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A thin layer of nanometer-sized Pt50-Sn50 catalyst particles deposited onto the proton exchange 

membrane (PEM) surface that served as methanol filter was prepared by the impregnation-reduction 

(IR) method to mitigate the methanol crossover and improve the utilization efficiency of methanol 

fuel. The mitigation of methanol crossover and performance of MEA containing this Pt50-Sn50 layer 

had been measured and compared to those of normal-MEA which had no treatment on PEM. This 

paper investigated and presented possible mechanism of the suppression of methanol crossover of the 

proposed MEA structure. SEM, X-ray, EDS and EPMA analysis were used to characterize 

microstructures, phases, chemical composition and distributions of the obtained electrocatalyst layers. 

Methanol crossover rate in a DMFC was determined by measuring the CO2 concentration at the 

cathode exhaust in real time. The result demonstrated that the MEA with a layer of nanometer-sized 

Pt50-Sn50 catalyst particles suppressed methanol crossover by up to 17% more than that of the normal-

MEA, and improved MEA performance by 8% at 80℃. However, at 60℃ the MEA performance 

dropped by 8% although the mitigation of methanol crossover was also observed. The Pt50-Sn50 layer 

in PEM acted both as a methanol filter and an electrode. The dual-role contributed to the suppression 

of methanol crossover and improvement of performance. Indeed, the reduction of conductivity of PEM 

with the existence of a Pt50-Sn50 layer in PEM surface has negatively impacted the output cell 

performance, especially at 60℃. 
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1. INTRODUCTION 

Direct methanol fuel cells (DMFC) are attractive for transportation and portable applications 

for several reasons, e.g., easy refueling and simple fuel storage, elimination of fuel reforming, 

simplified system design, etc. Methanol crossover is one of the most critical barriers to the 

commercialization of DMFC [1-3]. This is because un-reacted methanol diffuses from anode to 

cathode through the Nafion® membrane, causes a mixed potential and reduces the cell performance as 

well as the fuel utilization. Furthermore, the crossed-over methanol poisons the cathode Pt catalyst and 

reduces the output current density. Therefore, the methanol crossover should be reduced to increase the 

efficiency and stability of DMFC before this technology can becomes commercially viable. In this 

respect, several approaches have been studied and reported that can suppresses methanol crossover. 

These approaches include: 1) the development of a new membrane with low methanol permeability 

without sacrificing the proton conductivity [4-11], 2) ion-exchanging appropriate amount of Ce
4+

 into 

the proton exchange membrane (PEM) [12], 3) making a barrier of methanol crossover of Pd metal 

layer that deposited on the PEM surface to form a sandwich structure [13-14], 4) dispersion of 

nanometer-sized Pt particles into the PEM to react the crossed-over methanol [15], and 5) using the 

electrodeposition technique to deposit the Pt nanowires into a Nafion membrane surface [16]. 

Recently, our laboratory has proposed a new approach to mitigate methanol crossover [3]. A 

reactive methanol filter containing a layer of Pt-Ru catalyst deposited in the PEM anode side surface 

using the impregnation-reduction (IR) method, has shown significant suppresses of methanol crossover 

and performance improvement. The filtering effect of reactive methanol filter depends on the catalyst 

reaction rate over the Pt-Ru catalyst at the PEM surface. Based on this result, it is important to 

understand the suppression of methanol crossover and the performance improvement using a different 

binary Pt-based electrocatalyst, such as Pt-Sn. The selection of Pt-Sn as the catalyst for reactive 

methanol filter is because the electrocatalyst activity of Pt-Ru and Pt-Sn toward methanol is better than 

that of other binary Pt-based electrocatalyst such as Pt-Re, Pt-W et. al [18-19]. Furthermore, the Pt-Sn 

electrocatalyst is cheaper than Pt-Ru, lowering the DMFC’s cost and make it more feasible for 

commercialization.  

This paper presented a method that deposited an inner catalyst layer containing nanometer-

sized Pt50-Sn50 catalyst particles on the PEM anode side surface using the impregnation-reduction 

method (IR), to mitigate methanol crossover and improve the fuel utilization as well as the cell 

performance. Figure 1 shows the proposed PEM and MEA structures. The effects of a layer of Pt50-

Sn50 catalyst deposited on the PEM anode side on the suppression of methanol crossover and the MEA 

performance are discussed. The possible mechanism of the suppression of methanol crossover for the 

proposed MEA structure is also investigated.  

 

 

 

2. EXPERIMENTAL DETAILS 

Figure 1 presents the proposed MEA structure, which is denoted as MEA-Pt-Sn, containing the 

Pt50-Ru50 anode, Pt50-Sn50 inner catalyst layer on the Nafion membrane surface and Pt cathode.  
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Figure 1. Diagram of the proposed anode and MEA structure. 

 

A layer of Pt-Sn (0.90 mg Pt50-Sn50 cm
-2

) deposited onto the membrane surface is acted as a reactive 

methanol filter. The anode comprises a screen-printed Pt50-Ru50 layer on the gas diffusion layer (GDL) 

and a direct-printed Pt50-Ru50 layer on proton exchange membrane (PEM) with resulted anode loading 

of 3.00 mg Pt50-Ru50 cm
-2

. The cathode consists of a screen-printed Pt layer on the GDL and a direct-

printed Pt layer on PEM with resulted cathode loading of 3.30 mg Pt cm
-2

. In order to understand the 

effect of a Pt-Sn layer on the mitigation of methanol crossover and cell performance, we prepared a 

normal-MEA that contains PEM without any treatment and has the identical anode and cathode as that 

of MEA-Pt-Sn. Table 1 lists the loadings of anode and cathode for both MEAs.  

Nafion 117 (DuPont, Inc., USA) was used as a polymer electrolyte membrane in each case. 

Before they were used, each membrane was first boiled in 3~5% hydrogen peroxide and then boiled in 

0.5M sulfuric acid. It was then washed in reagent-grade water and finally stored in water. 

 

2.1. Preparation of a Pt-Sn layer deposited on PEM surface  

The reagent-grade water, produced using a Milli-Q SP ultrapure-water purification system from 

Nihon Millipore Ltd., Tokyo, was used as the solvent in all reactions. The pre-treated Nafion-117 was 

placed on the armed-side of a reactor designed in-house in order to provide anode-side only deposition. 

0.1192g of SnCl2 (Acros Organics) was added into 80ml of water and stirred for 20 minutes. The 

resulted solution was then moved to the reactor, followed by adding 14ml of HPLC-grade methanol in 

order to carry out the ion-exchange process of Sn precursor at 70℃ for 3 hours. Next, 0.0965g of 

[Pt(NH3)4]Cl2 (Alrich®) was added into the SnCl2 solution for 40 minutes. After no residue Pt and Sn 

ions were detected in the reactor, 0.3620g of NaBH4 (Acros Organics) was added into methanol 

(3.8M) solution to conduct the reduction reaction at 70℃ for 30 minutes. After removing the NaBH4 
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solution, the resulting Nafion membrane was treated with 1M H2SO4 at 80℃ for 2~3 hours to replace 

the non-reacted Pt and Sn precursors with protons to yield the fully H
+
 form of PEM. Finally, the 

deposited Pt-Sn layer on PEM surface with loading of 0.90 mg cm
-2

, as shown in table 1, was obtained 

when the H2SO4 had been fully washed out from PEM.  

 

Table 1. Catalyst loadings of MEAs. 

 

Sample code Loading of Pt-Sn layer in 

PEM surface 

(mg Pt50-Sn50 cm
-2

) 

Anode loading 

(mg Pt50-Ru50 cm
-2

) 

Cathode loading 

(mg Pt cm
-2

) 

MEA-Pt-Sn 0.90 3.00 3.30 

Normal-MEA ---- 3.00 3.30 

 

2.2. Preparation of anode and cathode 

The backing layer was prepared by screen-printing the carbon powder (Vulcan XC-72) solution 

containing 5% Nafion solution (DuPont) onto the carbon cloth. The anode catalyst ink consisted of 

aqueous dispersions of Pt50-Ru50 (Alfa Aesar), 5% Nafion solution and isopropanol, while the cathode 

ink composed of aqueous dispersions of 20%Pt/C (BASF Fuel Cell), 5% Nafion solution and 

isopropanol. The detailed preparation procedures were described in [3, 17]. The total anode loading 

that produced from Pt50-Ru50 catalyst layer on GDL and PEM surface was 3.00 mg Pt50-Ru50 cm
-2

, 

while the total cathode loading was 3.30 mg Pt cm
-2

, as shown in table 1.  

 

2.3. Preparation of MEA-Pt-Sn and normal-MEA 

The Nafion membrane containing a Pt50-Ru50 layer that was directly printed on the anode side 

and a Pt layer on the cathode side was placed between the two GDL electrodes. The MEA-Pt-Sn was 

finally produced by applying a pressure of 5~6 MPa at 139℃ for 1.7 minutes. The anode and cathode 

of normal-MEA was identical to that of MEA-Pt-Sn and prepared by the same procedure described in 

section 2-2. The PEM without Pt-Sn layer was placed between the two GDL electrodes. Hot-pressing 

this sandwich structure with a pressure of 5-6 MPa at 139℃ for 1.7 minutes formed the normal-MEA. 

 

2.4. Characterization of Pt-Sn layer  

The surface morphology, thickness and distributions of the Pt-Sn layers on Nafion membrane 

surface were characterized by a field emission scanning electron microscope, FESEM (JEOL, JSM-

6700F), with an energy-dispersive spectrometer, EDS (OXFORD INSTRUMENTS, INCAx-sight 

7557). The compositions of Pt-Sn layer were determined through an electron probe micro-analysis, 

EPMA (JEOL, JXA- 8500F). The PANalytical X-ray diffractometer X’ Pert Pro using CuKα radiation 
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source operating at 40kV and 30mA was used to investigate the X-ray diffraction (XRD) patterns of 

the deposited Pt-Sn layers.  

 

2.5. Evaluation of MEA 

The performance evaluation of MEA was conducted through a single cell test fixture (5cm
2
), 

supplied by Electrochem Inc., USA, with serpentine flow pattern on graphite plates. 2M methanol as 

anode fuel and dry oxygen gas as cathode fuel were fed into the test fixture at flow rates of 1 and 400 

ml min
-1

, respectively. The quantity of crossed-over methanol at the cathode side was monitored by 

measuring the steady-state concentration of CO2 in the cathode exhaust (after trapping water in an ice 

trap) using a CO2 sensor. We assumed that the detected CO2 at the cathode side was exclusively 

produced from the crossed-over methanol. Therefore, the crossover rate of methanol could be 

calculated from the amount of produced CO2. All CO2 concentration remains steady after 15 minutes 

into the test. The output current and voltage as well as the CO2 concentrations at the cathode side were 

measured when the CO2 concentration remains steady after 1 hour. The polarization curves and the 

suppression of methanol crossover of the DMFC were investigated at 60 and 80℃. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Physicochemical characterization of Pt-Sn layer  

Figure 2 showed the SEM image of a Pt-Sn layer deposited onto the Nafion membrane surface 

using the IR method. Nano-spheres particles with average size of 50±10nm are well-dispersed on the 

surface.  

 

 
 

Figure 2. SEM pictures of Pt50-Sn50 layer directly deposited onto the PEM surface using the IR 

method. 

 

The X-ray diffraction (XRD) pattern at an X-ray incidence angle of 1˚ for this sample was 

shown in figure 3(b). In order to determine the alloy phase for Pt-Sn layer, we also measured the XRD 

patterns for pure Pt and Sn that deposited on the Nafion membrane surface at the same incidence 
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angle, as shown in figure 3(c) and 3(a). Figure 3(c) showed the characteristic peaks of Pt element at the 

positions of 40.07°, 46.34°, 67.69° and 81.55°, indicating the existence phase is pure Pt. Figure 3(a) 

demonstrated the characteristic peaks of Sn in the FCC structure, suggesting the existence of Sn with 

low degree of crystalline phase. 

  

 

 

Figure 3. X-ray diffraction patterns of pure Pt, Sn and Pt-Sn alloy layers. 

 

In Figure 3(c), the characteristic peak of Pt (111) face was strong and sharp at 40.07°. In 

contrast, no peak was observed at the corresponding peak position for pure Sn. Consequently, the Pt 

(111) face peak was chosen as the reference peak to confirm the existence of alloy phase by comparing 

the lattice constants of the obtained Pt-Sn and pure Pt samples. Calculation from Bragg’s equation 

yielded a lattice constant of 3.920Å for pure Pt and 3.970Å for Pt-Sn, respectively. It is known that the 

lattice constant for pure Sn in FCC structure is larger than that of pure Pt [20]. The Sn atom was 

incorporated into the Pt FCC structure, then the lattice constant for Pt-Sn will become longer than that 

of Pt. Evidently, the lattice constant of Pt-Sn obtained from XRD was larger than that of pure Pt; 

confirming that the deposited layer was a Pt-Sn alloy phase.  

The determination of the composition of the thin film was unable to obtain from the lattice 

parameter derived from XRD because of the substrate effect of the GID method. Electron probe micro-

analysis (EPMA), on the other hand, can accurately measure the atomic ratio of the thin film, and was 

thus applied to determine the composition of it. The EPMA result (an average over 25 points) 
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demonstrated that the atomic ratio of Pt to Sn was about 50:50. The surface mapping of this layer using 

the EDS also showed similar results, suggesting well dispersion of Pt-Sn alloy phase in the layer. 

 

 
 

Figure 4. Cross-sectional SEM view (x5k) of Pt50-Sn50 layer deposited onto the Nafion membrane 

surface in (A) the normal image mode; (B) the BEI image mode. 

 

 

Figure 5. Cyclic voltammograms (CV) profiles for a Pt50-Sn50 layer directly deposited onto the PEM 

surface tested in a solution of 0.5M H2SO4 and 0.1M methanol at 25℃. 

 

The cross-sectional SEM view of the deposited Pt-Sn layer was shown in figure 4. Comparing 

the morphology on the surface, two different microstructures were found. Supporting results from the 

BEI image mode and EDS indicated that the upper layer was a metalized Pt-Sn layer with a thickness 

of 1.09μm. The Pt50-Sn50 alloy layer concentrated at the surface of Nafion membrane that was adjacent 
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to the direct-printed Pt50-Ru50 anode catalyst layer indicated a good contact between the deposited Pt-

Sn layer and Pt50-Ru50 anode catalyst layer. The density of Pt-Sn layer was calculated from dividing 

the Pt50-Sn50 loading by the thickness of the deposited Pt-Sn layer, and yielded a layer density of 9.47g 

cm
-3

.  

Figure 5 presented the cyclic voltammograms (CV) profiles for a layer of Pt50-Sn50 nano-

particles directly deposited onto the Nafion membrane surface tested in a solution of 0.5M H2SO4 and 

0.1M methanol at a scanning rate of 50 mV sec
-1

. The onset potential of methanol oxidation occured at 

0.37V and the current density at 0.65V was 0.083 mA cm
-2

 (0.092 A g
-1

). This result indicated a layer 

of Pt50-Sn50 directly deposited onto the PEM surface can oxidize methanol and function as an 

electrode. Note that the onset potential of methanol oxidation (0.37V) for Pt-Sn layer was higher than 

that of ethanol oxidation (0.31V) [17]. Furthermore, the peak current density for methanol oxidation 

was smaller than that of ethanol oxidation (0.11 mA cm
-2

). This suggested the catalytic activity of Pt-

Sn alloy toward the ethanol oxidation was better than that of methanol oxidation, which is consistent 

with literature [21].  

 

3.2. Performance and suppression of methanol crossover  

Figure 6 showed the CO2 concentration detected at the cathode exhaust varied with the current 

density for MEA-Pt-Sn and normal-MEA. The solid and hallow symbols represented the MEA-Pt-Sn 

and normal-MEA operated at cell temperature of 80 and 60℃, respectively.  
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Figure 6. Steady-state CO2 concentrations at the cathode exhaust varied with the current density for 

MEA-Pt-Sn and normal-MEA at 60℃and 80℃, respectively. 
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The CO2 concentrations for MEA-Pt-Sn at 80 and 60℃ were lower than that of normal-MEA 

by up to 17% and 15%, respectively, indicating the presence of a layer of Pt-Sn deposited onto the 

PEM surface suppressed the methanol crossover. Figure 7 showed the output voltage-current curves 

for MEA-Pt-Sn and normal-MEA at 80 and 60℃, respectively. The open-circuit voltages (OCVs) of 

MEA-Pt-Sn at 60℃ and 80℃ were 0.673V and 0.730V, while the OCVs of normal-MEA were 0.630V 

and 0.678V, respectively. It is known that the OCVs of DMFC increase with the occurrence of 

suppression of methanol crossover [22]. Therefore, the increments of OCVs of 0.043V and 0.052V at 

60℃ and 80℃ for MEA-Pt-Sn were attributed to the mitigation of methanol crossover caused by a 

deposited Pt-Sn layer onto the PEM surface, which was consistent with the result in figure 6.  
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Figure 7. I-V curves of MEA-Pt-Sn and normal-MEA at 60℃ and 80℃, respectively. 

 

Figure 7 indicated the performance of MEA-Pt-Sn at 80℃ was better than that of normal-

MEA. However, it was lower than that of normal-MEA at 60℃. Comparing the potentials between the 

MEA-Pt-Sn and normal-MEA at 160 mA cm
-2

 under 80℃, the potential gain was up to 8% for MEA-

Pt-Sn when compared to the normal-MEA. In contrast, the potential at 60℃ (@70 mA cm
-2

) dropped 

about 8% as compared to the normal-MEA. A contrary performance results were obtained in different 

temperatures.  

According to the results of CV and CO2 concentration at the cathode side, a layer of Pt-Sn 

directly deposited onto the PEM surface was acted as an electrode and at the same time suppressed 

methanol crossover. The suppression mechanism of ethanol crossover reported in [17] can be applied 

to this study as well since the two MEAs have similar structure and composition as well as the Pt-Sn 

layer deposited on the PEM surface. The only difference was on the loadings of anode and cathode. 
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We postulated that a layer of Pt-Sn directly deposited onto the PEM surface reacted with the crossed-

over methanol to produce the electrons, protons and CO2. The produced electrons transferred to the 

cathode through the direct-printed Pt50-Ru50 layer via external circuit, while the generated protons 

travelled to cathode through the PEM. In addition, this Pt-Sn layer functioned as an electrode at the 

interface between the PEM and anode Pt50-Ru50 catalyst layer to oxidize the anode methanol fuel. 

Furthermore, the reduction of methanol crossover reduced the mixed potential effects [22]. The 

combination of these three effects improved the cell performance while mitigating the methanol 

crossover. Since the reduction of deleterious effect of crossover depended on the catalytic reaction 

between the crossed-over methanol and the Pt-Sn layer deposited on PEM, the improvement of cell 

performance and suppression of methanol crossover were strongly affected by the temperature, anode 

fuel concentration and the catalyst activity of a Pt-Sn layer deposited on PEM surface. Indeed, the ion-

exchange in IR method that produced a Pt-Sn layer on PEM surface reduced the proton conductivity of 

PEM. The conductivity of PEM was dependent on the temperature, and the Nafion-117 membrane had 

the highest conductivity at 80℃, i.e. 0.042 S/cm. At 80℃, the catalytic reaction rate of a layer of Pt-Sn 

deposited on PEM surface and proton conductivity of this PEM were high, the performance 

improvement caused by the oxidation reaction of crossed-over methanol over the Pt-Sn layer and the 

reduction of mixed potential effects were higher than the resistance resulted from the existence of a Pt-

Sn layer deposited on PEM surface. Therefore, the MEA-Pt-Sn with a layer of Pt-Sn deposited on 

PEM surface mitigated methanol crossover and improved the cell performance at 80℃. However, at 

60℃, the reaction rate of a Pt-Sn layer and the proton conductivity of this PEM were relatively low. 

The performance improvement caused by the catalytic reaction of crossed-over methanol over the Pt-

Sn layer and the reduction of mixed potential effect was lower than the increased resistance caused by 

producing a deposited Pt-Sn layer on PEM surface. Hence, the mitigation of methanol crossover with 

the reduction of cell performance at 60℃ was observed.  

Comparing the results of this study and the results of similar MEA structure to MEA-Pt-Sn in 

[17], we discovered that the MEA with a layer of Pt-Sn deposited on PEM surface presented an 

improvement in performance at 60℃ in ethanol anode fuel, but suffered from reduction of 

performance in methanol fuel. In contrast, at 80℃, the performance improvement had been observed 

for both ethanol and methanol fuel. The result obtained was different for methanol and ethanol fuel at 

60℃ because of three reasons.  

First, the crossed-over ethanol had smaller effect on the cathode performance due to both 

ethanol’s smaller permeability through Nafion® membrane and its slower electrochemical oxidation 

kinetic over Pt/C cathode [22]. This reduced the mixed potential effect and showed a lower depression 

of performance than that of the methanol fuel. Second, the Pt-Sn alloy was a better catalyst for ethanol 

as compared to methanol. Therefore the catalytic ability of a layer of Pt-Sn alloy towards ethanol was 

superior to methanol even at low temperature such as 60℃. Third, the Nafion® membrane porosity in 

ethanol was higher than that in methanol [22], and this caused a better ions transport characteristic in 

PEM for ethanol fuel which enhanced the cell performance accordingly. The combination of these 

three effects was the reason the MEA with a layer of Pt-Sn deposited on PEM can have an 

improvement of cell performance in ethanol fuel as compared to normal-MEA at 60℃, which was 

different from the methanol fuel. 
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4. CONCLUSION 

A layer (with a thickness of 1.06μm) of nanometer-sized Pt50-Sn50 alloy catalyst particles 

(average particle size is 50±10nm) deposited onto the Nafion® membrane anode side surface had been 

prepared by IR method under the proposed experimental conditions. This layer has good contact with 

the direct-printed Pt50-Ru50 anode catalyst layer and serves as an inner catalyst layer that oxidizes the 

crossed-over methanol. The MEA with a layer of Pt50-Sn50 alloy deposited onto the Nafion-117 

membrane surface suppresses the methanol crossover up to 17% and improves the cell performance up 

to 8% as compared to the MEA without any treatment on PEM at 80℃. It is believed that a layer of 

nanometer-sized Pt50-Sn50 alloy catalyst particles in PEM surface oxidizes the crossed-over methanol 

to produce electrons, protons and CO2. The oxidation over the Pt-Sn layer reduces the amount of 

crossed-over methanol and thus reduces the mixed potential effect at cathode while improving the cell 

performance and utility efficiency of methanol fuel. Therefore, an inner catalyst layer in PEM with a 

deposited Pt-Sn layer functions as a reactive methanol filter. Its filtering effects are dependent on the 

temperature, anode fuel concentration and the catalyst activity of a Pt-Sn layer deposited on PEM 

surface. However, the existence of a layer of nanometer-sized Pt50-Sn50 alloy catalyst particles in PEM 

surface does reduce the proton conductivity of PEM as ion-exchanging was applied to prepare the Pt-

Sn layer. This effect reduces the cell performance. The effects of conductivity of PEM on the cell 

performance are evident at low temperature at 60℃ even though the mitigation of methanol crossover 

has also occurred.  

A different performance result was obtained for the MEA with a layer of nanometer-sized Pt50-

Sn50 alloy deposited onto the Nafion membrane surface toward the methanol and ethanol anode fuel at 

60℃. This MEA demonstrates a reduction of cell performance in methanol fuel while suppressing the 

methanol crossover because of the significant effect of crossed-over methanol on cathode performance, 

lower catalytic activity of Pt-Sn toward methanol and a lower Nafion® membrane porosity than 

ethanol. Therefore, the existence of a layer of Pt-Sn deposited on PEM surface shows a better 

performance in direct ethanol fuel cell at low temperature at 60℃.  
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