60 

 61 

2. Experimental  62 

The fumapem® F-1850 membrane is a proton exchange membrane based on a perfluorosulfonic acid-type polymer 63 

(fumion® F), developed at FUMATECH laboratories. The fumapem® F-1850 membrane has an equivalent weight 64 

(EW) = 1800 g·mol
-1

 and a thickness of 50 μm [24]. This membrane was integrated in a membrane–electrode assembly 65 

and investigated in a 5-cm
2
 single cell in terms of performance and methanol crossover. The electrodes consisted of 66 

catalytic layers based on 15 wt. % Nafion ionomer (Ion Power, 5 wt. % solution, 1100 EW) and 85 wt. % catalyst, and 67 

commercial backing layers (E-TEK). A Pt−Ru/C catalyst (1:1 atomic ratio) was used as the anode catalyst; a Pt/C 68 

catalyst was used at the cathode for all MEAs. The loadings were 2 mg(Pt + Ru) cm
−2

 for the anode and 1 mgPt ·cm
−2

 for 69 

the cathode. MEAs have been assembled in situ. The compression was kept constant for all the MEAs at 15 kg·cm
−2

. 70 

No thermal treatment was carried out during the MEA assembling. The MEA based on fumapem® F-1850 membrane 71 

have been investigated at 60 °C and  compared to an MEA equipped with the benchmark Nafion® 115 membrane. The 72 

MEAs were tested in a Fuel Cell Technologies, Inc. DMFC test station. For polarization curves, a 2 M methanol 73 

solution was fed at the anode with a flow rate of 3 mL·min
−1

, whereas oxygen was fed at the cathode with a flow rate of 74 

100 mL·min
−1

 under atmospheric pressure. 75 

After the screening in the 5-cm
2
 single cell, the fumapem® F-1850 membrane was used as the electrolyte in a stack 76 

based on bipolar plates, developed for APU applications, with an active electrode area of 100 cm
2
.  It was operated with 77 

a gradient pressure of 2 atm between the cathode and anode compartments. The anode was fed with a 5 M methanol 78 

solution. Two stacks were tested consisting of 5 or 10 cells. The MEAs used in the stack consisted of 5-layers: two 79 

anodic and cathodic Gas Diffusion Layers (GDLs) from SGL Carbon (SGL35DC) and a Catalyst Coated Membrane 80 

(CCM, three layers).  The catalyst loading was 1.8 mg(Pt+Ru) cm
-2 

at the anode and 1.2 mgPt cm
-2

 at the cathode.  81 

DMFC tests were carried out by connecting the fuel cell stack to a fuel cell test station (Hydrogenics). Polarisation 82 

curves were acquired in the galvanostatic mode by increasing the current in steps and recording the corresponding 83 

potential. Chronopotentiometric curves for the DMFC bipolar stack were registered at a constant current of 20 A. 84 

A Varian micro gas-chromatograph was used to analyse the gas stream of the cathode outlet after condensing the liquid 85 

fraction. An Agilent bench gas-chromatograph equipped with flame ionization detector was used for the liquid fraction. 86 

 87 

3. Results and discussion 88 
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The fumapem® F-1850 membrane was first investigated in terms of polarization behavior under fuel cell conditions in 89 

a 5-cm
2
 single cell and compared to the benchmark Nafion® 115 membrane. An estimation of the methanol crossover 90 

was carried out by analyzing of the exhaust gas at the cathode side of the DMFC single cell at different current density 91 

values. The CO2 produced by the oxidation of the methanol permeated to the cathode was analyzed using an online 92 

micro-gas chromatograph. Furthermore, sampled aliquots of the condensed cathode stream were analyzed by a bench 93 

gas-chromatograph. Only traces of unreacted methanol were detected in the condensed stream from the cathode. As 94 

observed in Table 1, in which several characteristics of the fumapem® F-1850 membrane are reported and compared 95 

with Nafion® 115, methanol crossover slightly decreases with the operating current density. Under different operating 96 

current densities, the fumapem® F-1850 membrane shows a lower methanol cross-over rate than Nafion® 115, despite 97 

the lower thickness of the fumapem® F-1850 membrane used in this work (Table 1). This is an important aspect for the 98 

large scale application of this membrane, since it means an increase of fuel utilization and energy density (allowing the 99 

use of high methanol concentration at the anode) and a reduction of costs in terms of raw materials compared to a 100 

benchmark perfluorosulfonic acid membrane characterized by a larger thickness. 101 

 102 

Table 1. Characterization data of the fumapem® F-1850 membrane compared to Nafion® 115.  103 

Membrane properties Unit F-1850 Nafion® 115 

EW (theoretical) g·mol
-1

 1800 1100 

IEC (exp.) mmol·g
-1

 0.5 0.9 

Thickness (dry) μm 50 125 

Solvent uptake in MeOH at 25 °C Wt % 30 54 

Length increase Δl in MeOH at 25 °C % 18 31 

Conductivity in H2O at 25 °C mS·cm
-1

 58 62 

Methanol cross-over at 60 °C and 

0 mA cm
-2

 (OCV) with 5 M alcohol concentration 

mol·cm
-2

·min
-1

 3.48·10
-5

 4.64·10
-5

 

Methanol cross-over at 60 °C and  

40 mA cm
-2 

with 5 M alcohol concentration 

mol·cm
-2

·min
-1

 1.99·10
-5

 4.21·10
-5

 

Methanol cross-over at 60 °C and  

125 mA cm
-2

 with 5 M alcohol concentration 

mol·cm
-2

·min
-1

 1.89·10
-5

 4.13·10
-5

 

 104 

The DMFC performances in a 5-cm
2
 single cell, for the MEAs equipped with the F-1850 and Nafion® 115, are reported 105 

in Fig. 1.  Nafion 115 membrane (125 m in thickness) is the state-of-the-art electrolyte for DMFCs, since it presents 106 
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the best compromise in terms of reduction of methanol cross-over and suitable cell resistance. Thus, in this paper, we 107 

have selected Nafion 115 as reference membrane in order to assess the reliability of the fumapem® F-1850 membrane 108 

in comparison with this reference. As a preliminary screening and in order to compare the results with the literature, a 2 109 

M methanol solution was used at the anode compartment and oxygen at the cathode. The MEA based on F-1850 110 

membrane showed an open circuit voltage (OCV) similar to the Nafion®115-based cell, despite the significantly lower 111 

thickness of the membrane in the former MEA. Since the OCV is an indication of the permeability characteristics of a 112 

membrane, the value of 0.77 V reached at 60°C, with 2 M methanol solution at the anode, suggests low methanol cross-113 

over characteristics of the membrane, as confirmed by the measurements recorded with high methanol concentration (5 114 

M) reported in Table 1. The performance obtained with the MEA based on F-1850 membrane is better than that with 115 

Nafion® 115 both in terms of maximum power and current density. Moreover, these results are in line with literature 116 

reports dealing with the use of Nafion NR 212 or recast Nafion with similar thickness of the F-1850 membrane or 117 

commercial membrane-based MEAs [32-36], taking into account that low catalyst loadings were used in the present 118 

work. 119 

 120 

Fig. 1. Polarization and power density curves for the MEAs equipped with the F-1850 and Nafion 115 membranes at 121 

60 °C, 2 M methanol. 122 

 123 

The stack was initially assembled with 5 cells and subsequently with 10 cells; some pictures of the assembling steps, 124 

with current collectors, graphite plates and clamping plates, are reported in Fig. 2 together with the complete stack. 125 

More details about the stack properties and configuration are reported in a previous report [27]. 126 
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 127 

 128 

Fig. 2. Pictures of bipolar-plate-based stack assembling and the final 10-cell stack based on fumapem® F-1850 129 

membrane. 130 

 131 

The 5-cell stack was electrochemically investigated by feeding a 5 M methanol solution to increase the energy density 132 

of the system and reduce the volume of the fuel reservoir. The 5-cell stack produced a maximum power of 63.5 W at 133 

470 mA cm
-2

 and 1.35 V (Fig. 3, top). In terms of normalised power density, it corresponds to about 130 mW cm
-2

 with 134 

an averaged cell voltage of 0.27 V (Fig. 3, bottom). The normalised performance is lower than that reported in a 135 

previous paper for the same stack equipped with Nafion® 115 membranes [27]. This is attributed to the different 136 

operating temperatures of the two stacks (75°C in the present case, 90°C in the previous paper [27]). Since the stack 137 

was self-heating, the actual operating temperature depended on the methanol cross-over properties of the membranes 138 
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and on the irreversibility of the electrochemical reactions [37]. The heat released by the stack generally increases with 139 

the irreversibility of the electrochemical process at high currents but also decreases with the reduction of methanol 140 

cross-over. Methanol cross-over is lower at high current density compensating in part the previous effect [37]. Being the 141 

FUMATECH F-1850 membrane characterized by a lower methanol permeability than Nafion® 115 membrane, as 142 

reported above, the stack could not reach 90°C, as in the previous work [27]. The temperature of 75°C was regulated by 143 

selecting proper recirculation rate for the methanol solution fed to the anode, which also worked as cooling system.  144 

There are several reports in the literature concerning with the investigation of DMFC stacks based on a bipolar 145 

configuration. Most of the achievements in this field have been reported in a review paper by Li and Faghri [38]. Dohle 146 

et al. [39] developed a DMFC stack consisting of 71 cells with an electrode area of 144 cm
2
, with stainless steel and 147 

gold-plated stainless steel current collectors. The fuel cell stack achieved a power density of 30.4 mW cm
-2

 at 64 °C 148 

with 1 M methanol solution and air under ambient pressure and 150 mW cm
-2

 using oxygen at 3 bar absolute pressure 149 

with 1 M methanol solution at 80 °C. Jiang et al. [40] designed a DMFC stack with a metal foam flow field, reaching an 150 

average power output of 26 mW cm
−2

. Buttin et al. [41] demonstrated a 150 W DMFC stack with five cells by feeding 1 151 

M of methanol and air at 3 atm, with an average power density of about 140 mWcm
−2

 at 110°C.  Gogel et al. [42] 152 

showed that a DMFC stack made up of 12 cells using Nafion® 105 could be operated in a temperature range of 70°C 153 

and 90°C and exhibited a power density about 60 mW cm
−2

 at 0.5V.  A 50 W stack was developed at KIST by Kim et 154 

al. [43] feeding 2 M methanol. The maximum power density was found to be 85 mW cm
−2

 in air and 154 mW cm
−2

 in 155 

oxygen. Oedegaard and Hentschel [44] developed a DMFC stack consisting of twelve cells with a 49 cm
2
 active area 156 

for each cell. The normalized power density per cell was 50 mW cm
-2

 with 1 M methanol solution and air supplied at 60 157 

°C. 158 

The novelty of the present work relies on the use of a cheaper membrane, with lower methanol permeability compared 159 

to Nafion® commonly used in the previous described papers. The low methanol crossover characteristics allowed the 160 

use of a concentrated methanol solution (5 M), which means longer times of running before refuelling. A suitable 161 

performance was achieved under these operating conditions that favourably compares to Nafion®-based stacks reported 162 

in the literature and operating with lower or similar methanol concentration. 163 

 164 



8 

 

 165 

 166 

 167 

 168 

Fig. 3. Polarisation curves for the overall stack (top) and normalized cell performance (bottom). Self-heating 5-cell 169 

stack fed with 5 M methanol solution. The internal temperature reached about 75°C. Stoichiometry: =4 both for fuel 170 

and oxidant. 171 
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 173 
 174 

Fig. 4 Time-test at 20 A with shut-down/start-up cycles for the 5-cell stack, operating under self-heating mode (ca. 175 

75°C) and fed with 5 M Methanol. 176 

 177 

A short time test (about 1200 minutes) with two shut-down and start-up events (at 260 and 860 min) was carried out by 178 

imposing a constant current of 20 A (Fig. 4); the 5-cell bipolar stack delivered an averaged power of about 45 W at a 179 

mean voltage of 2.3 V. During operation, some recoverable voltage losses were registered. This was interpreted as due 180 

to an increased coverage of CO-like species at the anode surface and the cathode poisoning by methanol cross-over. 181 

These losses were almost recovered after each shut-down/start-up cycle, as reported also in the literature for systems 182 

operating for longer times [45, 46].  183 

After the positive results obtained with the 5-cell stack, a 10-cell stack based on the same membrane was manufactured 184 

and investigated under similar operating conditions. A comparison of the polarisation behaviour of the 5-cell and 10-185 

cell stacks, in which minimal differences were recorded, is shown in Fig. 5. The behaviour of the 10-cell stack appears 186 

even better than that based on 5 cells, in particular in the activation region. This could be explained in terms of the 187 

internal temperature of each MEA, which was slightly larger than 75°C for the 10-cell stack. The results showed that 188 

the bipolar stack is characterised by appropriate modular properties. 189 
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 190 
 191 

Fig. 5. Comparison between 5-cell and 10-cell stack polarisations. 192 

 193 

4. Conclusions  194 

A FUMATECH membrane based upon long side chain PFSA blend, with a nominal EW of 1800 g mol
-1

, designed for 195 

low methanol crossover, was investigated in a direct methanol fuel cell and compared to a benchmark Nafion® 115 196 

membrane. The new membrane showed lower methanol permeability resulting in an enhanced DMFC performance. 197 

MEAs based on the FUMATECH membrane were investigated in a pressurized, self-heating DMFC stack showing 198 

excellent power densities (130 mW cm
-2

) that favourably compare to the literature reports on Nafion®-based DMFC 199 

stacks. The system also showed excellent modular properties. The FUMATECH membrane, thus, appears as a suitable 200 

alternative to Nafion® for application in DMFC stacks designed for auxiliary power units. 201 

 202 

Acknowledgements 203 

The research leading to these results has received funding from the European Community's Seventh Framework 204 

Programme (FP7/2011 - 2014) for the Fuel Cells and Hydrogen Joint Technology Initiative under grant agreement 205 

DURAMET n°278054. 206 

 207 

 208 

 209 

STACK ITAE COMPARISON 5-10 CELLS 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 50 100 150 200 250

Current Density / mA cm
-2

A
v

e
ra

g
e

 C
e

ll
 V

o
lt

a
g

e
 /
 V

0

40

80

120

160

200

A
v

e
ra

g
e

 P
 D

e
n

s
it

y
 /
 m

W
 c

m
-2

AEV5 F-1850 (5 Cells)

ACCB F-1850 (10 Cells)

Pol 60 °C Pa = 0 bar rel; Pc = 2 bar rel



11 

 

References 210 

[1] Sgroi, M.F., Zedde, F., Barbera, O., Stassi, A., Sebastián, D., Lufrano, F., Baglio, V., Aricò, A.S., Bonde, J.L., 211 

Schuster, M. Cost analysis of direct methanol fuel cell stacks for mass production (2016) Energies, 9 (12), art. no. 1008. 212 

[2] Tiwari, J.N., Tiwari, R.N., Singh, G., Kim, K.S. Recent progress in the development of anode and cathode catalysts 213 

for direct methanol fuel cells (2013) Nano Energy, 2 (5), pp. 553-578. 214 

[3] Kamarudin, S.K., Achmad, F., Daud, W.R.W. Overview on the application of direct methanol fuel cell (DMFC) for 215 

portable electronic devices (2009) International Journal of Hydrogen Energy, 34 (16), pp. 6902-6916. 216 

[4] Zakil, F.A., Kamarudin, S.K., Basri, S. Modified Nafion membranes for direct alcohol fuel cells: An overview 217 

(2016) Renewable and Sustainable Energy Reviews, 65, pp. 841-852. 218 

[5] Lufrano, F., Baglio, V., Staiti, P., Antonucci, V., Arico', A.S. Performance analysis of polymer electrolyte 219 

membranes for direct methanol fuel cells (2013) Journal of Power Sources, 243, pp. 519-534. 220 

[6] D'Urso, C., Oldani, C., Baglio, V., Merlo, L., Aricò, A.S. Towards fuel cell membranes with improved lifetime: 221 

Aquivion® Perfluorosulfonic Acid membranes containing immobilized radical scavengers (2014) Journal of Power 222 

Sources, 272, pp. 753-758. 223 

[7] Ahmed, M., Dincer, I. A review on methanol crossover in direct methanol fuel cells: Challenges and achievements 224 

(2011) International Journal of Energy Research, 35 (14), pp. 1213-1228. 225 

[8] Deluca, N.W., Elabd, Y.A. Polymer electrolyte membranes for the direct methanol fuel cell: A review (2006) 226 

Journal of Polymer Science, Part B: Polymer Physics, 44 (16), pp. 2201-2225. 227 

[9] Roziére, J., Jones, D.J. Non-fluorinated polymer materials for proton exchange membrane fuel cells (2003) Annual 228 

Review of Materials Research, 33, pp. 503-555. 229 

[10] Neburchilov, V., Martin, J., Wang, H., Zhang, J. A review of polymer electrolyte membranes for direct methanol 230 

fuel cells (2007) Journal of Power Sources, 169 (2), pp. 221-238. 231 

[11] Baglio, V., Di Blasi, A., Aricò, A.S., Antonucci, V., Antonucci, P.L., Nannetti, F., Tricoli, V. Investigation of the 232 

electrochemical behaviour in DMFCs of chabazite and clinoptilolite-based composite membranes (2005) 233 

Electrochimica Acta, 50,  pp. 5181-5188. 234 

[12] Maranesi, B.; Hou, H.; Polini, R.; Sgreccia, E.; Alberti, G.; Narducci, R.; Knauth, P.; di Vona, M.L. Cross-linking 235 

of sulfonated poly(ether ether ketone) by thermal treatment: How does the reaction occur? (2013) Fuel Cells, 13, pp. 236 

107–117. 237 

[13] Giffin, G.A.; Piga, M.; Lavina, S.; Navarra, M.A.; D’Epifanio, A.; Scrosati, B.; Di Noto, V. Characterization of 238 

sulfated-zirconia/Nafion® composite membranes for proton exchange membrane fuel cells (2012) J. Power Sources, 239 

198, pp. 66–75. 240 

[14] Kim, D.S.; Kim, Y.S.; Guiver, M.D.; Pivovar, B.S. High performance nitrile copolymers for polymer electrolyte 241 

membrane fuel cells. (2008) J. Membr. Sci., 321, pp. 199–208. 242 

[15] Li, W.; Manthiram, A.; Guiver, M.D.; Liu, B. High performance direct methanol fuel cells based on acid-base 243 

blend membranes containing benzotriazole (2010) Electrochem. Commun., 12, pp. 607–610. 244 

[16] Kerres, J.; Zhang, W.; Ullrich, A.; Tang, C.M.; Hein, M.; Gogel, V.; Frey, T.; Jorissen, L. Synthesis and 245 

characterization of polyaryl blend membranes having different composition, different covalent and/or ionical cross-246 

linking density, and their application to DMFC (2002) Desalination, 147, pp. 173–178. 247 

[17] Miyatake, K., Chikashige, Y., Watanabe, M. Novel sulfonated poly(arylene ether): A proton conductive polymer 248 

electrolyte designed for fuel cells (2003) Macromolecules, 36 (26), pp. 9691-9693.  249 



12 

 

[18] Lufrano, F., Baglio, V., Staiti, P., Arico', A.S., Antonucci, V. Polymer electrolytes based on sulfonated polysulfone 250 

for direct methanol fuel cells (2008) Journal of Power Sources, 179 (1), pp. 34-41. 251 

[19] Gil, M., Ji, X., Li, X., Na, H., Hampsey, J.E., Lu, Y. Direct synthesis of sulfonated aromatic poly(ether ether 252 

ketone) proton exchange membranes for fuel cell applications (2004) Journal of Membrane Science, 234 (1-2), pp. 75-253 

81.  254 

[20] Woo, Y., Oh, S.Y., Kang, Y.S., Jung, B. Synthesis and characterization of sulfonated polyimide membranes for 255 

direct methanol fuel cell (2003) Journal of Membrane Science, 220 (1-2), pp. 31-45. 256 

[21] Kerres, J., Atanasov, V. Cross-linked PBI-based high-temperature membranes: Stability, conductivity and fuel cell 257 

performance (2015) International Journal of Hydrogen Energy, 40 (42), pp. 14723-14735. 258 

[22] Villa, D.C., Angioni, S., Quartarone, E., Righetti, P.P., Mustarelli, P. New sulfonated PBIs for PEMFC application 259 

(2013) Fuel Cells, 13 (1), pp. 98-103. 260 

[23] Angioni, S., Villa, D.C., Barco, S.D., Quartarone, E., Righetti, P.P., Tomasi, C., Mustarelli, P. Polysulfonation of 261 

PBI-based membranes for HT-PEMFCs: A possible way to maintain high proton transport at a low H3PO4 doping level 262 

(2014) Journal of Materials Chemistry A, 2 (3), pp. 663-671. 263 

[24] Aricò, A.S., Sebastian, D., Schuster, M., Bauer, B., D’Urso, C., Lufrano, F., Baglio, V. Selectivity of direct 264 

methanol fuel cell membranes (2015) Membranes, 5 (4), pp. 793-809. 265 

[25] Zhang, Y.M.; Li, L.; Tang, J.K.; Bauer, B.; Zhang, W.; Gao, H.R.; Taillades-Jacquin, M.; Jones, D.J.; Rozière, J.; 266 

Lebedeva, N.; et al. Development of covalently cross-linked and composite perfluorosulfonic acid membranes. ECS 267 

Trans. 2009, 25, 1469–1472. 268 

[26] Gatto, I.; Stassi, A.; Baglio, V.; Carbone, A.; Passalacqua, E.; Aricò, A.S.; Schuster, M.; Bauer, B. Optimization of 269 

perfluorosulphonic ionomer amount in gas diffusion electrodes for PEMFC operation under automotive conditions. 270 

Electrochim. Acta 2015, 165, 450–455. 271 

[27] Barbera, O., Stassi, A., Sebastian, D., Bonde, J.L., Giacoppo, G., D'Urso, C., Baglio, V., Aricò, A.S. Simple and 272 

functional direct methanol fuel cell stack designs for application in portable and auxiliary power units (2016) 273 

International Journal of Hydrogen Energy, 41 (28), pp. 12320-12329. 274 

[28] Baglio, V., Stassi, A., Matera, F.V., Antonucci, V., Aricò, A.S. Investigation of passive DMFC mini-stacks at 275 

ambient temperature (2009) Electrochimica Acta, 54 (7), pp. 2004-2009. 276 

[29] Kim, D., Cho, E.A., Hong, S.-A., Oh, I.-H., Ha, H.Y. Recent progress in passive direct methanol fuel cells at KIST 277 

(2004) Journal of Power Sources, 130 (1-2), pp. 172-177. 278 

[30] Guo, Z., Faghri, A. Development of planar air breathing direct methanol fuel cell stacks (2006) Journal of Power 279 

Sources, 160, pp. 1183-1194. 280 

[31] Zhao, T.S., Chen, R., Yang, W.W., Xu, C. Small direct methanol fuel cells with passive supply of reactants (2009) 281 

Journal of Power Sources, 191 (2), pp. 185-202. 282 

[32] Osmieri, L., Escudero-Cid, R., Monteverde Videla, A.H.A., Ocón, P., Specchia, S. Performance of a Fe-N-C 283 

catalyst for the oxygen reduction reaction in direct methanol fuel cell: Cathode formulation optimization and short-term 284 

durability (2017) Applied Catalysis B: Environmental, 201, pp. 253-265. 285 

[33] Sebastián, D., Serov, A., Artyushkova, K., Gordon, J., Atanassov, P., Aricò, A.S., Baglio, V. High Performance 286 

and Cost-Effective Direct Methanol Fuel Cells: Fe-N-C Methanol-Tolerant Oxygen Reduction Reaction Catalyst (2016) 287 

ChemSusChem, 9, pp. 1986-1995. 288 

[34] Yan, J., Huang, X., Moore, H.D., Wang, C.-Y., Hickner, M.A. Transport properties and fuel cell performance of 289 

sulfonated poly(imide) proton exchange membranes (2012) Int. J. Hydrogen Energy, 37, pp.  6153-6160. 290 



13 

 

[35] Krishnan, N.N., Henkensmeier, D., Jang, J.H., Kim, H.-J., Ha, H. Y., Nam S.W. Alkyl chain modified sulfonated 291 

poly(ether sulfone) for fuel cell applications (2013) Int. J. Hydrogen Energy, 38, pp.  2889-2899. 292 

[36] Cai, W., Fan, K., Li, J., Ma, L., Xu, G., Xu, S., Ma, L., Cheng, H. A bi-functional polymeric nano-sieve Nafion 293 

composite membrane: Improved performance for direct methanol fuel cell applications (2016) Int. J. Hydrogen Energy 294 

41, pp. 17102-17111. 295 

[37] Aricò, A.S., Baglio, V., Antonucci, V. Direct Methanol Fuel Cells: History, Status and Perspectives (2009) 296 

Electrocatalysis of Direct Methanol Fuel Cells: From Fundamentals to Applications, pp. 1-78. 297 

DOI:10.1002/9783527627707.ch1 298 

[38] Li, X., Faghri, A. Review and advances of direct methanol fuel cells (DMFCs) part I: Design, fabrication, and 299 

testing with high concentration methanol solutions (2013) Journal of Power Sources, 226, pp. 223-240. 300 

[39] Dohle, H., Schmitz, H., Bewer, T., Mergel, J., Stolten, D. Development of a compact 500 W class direct methanol 301 

fuel cell stack (2002) Journal of Power Sources, 106 (1-2), pp. 313-322.  302 

[40] Jiang, R., Rong, C., Chu, D. Determination of energy efficiency for a direct methanol fuel cell stack by a fuel 303 

circulation method (2004) Journal of Power Sources, 126 (1-2), pp. 119-124. 304 

[41] Buttin, D., Dupont, M., Straumann, M., Gille, R., Dubois, J.-C., Ornelas, R., Fleba, G.P., Ramunni, E., Antonucci, 305 

V., Aricò, A.S., Cretì, P., Modica, E., Pham-Thi, M., Ganne, J.-P. Development and operation of a 150 W air-feed 306 

direct methanol fuel cell stack(2001) Journal of Applied Electrochemistry, 31 (3), pp. 275-279.  307 

[42] Gogel, V., Frey, T., Yongsheng, Z., Friedrich, K.A., Jörissen, L., Garche, J. Performance and methanol permeation 308 

of direct methanol fuel cells: Dependence on operating conditions and on electrode structure (2004) Journal of Power 309 

Sources, 127 (1-2), pp. 172-180. 310 

[43] Kim, D., Lee, J., Lim, T.-H., Oh, I.-H., Ha, H.Y. Operational characteristics of a 50 W DMFC stack (2006) Journal 311 

of Power Sources, 155 (2), pp. 203-212.  312 

[44] Oedegaard, A., Hentschel, C. Characterisation of a portable DMFC stack and a methanol-feeding concept (2006) 313 

Journal of Power Sources, 158 (1), pp. 177-187. 314 

[45] Masdar, M.S., Zainoodin, A.M., Rosli, M.I., Kamarudin, S.K., Daud, W.R.W. Performance and stability of single 315 

and 6-cell stack passive direct methanol fuel cell (DMFC) for long-term operation. International Journal of Hydrogen 316 

Energy, (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.123  317 

[46] Kimiaie, N., Wedlich, K., Hehemann, M., Lambertz, R., Müller, M., Korte, C., Stolten, D. Results of a 20 000 h 318 

lifetime test of a 7 kW direct methanol fuel cell (DMFC) hybrid system-degradation of the DMFC stack and the energy 319 

storage (2014) Energy and Environmental Science, 7 (9), pp. 3013-3025. 320 


