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Abstract

The present study describes the catalytic activity of the platinum coated Nafion membranes to-
wards oxygen reduction reaction in proton exchange membrane fuel cells. In contrast to the con-
ventional three layered structures of the gas diffusion electrode, as-made gas diffusion electrodes
are two layered in which the platinum electrocatalyst are deposited directly onto the Nafion
membrane. Spin-coating method and impregnation-reduction approaches were used to synthesize
Pt-coated Nafion membranes. Both methods showed comparable results. The performance data
revealed that the catalytic activity of the Nafion-Pt-GDL electrode was strongly affected by the Na-
fion treatment and platinum crystal structures. The results suggest that spin-coated method is a
very successful technique for producing low loading of platinum electrocatalyst. Not only platinum
catalyst, but also a wide arrange of catalyst-coated Nafion membranes such as palladium/Nafion
can be prepared by this approach.
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1. Introduction

Proton exchange membrane (PEM) fuel cells are considered to be one of the most promising energy sources de-
vices due to a combination of effects, e.g. renewability, low pollution emission, portability, high energy density,
high energy conversion efficiency, low noise, and relatively simple design and quick start up [1]-[6].
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PEM fuel cells have been employed successfully for a wide range of applications including transportation de-
vices, as PEM fuel cell technology has already powered many vehicles such as fuel cell cars. Nevertheless, the
commercialization of these systems still presents some technical challenges. The first problem is the high cost of a
platinum catalyst. And the second problem is the slow kinetic of ORR at the cathode electrode. And in this regard,
the architecture and nanostructure of the membrane electrode assembly (MEA) plays an important role in over-
coming these challenges.

As the heart of a PEM fuel cell, the MEA unit consists of two individual gas diffusion electrodes (GDEs) and a
solid membrane electrolyte. A conventional GDE has a three layered structure: a support layer (carbon paper or
carbon cloth), a gas diffusion layer and a catalyst layer. So far, these types of GDEs and MEA architectures have
not led to the industrialization of the PEM fuel cells and also have not addressed the low activity of the ORR
reaction. Therefore, new architectures need to be developed. Indeed, there are many concerns associated with the
traditional design of the GDE. Poor contact between the catalyst layer and the Nafion membrane, low catalyst
utilization, catalyst layer degradation and balance problems between proton and electron conductivity are typical
problems with the current architecture [7]-[11].

In order to address these challenges, a number of approaches have been studied. One of these techniques is the
direct deposition of the catalyst onto the Nafion membrane. Introducing platinum particles onto the electrolyte
affects positively the durability, humidity and conductivity of the Nafion membrane. Catalyst-coated electrolyte
(the Nafion membrane in this context) provides separated paths for hydrophobic and hydrophilic phases and the
results in a better utilization of the platinum catalyst [11]-[13].

Several techniques have been used to deposit a catalyst onto Nafion membrane, e.g. mechanically pressing,
chemical reduction, electrochemical deposition, impregnation-reduction method and plasma sputtering technique
[7] [14]-[22].

In our previous work [23] we prepared Pt-coated Nafion membranes chemically by using Chloroplatinic acid
and sodium format as a platinum source and reducing agent respectively. In this work, we improved the efficiency
of the Pt/Nafion/GDL electrode significantly by optimizing preparation conditions and changing the reducing
agent. The performance data revealed eighteen times as much improvement as compared with the previous work.
Further to this, we have also used a spin-coating method to synthesis the Pt/Nafion/GDL electrode. This approach
is completely novel, and has not been reported elsewhere. Spin coating, is an easy and fast method for producing
uniform thin films. This method has been used for synthesizing electrolyte layers for solid oxide fuel cell and also
for solar energy applications [24]. The thickness of the deposited layer is highly affected by deposition conditions,
including rotation rate and deposition time. To obtain a thicker catalyst layer, high viscosity, low rotation speed
and low deposition time are required [25].

2. Experimental
2.1. Electrode Preparation

Impregnation-reduction and spin-coated methods were used to prepare platinum-coated Nafion membranes.
Chemically-prepared samples were fabricated as described in [23]. However, different preparation conditions and
a different reducing agent were employed in this work. H,PtClg (40%, Merck) and 0.1 M NaBH;-1 M NaOH were
used as platinum precursor and reducing agent respectively. In a brief, modified Nafion membranes (Aldrich)
were first placed in platinum salt solution (60°C), and then sodium borohydride was dropped as a reducing agent.
The volume ratio of NaBH,-NaOH to H,PtClg was 2:1. Platinum metals were formed on the Nafion Membrane
surface according to the following reactions.

PtCl, +4e” — Pt+6CI° Q)
BH, +3H,0-4e” — BO} +2H, +6H" )
PtCIZ” + BH; +3H,0 — Pt+BOJ +6CI" +2H, + 6H" ©))

At the end of the platinum deposition, the catalyzed Nafion membranes were washed with deionized water
several times to eliminate excess NaBH, ions. After this, the Pt/Nafion 117 membrane was exchanged to H* form
with 1 M H,SO, prior to drying for weighing [26]-[29].

Table 1 summarizes the preparation conditions of GDEs. The physical synthesis was carried out using a spin
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Table 1. Preparation conditions of the GDEs.

Sample [HaPtCl)/M Platinum deposition method Heating details

GDE1 0.05 chemically 60°C, hot plate, 10 min impregnation-reduction process
GDE2 0.08 chemically 60°C, hot plate, 10 min impregnation-reduction process
GDE3 0.01 Chemically 60°C, hot plate, 30 min impregnation-reduction process
GDE4 0.005 Chemically 60°C, hot plate, 30 min impregnation-reduction process

50°C - 60°C, hot plate, 30 min

GDES 0.02 chemically impregnation-reduction process

e e Gty st
GDE7 0.01 Spin-coating Noheating

GDES8 0.01 Spin-coating Heating in oven (75°C), after 3 times deposition process
GDE9 0.04 Spin-coating Heating in oven, after three times deposition process

coater system, model KW-4A. The Pt/Nafion preparation in this method was a three steps procedure: First, pla-
tinum metals were prepared by the electroless method from the platinum salt precursor (H,PtClg), then after
placing Nafion membrane on the spin coater and setting rotation time and speed, platinum solution was injected
into the Nafion membrane using a micropipette. The resulting platinum-coated Nafion membranes were dried in
an oven at 70°C. The rotation speed was ca. 2000 rpm. Gas diffusion electrodes (GDEs), were prepared by hot
pressing the Pt-Nafion membranes onto the gas diffusion layer [23].

2.2. Measurements

The structure and elemental composition of the GDEs were investigated by scanning electron microscopy (SEM),
X-ray diffraction (XRD) and energy-dispersive X-ray spectrometer (EDAX). The electrochemical behavior of the
as-made electrodes was analyzed by electrochemical impedance spectroscopy (EIS), linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) measurement in 2 M H,SO,. LSV and EIS measurements were carried out in
the presence of O,. Cyclic voltammetry experiment was performed in the presence of N,.

The LSV data were recorded at the scan rate of 5 mV-s *. For CV tests the scan rate was 40 mV-s™'. Impedance
experiments were carried out at potential of 0.3 V in the frequency range of 100 K-Hz to 0.1 Hz. A potentiostat-
galvanostatic (Zahner®) instrument and a three electrode cell with an Ag/AgCl reference electrode and a Pt
counter electrode were used to perform the electrochemical tests.

3. Results and Discussion

The electrocatalytic activity of the new GDEs (Nafion-Pt/GDL) towards oxygen reduction reaction (ORR) was
assessed by LSV test. Figure 1(a) shows the LSV curves of chemically synthesized electrodes.

As shown, GDE3 has higher current densities and lower over potential than other electrodes. Both GDE1 and
GDE4 exhibit almost the same performance, though they have different platinum loading. As for lower loading of
platinum (GDE4) there is less active site for ORR and at higher loading (GDEL) there is the possibility of mass
polarization, thus it is necessary to have optimized platinum loading. Compared with other electrodes, GDE3
shows higher current density, lower over potential and hence a better activity towards ORR. At lower current
density, the current is restricted by reaction kinetics whereas at a higher current density, the current is limited by
reactants diffusion [30] [31].

The LSV curves of physically prepared electrodes are presented in Figure 1(b). Here, GDL6 shows a much
higher current density and lower over potential than other electrodes. The oxygen reduction reaction for this
electrode occurs in a more positive potential than that of the other electrodes. The improved performance of GDE3
and GDES relates directly to the preparation conditions and morphology characteristics of the electrodes.

The kinetics data of the as-made GDEs were obtained using the Tafel equation and polarization data [32]. Table
2 lists the Tafel slopes and exchange current densities of the GDEs. As listed, GDE3 has a lower Tafel slope than
other electrodes. Platinum loading of this electrode was 0.15 mg-cm 2 Higher concentration leads to a higher
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Figure 1. Potential vs. current density curves of different electrodes.
Table 2. Tafel slopes and exchange current densities of the GDEs.
Sample ip (m-A-cm?) b (m-V-dec?)
GDE1 49%10° 114
GDE2 55x107° 112
GDE3 3.02x10* 91
GDE4 8.1x10° 105
GDE5 9.8x10° 107
GDE6 3.00x10* 93
GDE7 2.80x10° 101
GDE8 2.60x10°° 103
GDE9 400x10°° 100
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loading but not necessarily a better performance because of mass transfer problems. For spin-coated samples,
GDES6 demonstrates a better polarization plot, and better kinetics data than other electrodes. This electrode has the
same loading as GDE 3. The Tafel slope of this electrode is 9 3 mV/dec and the exchange current density is 3 x
10 * A-cm % These electrochemical parameters are close to the kinetic parameters of the GDE3.

Figure 2 shows cyclic voltammetry (CV) curve of the GDE3. With the scanning of potential, ions move to-
wards the surface to form a double-layer. Hydrogen adsorption and hydrogen desorption are evident as peaks in
the CV plot [33]. As shown, the hydrogen desorption peaks are formed in the lower potentials (<0.3 V). Columbic
charge of the hydrogen desorption peak was used to calculate the active surface area (S) of the electrode [34]. The
electrochemical active surface area of the electrode was calculated to be 61 m*-g ™.

ORR activities of the electrodes were further investigated using electrochemical impedance spectrometry (EIS),
in the presence of O,, It is worth noting that the Nafion membrane it-self has a resistance of about 10 Q [35].

Figure 3 illustrates the imped

ance results of different electrodes.

As shown, the Nyquist plot of each electrode takes the form of a single semi-circular curve at high frequencies
which is related to charge transfer resistance at the electrode (Nafion/Pt/GDL) electrolyte interface. For chemi-
cally prepared electrodes (Figure 3(a)), GDE3 possesses a lower semi-circle diameter revealing a faster faradic
reaction. The charge transfer resistance (R) of this electrode is 8 Q. This electrode also showed higher OCP (open
circuit potential) than other electrodes. R values of GDE1 and GDE2 are 9 and 11 Q respectively.

For spin-coated samples (Figure 3(b)), GDE6 shows the best Nyquist curve among all electrodes. This elec-
trode has the lowest charge transfer resistance, which is 6 Q.

The equivalent circuit for semi-circle Nyquist curves is illustrated in Figure 3(c). Where, Rs is the solution
resistance of the electrochemical system, R is the charge transfer resistance and CPE is the constant phase ele-

ment. The observed total impedance is a combination of resistance and capacitance at each applied frequency. By
reading real axis value at the high frequency intercept, resistance solution has been found to be about 2 Q.

The improved activity of the GDE3 and GDES is related directly to their preparation condition. These elec-
trochemical results suggest that Nafion treatment, low deposition time (for spin-coating), optimum viscosity, and
appropriate heat treatment after any deposition step result in a better catalytic activity for Pt/Nafion/GDL elec-
trode. For chemically prepared samples, using NaBH,OH as a reducing agent, instead of sodium format and av-
erage deposition time of 30 minutes and heat treatment result in a better performance for the as-made electrodes.
The benefits of heat are to remove any undesirable impurities resulting from early preparation stages. This allows
a uniform dispersion and stable distribution of the catalyst and therefore improves the electrocatalytic activity of
the synthesized catalyst [20] For Pt-based catalysts heat treatment also causes a more ordered structure.

Further, we found out that roughening had a positive effect on the performance of the Nafion membrane due to

its effect on the porosity of the membrane.
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Figure 2. Cyclic voltammetry diagram of GDE3.
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Figure 3. Nyquist plots of different electrodes.
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X-ray diffraction (XRD) pattern of platinum coated Nafion membranes is shown in Figure 4. As shown, while
GDEL1 reveals only one crystal facet, GDE3 shows a poly crystalline Pt structure. Diffraction peaks at 39.5°, 46°,
68° and 82° are attributed to Pt(111), (200), (220) and (311) crystalline facets respectively. The characteristic
diffraction peaks of the face cantered cubic (fcc) structure demonstrate a successful platinum layer formation on

the Nafion membrane.
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Figure 4. XRD pattern of GDE3.

Using Scherer equation, an average value of 3 nm was calculated as platinum particles size.

The particle size can be controlled by manipulating the synthesis temperature and procedure time. With the
increase of temperature a smaller size can be prepared. [36] XRD diagrams of other electrodes show only Pt (111)
crystal surface, and are similar to that of the GDE1. Different crystal facets have different activity toward ORR.
Base on the electrochemical performance and XRD result, it is reasonable to conclude that polycrystalline plati-
num results in a better catalytic activity than the single crystal platinum coated Nafion membranes.

The morphology and elemental structure of Nafion/Pt/GDL electrodes were also examined by scanning elec-
tron microscopy (SEM). Figure 5 shows SEM images of different GDEs. As can be seen, thin and smooth pla-
tinum coating was formed. Scanning electron microscopic analyses indicate good adhesion between the metallic
electrode and the Nafion polymer for most of the electrode. From Figure 5 it is obvious that the platinum particles
are uniformly distributed on the membrane. These results confirm that both the sensitization and the activation of
the membrane surface are uniform. Both GDE3 and GDES6 reveal very uniform platinum coating on the Nafion
membrane .Non-optimized synthesis conditions, residual stress and Nafion membrane shrinking lead to the crack
formation on the Platinum layer surface [37].

Figure 6 shows the energy-dispersive X-ray spectrometer (EDAX) result of the best prepared Pt-Nafion elec-
trode. As shown, the atomic ratio of the platinum is 99.32% indicating a uniform platinum deposition on the Na-
fion membrane. There is no observable peak for F and O, signifying they have been covered completely by pla-
tinum coatings. Additionally, a small amount of Palladium and Sn were detected, which is attributed to the acti-
vation process of the membrane.

4. Conclusion

Platinum-coated Nafion membranes were successfully synthesized by employing spin-coating and impregnation-
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Figure 5. SEM images of (a): GDE1; (b): GDE2; (c): GDE3; (d): GDES.
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Figure 6. Energy dispersive X-ray spectrometer of GDE3.
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reduction methods. It was revealed that electrode performance was strongly affected by temperature, time, pla-
tinum concentration, reducing agent, speed rotation, and Nafion roughening. Platinum particles were dispersed
uniformly on the Nafion membranes. Findings suggest that Nafion/Pt-GDL architecture is a promising way to
synthesis electrode with a low loading of platinum catalyst. Given the main advantages of spin-coating method
such as short time and easy deposition, this technique is a very useful tool for producing very low loading of
platinum electrocatalyst with desired number of platinum layers.
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