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Hot-pressing is one of the most important stages in fabrication of the membrane electrode assembly in
a single cell of proton exchange membrane fuel cells (PEMFCs). Electrochemical impedance
spectroscopy (EIS) is one of the most powerful nondestructive tools used to evaluate the performance
of PEMFCs. This study focused on the pressure exerted during the hot-pressing stage of construction
of a single cell. EIS data were analyzed and simulated by an equivalent circuit including elements such
as internal impedance (R;), interfacial impedance (Rj), and reaction impedance (Rxn). We found that
the ohmic resistance derived from I-V diagrams is equal to the sum of Rs and Rj. Rj can be isolated
from (Rs + Rj) for use as an evaluation criterion by performing cyclic voltammetry and linear sweep
voltammetry. Rj is related to the three-phase interfacial reaction (i.e., catalyst-electrolyte-reactant) that
is important in evaluating the effects of hot-pressing pressure on the performance of PEMFCs.

Keywords: proton exchange membrance fuel cell (PEMFC); electrochemical impedance spectroscopy;
hot-pressing pressure; gas diffusion; reaction impedance

1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have recently been developed to provide
clean energy by conversion of chemical energy into electricity. PEMFCs have low emissions, high
power density, a relatively simple design, quick start up, low noise emissions, and high-energy
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conversion efficiency (40%-60%) compared to traditional power sources. It is believed that PEMFCs
be applied in the fields of portable 3C products, military equipment, transportation devices, and
stationary or dispersion power stations [1-7]. Hot pressing is a simple method generally adopted to
assemble the components of membrane electrode assemblies MEAs to form PEMFCs. Many
parameters such as temperature, pressure, and duration of the hot pressing process are considered to
influence the performance of PEMFCs. We reviewed a number of papers [8-23] and defined
appropriate ranges for the parameters of the hot-pressing process: temperature should be within the
range 80—155°C, pressure within the range 2-155 kg cm™, and duration within the range 50-300 s.
Few papers have studied MEA preparation where the parameters are not within these ranges. Yin et al
[18] reported that a higher pressure (e.g., at 160 kg cm™) applied during hot pressing causes damage to
the carbon paper, thus reducing conductivity in the MEA. Moreover, in another study that discussed
the choices of improper combinations of hot-pressing parameters, the MEA led to poor performance
due to a thinning of the conductive layer arising from deep embedding of catalysts in the electrolyte
membrane [19]. Zhao and his coworkers [20] found that the durability of MEAs could be improved by
increasing the hot-pressing time (i.e., 60 min rather than 3 min). The improvement of MEA durability
is ascribed to stronger binding at the interfaces between the electrodes and membrane. This stronger
binding may suppress delamination of the catalyst from the electrolyte membrane.

An |-V curve is one of the common methods of evaluating the performance of PEMFCs.
Current density in the 1-V diagram is used to estimate the performance of PEMFCs with the same
range in voltage drop. The voltage drop in the 1-V diagram reveals three characteristic regions: the
active, ohmic, and mass-transfer limiting regions [24-27].

Electrochemical impedance spectroscopy (EIS) is a powerful tool used to explore
electrochemical kinetic and reaction mechanism [28]. In a paper reviewed by Wang and coworkers
[29], EIS was reported to provide useful information by analysis of inner structures (catalyst layer, gas
diffusion layer, or thickness of electrolyte membrane) of PEMFCs, to interpret the effect of reaction
accretion (i.e., loading amount of the catalyst or of Nafion solution) and the possible poisoning
mechanism (CO or H,S) involved. In our previous work [30-32], we used EIS to study the reaction
mechanism of DEMFCs and PEMFCs. A model of equivalent circuit was proposed to elucidate the
electrochemical kinetics. According to the equivalent circuit, the impedance data could be divided into
three categories: high-frequency impedance at the catalyst—-Nafion ionomer interface, medium-
frequency impedance as a result of electrochemical reactions, and low-frequency impedance caused by
adsorption/relaxation of CO. This model was modified and found to fit the electrochemical kinetics
performed in the PEMFC [31-32]. We concluded that interfacial impedance (Rj) is a critical model
element.

In the present study, we investigate the effect of hot-pressing pressure on catalytic activity and
cell performance. I-V polarization and EIS were used to estimate performance of the cells. Additional
experiments were carried out by using cyclic voltammetry (CV), linear sweep voltammetry (LSV),
scanning electron microscopy (SEM), and measurement of gas permeability to confirm the proposed
reaction mechanism based on the I-V diagram and EIS model.
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2. EXPERIMENTAL DETAILS

2.1. Preparation of the electrodes/MEA

MEAs (membrane electrode assemblies) supply power for PEMFCs and comprise a proton
exchange membrane sandwiched between two gas diffusion electrodes. The gas diffusion electrodes
(GDE, LT-120EW) consist of a thin gas diffusion layer coated with Pt-catalyst (E-TEK). The major
component of the gas diffusion layer is carbon cloth with an electrocatalyst layer (30 wt% Pt/Vulcan
XC-72 carbon black; 112 m? g surface area; E-TEK), coated with Pt-loading of 0.5 mg cm™. The
surface of the GDE was sprayed with a solution of Nafion (containing 5 wt% Nafion ionomers) and
dried overnight in an oven at 80°C to assure the uniform loading of Nafion at 1.0 mg cm™. This
process of spraying and drying increases the conduction path for H* ions, thus improving catalyst
utilization [33].

Nafion 112 (DuPont) was used as the proton exchange membrane. Each new membrane was
immersed in a bath of 10% hydrogen peroxide to boil for 8 h, removing organic contaminants, and
then boiled in deionized water (DI) for 2 h and in 1 M sulfuric acid for 8 h to remove metallic
impurities and ensure its H-form. The membrane was rinsed in boiling DI water for 2 h before use.

A specimen of full-cell was fabricated by placing one piece of Nafion 112 between two pieces
of GDE (acting as either anode or cathode, with an active area of 10.89 cm? for each GDE). Assembly
was performed in a hot press with temperature maintained at 125°C for 3 min under varying pressure
(50 Kg cm, 80 Kg cm, 100 Kg cm™, and 130 Kg cm™) and removed to cool. A sample of half-cell
electrode was prepared in the same way, but with one piece of GDE.

2.2. Evaluation of electrodes/MEA

2.2.1 Measurements of I-V polarization

A testing station (Beam Inc., Taiwan), consisting of a temperature controller, humidification
chamber, mass flow meter, and electronic load (10 V, 60 A), was employed to conduct I-V
polarization measurements for the single cell. Current was recorded under a series loading of voltages,
from the open circuit potential (OCP) to 0.25 V in 25 mV increments and maintained at each voltage
level for 30 s. During measurement, the anode was fed with humid hydrogen (with a stoichiometry of
1.5 at 75°C), and the cathode was fed with humid air (with a stoichiometry of 2.0 at 65°C). The
temperature of the PEMFC was maintained at 60.0°C £ 0.1°C and the operational pressure was fixed at
ambient atmosphere.

2.2.2Measurement of EIS

A galvanostat/potentiostat (AutoLab PGSTAT30, ECO Chemie BV, Netherlands) equipped
with a frequency response analyzer (FRA2 module) was employed to carry out the EIS measurement
for the single cell under open circuit potential. The original anode acted as a reference (dynamic
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hydrogen electrode (DHE)) and was coupled with the counter electrode to connect the electrometer.
The cathode of the cells to be tested was connected to the working electrode of the potentiostat. The
impedance spectra were measured potentiostatically, with input sine waves with amplitude of 10 mV,
from 20 kHz to 10 mHz (high frequency to low frequency). Analysis and curve fitting of the data were
done with Z-View software. The testing conditions for EIS were maintained for |-V polarization.

2.2.3 Estimation of catalytic activity by cyclic voltammetry

CV was used to estimate the catalytic activity of the electrodes with a galvanostat/potentiostat.
Specimens of half-cell PEMFC were estimated in a cell filled with 0.5 M H,SO, under a three-
electrode mode. A Pt-foil (with 99.99% purity) served as the counter-electrode, and a saturated
calomel electrode (SCE) coupled with the Luggin-Haber probe as the reference. Nitrogen gas (N) was
continuously purged (with a flow rate of 150 ml min™) on the backside of the electrode to avoid
interference from oxygen reduction. In the absence of oxygen reduction, the electrochemical reactions
are confined to the two-phase interfacial region between the catalyst and the electrolyte [31, 32]. Only
hydrogen was adsorbed on the two-phase interfacial region. The CV plots were performed at 25°C +
0.1°C with a scan rate of 20 mV s™ at a potential increasing from 50 to 1,400 mV (vs. standard
hydrogen electrode, SHE) then inverted. Ten runs of CV experiments were conducted under the same
conditions to ensure reproducibility.

2.2.4 Estimation of oxygen reduction reaction (ORR) by linear sweep voltammetry

LSV was used to estimate ORR with the galvanostat/potentiostat. The experimental setup and
testing conditions for the LSV study is similar to those employed in the CV technique but purging with
air instead of nitrogen gas. This method explores reactions taking place at the three-phase interfaces
where ORR is involved due to the presence of oxygen. The LSV plots were constructed by scanning
the potential in the range from 1.000 V to 0.050 V with a scan rate of 20 mV s™ under the same
conditions as the CV method.

2.3. Characterization of the GDE

Specimens of GDE were characterized by their surface morphology and subjected to gas
permeability measurements. The surface morphology was examined by scanning electron microscopy
(SEM, HITACHI S-3500). Gas permeability of the GDE specimens was measured using a capillary
flow porometer (CFP-1500A, Porous Materials, Inc., Ithaca, New York, USA). The specimens were
prepared as described in section 2.1. The gas permeability was determined directly by estimating the
pressure difference between two sides of the testing specimen, feeding air to maintain 100 psi at one
end.
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3. RESLUTS AND DISCUSSION

3.1. Effect of hot-pressing pressures on the I-V diagram
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Figure 1. I-V polarization diagram (a) and Nyquist plot (b) for the MEA specimens prepared at hot-

pressing pressures of 50, 80, 100, and 130 Kg cm™.

Figure 1(a) depicts the I-V diagram at 60°C for various MEA specimens fabricated with
different hot-pressing pressures. The relationship between E and current density depends upon the
pressure. The magnitude of current density discharged at constant voltages was compared to evaluate



Int. J. Electrochem. Sci., Vol. 7, 2012 7170

the performance of the MEAs. For instance, for a voltage of 0.4V, the current density discharged in
different MEAs was different. Increasing the pressure from 50 Kg cm™ to 130 Kg cm™ resulted in the
current density discharged decreasing from 692 mA cm™ to 69 mA cm™. It is preferable to choose 50
Kg cm™ rather than 130 Kg cm™ in the hot-pressing process.

It is generally accepted that the voltage drop in the I-V diagram can be resolved into three
regions caused by active, ohmic, and mass-transfer limiting polarization. The overall potential for this
system can be estimated by consideration of various polarizations departing from the equilibrium
potential as follows [25]:

E=Ey—blogi-iRg—mexp(ni) 1)

where E indicates the overall voltage for the full-cell, and Ey is the open circuit potential for the
full-cell. b is the Tafel slope, and b log i is a Tafel term resulting from activation polarization leading
to a sudden voltage drop. Ry, is the resistance between the electrode and electrolyte, and i Ry is the
linear potential drop term derived from ohmic resistance (Rg). The final term m exp(ni), where m and n
are parameters with the units of potential and the reciprocal of current density, respectively, is
responsible for potential loss arising from concentration polarization. Kim et al. [24] reported that the
contribution to mass-transport limitations is greater for parameter n than m. In addition, m is more
significant in increasing the slope of linear region in the plot of E vs. i that is governed by
concentration polarization.

3.2. Effect of the hot-pressing pressures on EIS

Figure 1(b) displays the Nyquist plots at open circuit potentials (OCPs) at 60°C for various
MEAs prepared by varying pressure from 50 to 130 Kg cm™ during hot pressing. Distortion of the
capacitive loop can be ascribed to variation in impedance contributed by different elements of the
equivalent circuit. The diameter estimated from the distorted capacitive semicircle was evaluated for
various MEA:s.

_1\/\/\/_ oL L
L
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Figure 2. The equivalent circuit mode for the proton exchange membrane fuel cell.
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A smaller diameter indicates better performance of the cell. The intersection between the
horizontal axis and the capacitive loop at the highest frequencies determines the internal resistance of
the cell, Rs. Rs remained constant (ca. 0.03 Q) despite varying hot-pressing pressures. In contrast, the
diameter responsible for the distorted semicircle tends to increase with increasing hot-pressing
pressure. The MEA specimen prepared at 50 Kg cm™ reveals the distorted semicircle with the smallest
diameter, whereas that prepared at 130 Kg cm™ reveals the distorted semicircle with the largest
diameter.
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Figure 3. (a) The data of resistance estimated by simulation of equivalent circuits and (b) a
comparison of the dependence on hot-pressing pressure of Rg , estimated from the I-V diagram,
with that for (Rs + Rj), a combination of Rs and Rif data estimated from electrochemical
impedance spectroscopy.
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In our previous work [30-32], we tried to verify the present system. Figure 2 is the equivalent
circuit model consisting of an element of Rs and two circuits including Ri#/Qir and Ryxn/Qrxn. Rs iS
ascribed to internal impedance coming from PEMFC; Ri/Qj: is responsible for the interfacial reaction
in PEMFC and Rn/Qrxn corresponds to an electrochemical reaction. Capacitance (C) is the element
commonly used in the conventional equivalent circuit model. In the case of a porous specimen with
rough surface, the use of a constant phase element (CPE, Q) in place of C is preferred. In this work,
CPE is used since the specimens are porous. Our treatment is consistent with Hsu’s work [34] in which
CPE was instead of C to obtain better agreement between the experimental data and theoretical
calculations.

Figure 3(a) depicts a plot of data for resistances (i.e., Rs, Rir, Rxn, and Ryioar) €Stimated by
simulation of equivalent circuits shown in Figure 2 against the hot-pressing pressures. Figure 3(a)
shows that Rs remains constant (ca. 0.03 Q) in spite of increasing pressure, implying that increases in
the hot-pressing pressure have no influence on the internal resistance of PEMFCs. Rj; increases from
0.02 Q at 50 Kg em?to 0.16 Q at 130 Kg cm™. Rrxn increases from 0.23 Q at 50 Kg cm?to 1.62 Q at
130 Kg cm™ and is supposedly related to the ease of diffusion of gases and their electrochemical
reactions. Riota IS dominated by Rirand Ryxn.

It is important to correlate the resistance data to the related polarizations in PEMFCs [31-32].
Figure 3(b) compares the dependence of hot-pressing pressure for Ro, estimated from I-V diagram,
with that for (Rs + Rjs), estimated from EIS. Linear regression of the data in Figure 1(a) reveals similar
curves. As previously mentioned, Rs is independent of pressure, inferring that Rj; is a critical term that
depends upon pressure and makes an important contribution to ohmic polarization in PEMFCs.
Although Rj is of lower magnitude than Ry, they exhibit a similar trend (Figure 3(a)). It is of concern
whether the ohmic polarization results from two-phase interfacial reaction (i.e., catalyst-electrolyte) or
three-phase interfacial reaction (i.e., catalyst-electrolyte-reactant). Rj; may provide a criterion to select
between them and allow diagnosis of catalytic activity in PEMFCs.

3.3. Catalytic activity estimated by CV

We estimated the catalytic activity of the specimen made of Pt/C powder by integrating the
area of the characteristic reduction peak. Figure 4(a) demonstrates CV voltammograms for various
MEAs (half-cell) prepared at 50, 80, 100, and 130 Kg cm™ in the hot-pressing process by half-cell
testing. The activity of the catalyst was evaluated by integrating the area for the anodic peak
responsible for hydrogen adsorption in the range from 0.05 to 0.4 V (vs. SHE). A peak with greater
area indicates that the catalyst has higher activity. In Figure 4(a), the area corresponding to hydrogen
reduction is similar for all specimens. Therefore, pressure variation during hot pressing causes no
significant change in the performance of the activity of the Pt/C catalyst.

The catalytic activity of the half-cell electrode can be estimated by CV in terms of
electrochemical surface area (ECSA). The ECSA of the catalyst is calculated using the following
equation [35].



Int. J. Electrochem. Sci., Vol. 7, 2012 7173

Charge area (uC cm™?)

ECSA (m?g )= @)

10 x 220 (uC cm™2) x Catalyst loading (mg cm2)

In Eq (2), the Pt-catalyst is responsible for the adsorption of hydrogen in the CV plot indicated
by a broad peak. The charge area under the peak of H,-adsorption can be integrated by subtracting the
nonfaradaic charge from the anodic peak.

0.04 -
0.02 +
« 0.00 A
£
o
< -0.02
-0.04 f ——— B50kgcm?
- 80kgcm?
0061y 0000 fF 100 kg cm™
— — —- 130 kgcm?
-0.08 ' . r . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E/Vvs. SHE A
0.2
0.0 |
-0.2
H,S0, - N, - 50 kg cm®
e -04 H,SO, - N, - 80 kg cm®
2 H,SO, - N, - 100 kg cm?
= 06 4. H,S0,-N,-130 kg cm’
0.8 — = — H,S0, - Air- 50 kg cm®
— —=— — H,S0, - Air- 80 kg cm®
1.0 - ——+—— H,S0, - Air - 100 kg cm®
——+—— H,S0, - Air- 130 kg cm®
-1.2

00 02 04 06 08 10 12 14 16 138
E/V vs. SHE B

Figure 4. (a) Cyclic voltammetry plot and (b) linear sweep voltammetry curves for the membrane
electrode assembly prepared at hot-pressing pressures of 50, 80, 100, and 130 Kg cm™by half-
cell testing.

The value 10 x 220 (uC cm™) is the charge required for adsorption of atomic hydrogen on the
smooth Pt-surface. The ECSA estimated from CV curves using Eq (2) can be compared to the hot-
pressing pressure. ECSA remains at about 19 m? g, despite variations in pressure. This implies that
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the activity of catalysts is independent of hot-pressing pressures. CV was conducted in the absence of
oxygen so that only hydrogen reduction plays a role on the two-phase interfacial region. This reduction
is confined to the two-phase interfacial region between the catalyst and the electrolyte [31].

3.4. Activity of ORR evaluated by LSV

Figure 4(b) displays LSV curves for ORRs of half-cell testing of various specimens. LSV
provides a convenient estimation of the activity of the catalyst under ORR. No reduction current was
found for all specimens under purging with nitrogen gas; however, current could be detected in the
presence of air or oxygen. This phenomenon reflects the fact that LSV is a sensitive test for ORR. The
on-set potentials are almost the same for all the specimens despite variations in pressure. Fixing the
potential at 0.4 V reduces the current density for ORR from 0.53 A cm™ (50 Kg cm™) to 0.38 A cm™
(130 Kg cm™). The specimen prepared at 50 Kg cm™ reveals higher activity than those prepared at
higher pressures.

For ORR, activity can be evaluated by LSV. In contrast to CV, which provides estimation of
catalytic activity for two-phase interfacial reactions, LSV allows estimation of three-phase interfacial
reaction (catalyst-electrolyte-reactant). For LSV, a reduction current (Aireg = iredair-irednz) fOr ORR
should be calculated for comparison. From Figure 4(b), the reduction current is negligible under
purging with N, for the half-cell electrode. On the other hand, the reduction current caused by a
constant feed of air into the half-cell electrode varies in magnitude depending on the hot-pressing
pressure. By holding the current density at 0.4 V, we found that current density for ORR has a
maximum value of -0.53 A cm™ at 50 Kg cm™ and decreases with increasing hot-pressing pressure. Rjs
estimated by EIS displays the same reliance on hot-pressing pressure as the polarization resistance,
derived from LSV plot. Both are believed to be intimately associated with three-phase interfacial
reactions occurring on the interface of catalyst-electrolyte-reactant.

3.5. Structure and gas permeability of GDE

Figure 5 depicts SEM morphologies for various specimens of GDE prepared at different hot-
pressing pressures. It is obvious that pores are present on the specimens prepared at lower pressure
(e.g., at 50, 80 and 100 Kg cm™). However, many fewer are found on the specimens prepared at higher
pressure (e.g., 130 Kg cm™). It is believed that specimens prepared under lower pressures retain more
space, resulting in higher porosity, while specimens prepared under higher pressures lead to compact
structures and lower porosity.

Figure 6 illustrates gas permeability curves for various specimens of GDE, as determined by
the porometer. We found that gas permeability (D) decreases with increasing hot-pressing pressure. D
decreases from 3.4 x 10™ D at 50 Kg cm? to 2.0 x 10° D at 130 Kg cm, about a decrease of 1.4 x 10’
% D with increasing pressure. This decrease in gas permeability may arise from the compact structure
of the specimen that hinders the movement and diffusion of the gas. This can be expressed
quantitatively by the pressure drop.
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Figure 5. SEM morphologies of the specimen gas diffusion electrodes prepared at (a) 50, (b) 80,
(c)100, and (d) 130 Kg cm™ by the hot-pressing process. (3000 X)

The SEM morphologies shown in Figure 5 indicate that the structure of GDE specimens is
porous, providing channels for diffusion of the feeding gases. The SEM structure indicates increasing
compactness with increasing hot-pressing pressure (from 50 to 130 Kg cm™). Quantitatively, D
decreases from 3.4 x 10 D at 50 Kg cm™ to 2.0 x 10™ D at 130 Kg cm™. With reference to Ri; and Ry,
it could be concluded that a more compact structure reflects lower gas permeability but higher
impedance. In Section 3.4, we infer that the electrochemical reaction of ORR occurs at three-phase
interfaces and depends upon the behavior of Rj; in response to pressure, as described in Figure 3(a). As
a result, the compactness of the GDE specimens is enhanced by increasing hot-pressing pressure. This
hinders the permeation of feeding gases and increases the magnitude of Rj; to hinder the three-phase
interfacial reaction. This result is consistent with the previous study [18] that provided no mechanistic
information.
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Figure 6. Gas permeability curves for the specimen gas diffusion electrodes prepared at various hot-
pressing pressures.

4. CONCLUSIONS

In manufacturing of PEMFCs, hot-pressing is a key process in the preparation of MEAs.
Optimal control of parameters such as temperature, pressure, and duration is of significance. This
study undertook a systematic investigation to study the effect of hot-pressing pressure on the
performance of half-cell and full-cell PEMFCs. The optimal operational conditions for hot-pressing
pressure were 50 Kg cm™,

EIS offered a means of interpreting the electrochemical mechanism for the performance of the
testing cells. By simulating the equivalent circuit, we attained three characteristic parameters to
delineate the theoretical background for the effect of hot-pressing pressure on the performance of
PEMFCs: internal resistance (Rs), interfacial resistance (Rif), and reaction resistance (Ryxn).

In studying the role of these resistance parameters, we discovered that ohmic resistance derived
from an I-V diagram is equal to the sum of Rs and Rj;. With the aid of CV and LSV techniques, Ri; can
be isolated and used as an evaluation criterion, which is related to the three-phase interfacial reaction
(i.e., catalyst-electrolyte-reactant) and allows for evaluation of the effect of hot-pressing pressure on
the performance of PEMFCs. A constant ECSA (i.e., 19 m? g™) estimated by CV provided the
justification for ruling out the contribution of two-phase interfacial reaction (i.e., catalyst-electrolyte)
to Rir. The mechanistic information was confirmed qualitatively by examining SEM morphology and
quantitatively by gas permeability measurements.
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