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Ultrasonic process for the manufacture of proton exchange membrane fuel 
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Ultrasonic process reduces MEA assem
bly time by 94 %.

• Successful electrode transfers with 4 
cm2 and 24.6 cm2 sonotrodes.

• Multilayer structures (up to 7 layers) 
assemblies validated with a 4 cm2 

sonotrode.
• Electrochemical tests show ultrasonic 

CCMs match conventional ones.
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A B S T R A C T

The growing demand for clean energy underscores the importance of Proton Exchange Membrane Fuel Cells 
(PEMFCs) as a sustainable electricity generation solution. However, their widespread adoption faces challenges 
in performance, durability, cost, and manufacturing efficiency. This study investigates the ultrasonic process as a 
rapid alternative to traditional methods for manufacturing Membrane Electrode Assemblies (MEAs). Unlike the 
slow and complex hot pressing method, the ultrasonic process assembles MEAs in seconds without external 
heating. It transfers pre-coated layers to form the Catalyst Coated Membrane (CCM) and welds components like 
gas diffusion layers (GDL) without additional adhesives.

This technique reduces assembly time by over 94 %, significantly enhancing production efficiency. Scanning 
Electron Microscope (SEM) analysis reveals that higher stress and energy input during the ultrasonic process 
decrease PTFE reinforcement thickness in the membrane (from 4.4 to 3.7 μm). Additionally, thanks to the SEM 
and X-ray tomography analyses, the weld quality is optimized by enabling detection and elimination of defects 
(distorted membrane, cracks and hole), ensuring defect-free interfaces.

Initial fuel cell tests in 1.8 cm2 differential cell and 20 cm2 technical mono-cell, confirm that MEAs produced 
via the ultrasonic process perform similarly to those made with conventional techniques, under dry (<50 % RH) 
and wet (>80 % RH) conditions at 80 ◦C. In the 20 cm2 cell at 0.8 V, both MEAs deliver identical current 
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densities: 0.504 A/cm2 (dry) and 0.305 A/cm2 (wet). These results position ultrasonic process as a breakthrough 
in PEMFC manufacturing, offering a faster, more efficient process that supports the transition to clean energy.

1. Introduction

The growing global demand for energy and the urgent political need 
to reduce greenhouse gas (GHG) emissions highlight the importance of 
transitioning from fossil fuels to renewable or nuclear energy sources 
[1]. Proton Exchange Membrane Fuel Cells (PEMFC) are a promising 
technology for both transportation and stationary applications, pro
ducing only water and heat as by-products [2,3]. However, their wide
spread adoption is hindered by high costs, performance issues, and 
durability challenges [3].

Advancements in PEMFCs, including improved catalysts, membrane 
materials, and system designs, have enhanced performance and 
longevity while reducing costs. Innovations in assembly techniques, 
such as advanced catalyst layers and flow field designs, have further cut 
production costs and boosted efficiency [4–7].

The traditional method for manufacturing Membrane Electrode As
semblies (MEAs) involves producing the Catalyst-Coated Membrane 
(CCM) and assembling it with Gas Diffusion Layers (GDLs) and sub
gasket components. The CCM can be prepared by direct catalyst depo
sition techniques, including sputtering, silkscreen printing, or inkjet 
printing, or by the decal transfer method, which involves pre-coating the 
catalyst layers onto a temporary inert substrate that is then transferred 
onto the membrane [7,8]. This is followed by hot pressing (HP) to bond 
the CCM with GDLs and subgaskets [9,10]. During this process, GDLs are 
carefully aligned with the CCM and subgaskets to ensure mechanical 
stability and prevent leakage. Hot pressing requires specific molds, 
temperatures (100–170 ◦C), and pressing times (3–15 min) to ensure 
strong adhesion [7,10–12]. In some cases, additional adhesives may be 
used to enhance the bond between the GDLs and the subgaskets. The 
choice of adhesive and its application are crucial to ensuring durability 
and preventing potential degradation of the MEA’s performance.

Recent developments have introduced ultrasonic (US) welding as an 
innovative assembly method [13–23]. This technique uses a sonotrode 
operating at ultrasonic frequencies (20–70 kHz) to generate localized 
frictional heat, welding components together quickly and efficiently. 
Ultrasonic welding offers precise control, is suitable for a wide range of 
thermoplastic materials [24–26], and many parameters can be 

controlled (ultrasonic amplitude, energy, welding force, time, etc.). No 
additional molds, embossing tools, positioning templates, or specific 
tooling is necessary, with the exception of the sonotrode and the anvil 
specifically designed for the ultrasonic machine and for the design to be 
welded.

The ultrasonic process is faster (seconds vs. minutes) and requires 
minimal equipment compared to hot pressing. For example, Beck and al. 
used 7.5–9 s to weld gas diffusion electrodes (GDE) to the membrane 
[13–15]. It eliminates the need for adhesives and external heating, 
making it ideal for large-scale production. Moreover, the ultrasonic 
process generates no material waste and the only heat generated is the 
one produced inside the material during their friction. This localized and 
low-energy input further enhances its efficiency and sustainability.

Several patents have been published in this field, including the decal 
transfer of electrodes to the membrane [16,21], GDE bonding with a 
membrane [17], welding of subgaskets onto the membrane [18,19], and 
welding of GDLs onto the other components [27]. The simultaneous 
bonding of multiple layers (from 2 to 7) of different natures within the 
MEA is possible without the use of release films. Furthermore, this type 
of process can be integrated into a production line, and the high pro
duction rate allows for efficient manufacturing [20].

The ultrasonic process appears suitable for assembling PEMFC MEA 
components, but optimizing parameters is crucial to produce MEAs with 
the required characteristics for proper cell operation. This paper pre
sents the limits and optimized parameters for electrode transfer onto the 
membrane and welding of various MEA components using ultrasonic 
technology, along with preliminary results comparing an ultrasonic- 
manufactured CCM to one made by hot pressing.

2. Experimental

2.1. Ultrasound machine

Thanks to a Herrmann Ultraschall 35 kHz-1200 W machine (Fig. 1a), 
electrical energy is converted into mechanical vibrations using a 
vibratory unit. This unit consists of a transducer, a booster, and a 
sonotrode, as illustrated in Fig. 1b. The booster adjusts the ultrasound 

Fig. 1. (a) Picture of Herrmann Ultraschall 35 kHz-1200 W machine, named HiQ G1 VARIO 35/1200, (b) Structure of the vibratory unit composed with a transducer, 
a booster and the 4 cm2 sonotrode from the user manual of Herrmann Ultraschall.
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amplitude, while the sonotrode transmits the vibration to the materials. 
Two rectangular sonotrodes with different sizes have been used in the 
study: a 4 cm2 (0.4 × 10 cm) and a 24.6 cm2 (7.7 × 3.2 cm). Photos of 
each sonotrode, along with their corresponding anvils, are provided in 
Supplementary Fig. S1. The 4 cm2 sonotrode was employed to demon
strate the proof of the concept for different welds, while the 24.6 cm2 

sonotrode was used to evaluate the performance of CCMs manufactured 
by ultrasound process (CCM-US) in a single-cell test. The use of the ul
trasonic machine requires hearing protection due to noise levels. The 
average sonotrode lifetime is around 10–15 million cycles, based on 
packaging industry data. However, durability with our specific materials 
and conditions remains to be fully evaluated.

Concerning the ultrasound-assembled MEA, designed for a 20 cm2 

cell, it was manufactured using a more powerful Herrmann Ultraschall 
machine (20 kHz-6200 W). The sonotrode used has a frame shape with 
external dimensions of 4.1 × 11.3 cm and internal dimensions of 3.3 ×
7.8 cm, and therefore a surface area of 20.6 cm2. This sonotrode consists 
in welding the boarder of the GDL onto the subgasket.

The main parameters of the ultrasonic process include ultrasonic 
amplitude (μm), energy (J), welding force (F1 or F1-F2; N), control of 
the transition from F1 to F2, time (weld or stop; s), trigger force (N), start 
force (N), activation of the oscillator up or down and power (W). They 
will vary depending on the types of welds.

2.2. MEA manufacturing

2.2.1. Electrode preparation
CCMs consist of electrodes (anode and cathode) manufactured from 

a single ink formulation. The ink is composed of a platinum/carbon 
catalyst (TEC10E50E Tanaka®), a Nafion® ionomer (D2020) with an 
ionomer/carbon ratio of 1.1, and a water/ethanol mixture at a ratio of 3. 
In a flask, the platinum/carbon catalyst is mixed with water and ethanol, 
followed by the ionomer dispersion. Zirconia beads with a diameter of 3 
mm are added to the ink to facilitate thorough mixing. The flask is then 
placed on roller mixer during 12 h. Finally, the catalytic ink is applied to 
an inert Teflon support, heated at 60 ◦C on a coating table (Elcometer). 
The catalyst loading is checked through X-ray fluorescence spectrometry 
(XVD-SDD from Fisher Technology). The anode is loaded at 0.1 ± 0.02 
mgPt/cm2 and the cathode at 0.3 ± 0.02 mgPt/cm2.

2.2.2. Catalyst Coated Membrane (CCM)
To manufacture a CCM-US, the electrodes on their inert support are 

positioned on either side of a membrane (Gore® M820.15) and trans
ferred via ultrasonic process or hot press, a conventional process. The 
two rectangular sonotrodes have been used for the decal transfer. The 
ranges of parameters applied depend on the sonotrode used. For the 4 
cm2 sonotrode, the tested ultrasound amplitude ranged from 17.9 to 
22.4 μm, energy from 25 to 125 J/cm2, and stress from 0.075 to 1.25 
MPa. For the 24.6 cm2 sonotrode, the tested ultrasound amplitude 
ranged from 11.7 to 19.5 μm, energy from 4 to 290 J/cm2, and stress 
from 0.08 to 0.2 MPa.

Due to its shape of 0.4 cm × 10 cm, the CCM-US made with the 4 cm2 

sonotrode does not permit fuel cell tests because a surface of 1.2 × 1.5 
cm2 is required (1.8 cm2 active surface). In consequence, only CCM-US 
manufactured with the 24.6 cm2 have been tested in a 1.8 cm2 differ
ential cell. The performances of these CCMs will be compared to a CCM 
made by hot pressing (CCM-HP) using same membrane and electrodes. 
The CCM-HP was produced using a 3R SYNTAX press at 145 ◦C with a 
stress of 1 MPa for 180 s.

2.2.3. Membrane-electrodes assembly (MEA)
MEAs are composed of a variety of materials, including GDL, 

(Freudenberg H14CX653 comprising a carbon microporous layer (MPL) 
and carbon fibres with a polytetrafluoroethylene (PTFE) binder), poly
ethylene naphthalate (PEN) subgaskets (25 μm PEN + 22 μm of ther
moactivable glue), perfluorosulfonated acid (PFSA) based membrane 

(Gore® M820.15), and the previously described CCM. Four types of 
welds are present in a MEA: GDL/subgasket/CCM/subgasket/GDL (US2, 
also named MEA 7), GDL/subgasket/membrane/subgasket/GDL (US3, 
also named MEA 5), subgasket/membrane/subgasket (US4) and sub
gasket/subgasket (US5). All these welds were realized using ultrasound 
with the 4 cm2 sonotrode. The tested parameters for ultrasound ampli
tude ranged from 17.9 to 22.4 μm, energy from 25 to 200 J/cm2, and 
stress from 0.25 to 2.0 MPa.

Two MEA were designed for a 20 cm2 cell. The MEA-US is from a 
24.6 cm2 CCM-US (US1 zone) and the assembly of the GDL onto the 
subgasket (welding where all the components are superimposed like in 
US2) using 100 J/cm2 with a stress of about 0.5 MPa parameters. The 
MEA-HP is from a CCM-HP and the assembly of the GDL and the sub
gasket also made by hot press. All the components are first pre-cut to the 
specific shapes of the 20 cm2 cell (gas and cooling holes).

2.3. Quality of the assemblies produced

2.3.1. Optical microscopy
To establish the initial criteria for effective electrode transfer onto a 

membrane, observations were conducted using an Olympus DSX10 
miscroscope. The microscope was used to measure the area of the 
electrode that was absent from the inert support following the ultra
sound decal transfer process. The images obtained were processed in 
grayscale and then analyzed by thresholding to quantify the number of 
white pixels corresponding to the transferred surface. Ratios were 
calculated based on the sonotrode used, as per Equation 1. 

Transferred surface (%)=
Missing surface on the inert surpport

Surface of the sonotrode
× 100 

2.3.2. Scanning electron microscopy (SEM)
The SEM observations were carried out using a ZEISS NVISION40X1 

to evaluate the quality of the transfer in CCMs or the welds in MEAs. The 
objective was to observe the interface between the components and to 
evaluate the thickness of the membrane in CCMs. Samples were trimmed 
and cut with a LEICA EM UC7 cryo-ultramicrotome at − 120 ◦C to pro
duce a flat surface for the SEM observations. CCMs and MEAs were cut 
without epoxy embedding and secured in a vice, avoiding any possible 
chemical contamination. The CCM thickness is about 29 μm (4 μm 
anode + 15 μm membrane + 10 μm cathode).

To prevent damage to the knife, it is necessary to remove the GDL 
component. In some cases, MPL of the GDL remained stuck to the 
membrane or electrode when the GDL was removed, resulting in a MEA 
thickness of approximately 175–200 μm (15 μm membrane or 30 μm 
CCM + 47 × 2 μm subgaskets + few tens of μm MPL). This precludes 
effective analysis of the membrane or electrode/MPL interface using a 
SEM. Consequently, a combined approach utilizing SEM in conjunction 
with X-ray tomography was employed.

2.3.3. X-ray tomography
X-ray tomography was used alongside SEM to image the interface 

between the membrane or electrode and MPL of GDLs in MEAs. Samples 
were cut into a triangular shape, glued onto a graphite stick, and fixed in 
a spinning sample holder to provide a volumetric view of the weld.

X-ray computed tomography of MEA 5 was performed at the 
ANATOMIX beamline of the Soleil synchrotron [28,29]. The setup 
included a 10 keV X-ray energy, a lutetium aluminum garnet scintillator, 
a 20x Mitutoyo objective, and a Hamamatsu Orca Flash 4.0 V2 sCMOS 
detector, with an effective voxel size of 323 nm. A total of 2000 pro
jections were acquired over 180◦ with a 300 ms acquisition time. 
Tomographic reconstruction was done using PyHST2 software [30].

X-ray nano-tomography of the MEA 7 samples was conducted at the 
ID16B beamline [31] of the European Synchrotron Radiation Facility 
(ESRF) using a 29.6 keV pink beam. Four tomographic scans were per
formed at different propagation distances (holo-tomography technique 
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[32]), each acquiring 2505 projections over 360◦ with a PCO edge 4.2 
camera (2048 x 2048 pixels, 25 nm effective voxel size, 20 ms acquisi
tion time per projection). Phase retrieval and reconstruction were per
formed using PyNX [33] and Nabu [34].

2.3.4. Electrochemical performances
A preliminary comparative study was conducted between CCM-US 

and CCM-HP to ensure that the ultrasonic process for electrode trans
fer onto the membrane does not significantly affect CCM performance. 
No reproducibility tests were conducted on the results presented here; 
however, a more detailed study will be conducted in a subsequent paper.

CCMs were placed between two PEN subgaskets and two GDLs in a 
single fuel cell with an active area of 1.8 cm2, named the differential cell. 
This cell consists of two identical graphite plates on the anode and 
cathode sides, with gas flow in a co-flow configuration. To ensure gas 
homogeneity at the inlet and outlet, fixed flow rates of 38 and 95 Nl/h 
were used, corresponding to a very large reactant stoichiometry of 50 at 
1 A/cm2 for the anode and cathode, respectively.

Performance was evaluated using polarization curves measured at 
80 ◦C under two conditions: 90 % RH with 2.5 bar absolute (wet con
dition) and 40 % RH with 1.2 bar absolute (dry condition), under H2 and 
air. The voltage was varied between OCV and 0.3 V with a scan rate of 2 
mV/s.

High-frequency resistance (Rhf) was also measured using Electro
chemical Impedance Spectroscopy in potentiostatic mode (PEIS). The 
cell was at open circuit voltage (OCV), with frequency oscillating from 
100 Hz to 200 kHz and a 5 mV sinusoidal amplitude at 35 ◦C. Relative 
humidity varied from 20 % to 100 % in 20 % increments, using the same 
flow rates as previously mentioned, with hydrogen on the anode side 
and nitrogen on the cathode side at atmospheric pressure.

Preliminary tests in a 20 cm2 technical single cell were carried out at 
80 ◦C under two distinct conditions H2/air: (1) 50 % RH and 2.5 bar 
absolute at the anode and 30 % RH and 2.3 bar absolute at the cathode 
with stoichiometries of 1.4 and 2 respectively, and (2) 80 % RH both 
sides, 1.5 bar absolute at the anode and 2 bar absolute at the cathode 
with stoichiometries of 1.5 and 2 respectively. The polarization curves 
were measured using current steps. The error bars correspond to the 
voltage variation measured at each step. The results presented in this 
study should be regarded as preliminary.

3. Ultrasonic decal transfer and welding optimization

Manufacture a MEA using ultrasound process (MEA-US) involves two 

steps: transferring the electrode onto the membrane to produce the 
CCM-US, and welding the others components, such as GLDs and sub
gaskets, to the membrane or the CCM.

3.1. Ultrasound-assembled Catalyst Coated Membrane (CCM-US)

During testing transfers, several limitations were identified, partic
ularly concerning the quality of adhesion and the integrity of the com
ponents. Criteria were defined to establish the working range limits.

For the lower bound of the range, it was observed that the decal 
transfer of electrodes from the PTFE support to the membrane was 
sometimes incomplete. This issue can manifest in two ways: either the 
entire surface under the sonotrode does not transfer while the center 
does, or parts of the center do not lift off, leaving missing electrodes on 
the membrane. Both phenomena reduce the overall quality of the CCM, 
leading to a reduction in active surface area and a waste of platinum.

For the upper bound of the range, it was observed that the membrane 
could be degraded during the electrode transfer process. At high energy 
levels or with inadequate stress parameters, the membrane can flow on 
the electrodes sides, adhering to the inert PTFE support and causing 
perforations that render the CCM inoperable.

By optimizing the ultrasonic process parameters, such as ultrasound 
amplitude, applied stress, and energy supplied, it was possible to 
transfer electrode surfaces ranging from 4 cm2 to 24.6 cm2 (Fig. 2a). The 
optimized parameter ranges are detailed in Table 1.

The parameters varied depending on the sonotrode used. The am
plitudes listed in Table 1 are the only ones explored, and the trigger 
force, which differs for the two sonotrodes, was not studied.

For the 4 cm2 sonotrode, electrodes could be transferred to the 
membrane using the same range of energies and stress levels with an 
ultrasonic amplitude between 17.9 and 22.4 μm. For the 24.6 cm2 

Fig. 2. (a) Ultrasound-assembled CCMs of varying sizes (4 and 24.6 cm2), (b) Cross-Section of an ultrasound-assembled CCM by SEM, and (c) Membrane thickness 
evolution (PFSA-ionomer and ePTFE) as a function of applied stress up to 1 MPa at 75 J/cm.2.

Table 1 
Parameters (amplitude, energy, stress and trigger force) for transferring elec
trodes from 250 μm PTFE support to the membrane via ultrasound by sonotrode 
type using a 35 kHz-1200 W machine from Herrmann.

Sonotrode Amplitude 
(μm)

Energy (J/ 
cm2)

Stress 
(MPa)

Trigger force 
(MPa)

4 cm2 17.9–22.4 35–100 0.125–1.0 0.2
24.6 cm2 11.7 210–290 0.2 0.04

12.5 160–200
15.6 100–160
19.5 60–120
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sonotrode, it is important to note that the ultrasonic amplitude is 
directly proportional to the energy required for the decal transfers; 
higher amplitudes require less energy. The stress used with this sono
trode was studied, but successful transfers were only achieved with 0.2 
MPa, the maximum stress the ultrasound machine can provide.

To evaluate the quality of the electrode transfer and the integrity of 
the CCM, the SEM observations were conducted following cross- 
sectioning via cryo-ultramicrotomy, as illustrated in Fig. 2b. This tech
nique provides a highly uniform surface, essential for accurately 
measuring changes in the thickness of the CCM.

The SEM observations revealed no significant differences between 
the CCMs produced by ultrasonic decal transfer and those produced by 
hot pressing. This suggests that the ultrasonic process is an effective 
method for producing CCMs of equivalent quality while maintaining the 
structural integrity of the membrane and the electrodes at this scale. 
However, a comparison of the membranes before and after decal transfer 
revealed differences in their thickness.

The thickness of the various layers of the CCM, as depicted in Fig. 2c, 
was quantified, focusing on the ePTFE reinforcement and the PFSA- 
ionomer sections on either side of the reinforcement. This analysis was 
conducted under different mechanical stress conditions and with a fixed 
ultrasonic energy of 75 J/cm2. The thickness of the ePTFE, a porous 
fibrous reinforcement [35,36], was affected by the stress and probably 
the temperature induced by the ultrasonic process. The ePTFE can 
deform in thickness due to compaction of its porous structure. In 
contrast, the PFSA-ionomer sections remained resilient, retaining their 
original thickness. An illustrative example of a membrane before and 
after electrode transfer by ultrasound is shown in Supplementary Fig. S2.

It is therefore possible to perform electrode transfers using the two 
sonotrodes with different surface areas by adjusting the parameters, 
reducing the time by 94 % compared to the traditional hot-pressing 
process (2–10 s vs. 180 s).

Scaling up is theoretically possible [23], but it requires optimization 
of the sonotrode’s shape and the surface area exposed to ultrasound, 
based on the machine specifications and the nature of the components. 
Initial successful decal transfers (with non-optimized parameters) have 
also been achieved with a 38 cm2 sonotrode and one is shown in the 
supplementary in Fig. S3, demonstrating the capacity to transfer 

electrodes onto the membrane over several active layer area.

3.2. Ultrasonic process for Membrane-Electrode Assembly (MEA-US)

3.2.1. Optimization of different types of welding
Manufacture MEA using ultrasound process allows the simultaneous 

welding of various components including GDLs and subgaskets, to the 
membrane or CCM, in just a few seconds. This method enables the as
sembly of up to seven layers (US2, GDL/subgasket/CCM/subgasket/ 
GDL) in a single operation, significantly simplifying the manufacturing 
process and reducing production time. The application of ultrasonic 
vibrations facilitates localized fusion at the interface between layers, 
ensuring a robust and uniform bond without the need for additional 
binders or elevated temperatures across the entire surface.

However, the ultrasonic process has certain limitations and technical 
constraints that must be considered to ensure gas-tightness.

Firstly, excessive welding parameters (stress and ultrasonic energy) 
can cause visible distortion of the membrane and/or cracks in the 
electrodes, as shown in Fig. 3a and b. This is often due to thermal and 
mechanical deformation of the components under stress, compromising 
material integrity and potentially reducing MEA durability.

Secondly, insufficient stress-cooling time after welding can result in 
partial or total shrinkage of the subgasket adhesive. This phenomenon 
can cause the membrane electrodes to be pulled out by the adhesive, 
creating holes at the CCM/adhesive or membrane/adhesive interface, as 
shown in Fig. 3c. Such holes can compromise the gas-tightness between 
layers.

Additionally, like in the decal transfer step, increasing the ultrasonic 
energy during welding can thin the membrane, as shown in Fig. 3d. This 
thinning is likely due to compression and localized heating caused by 
ultrasonic vibrations. However, since this thinning occurs outside the 
active area of the MEA (outside US1), it should not significantly impact 
the overall performance of the fuel cell.

By optimizing the ultrasonic process parameters, such as ultrasonic 
energy, applied stress, and cooling time, it is possible to achieve a robust 
assembly between components without compromising their structural 
integrity, as shown in Fig. 3e.

It has been demonstrated that a satisfactory assembly can be 

Fig. 3. Key defects in ultrasonic Membrane-Electrode Assembly welding: (a) distorted membrane (1 MPa - 300 J/cm2) and (b) cracks in the catalyst layers by X-ray 
tomography (1 MPa - 150 J/cm2), (c) shrinkage of the sub-gasket adhesive on cooling by SEM (0,5 MPa - 300 J/cm2), (d) membrane thickness evolution (PFSA- 
ionomer and ePTFE) as a function of ultrasonic energy up to 300 J at 0.5 MPa. (e) Final MEA components assembly with optimized ultrasound parameters by X-ray 
tomography (0,5 MPa - 150 J/cm2).
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achieved between the following components: two GDL and two sub
gaskets with a membrane in the middle, or two GDL and two subgaskets 
with a CCM in the center. These assemblies maintain cohesion without 
significant distortion, preserving the integrity of the membrane, elec
trode layers, and GDL. Other welds, such as subgasket/membrane/ 
subgasket (US4) and subgasket/subgasket (US5), have also been stud
ied. The optimized parameter ranges depend on the type of the weld, as 
detailed in Table 2.

Welds were performed using a 4 cm2 sonotrode with a trigger force of 
0.2 MPa and a fixed amplitude of 22.4 μm. The trigger force and 
amplitude were not studied extensively because ultrasound effectively 

welds the components over a wide range of energies and stress levels. 
Below the working ranges, components do not weld together and above 
these ranges, components exhibit the defects listed previously.

By adjusting the parameters, weld the various components can be 
performed using the ultrasonic process, reducing processing time by 94 
% compared to the traditional hot-pressing method (2–10 s vs. 180 s).

3.2.2. First MEAs entirely produced by ultrasound
A fully MEA assembled using ultrasound process was manufactured 

in a design for a 20 cm2 cell. A picture is presented in Fig. 4. Areas 
exposed to ultrasound are hatched. Other folds visible on the MEA were 
induced by the subgaskets of the technical cell after tests.

The CCM-US used in the center was obtained using the 24.6 cm2 

sonotrode with an amplitude of 15.6 μm and an energy of 100 J/cm2 

with a stress of 0.2 MPa. The decal transfer of the electrodes onto the 
membrane took 2 s.

The assembly with the others components, a subgasket and a GDL on 
each side of the CCM-US, was done on the periphery of the GDL. The 
frame shape of the sonotrode allows avoiding stressing the active area of 
the assembly. This step took 2.5 s.

In consequence, the whole ultrasound process took around 5 s, which 
is very fast compared to the 6 min required by hot pressing (CCM 
manufacturing + GDL and subgasket assembling).

Table 2 
Parameters (amplitude, energy, stress and trigger force) for welding the different 
type of components via ultrasound with 4 cm2 sonotrode using a 35 kHz-1200 W 
machine from Herrmann.

Welding 
type

Amplitude 
(μm)

Energy (J/ 
cm2)

Stress 
(MPa)

Trigger force 
(MPa)

US2 – 
MEA7

22.4 75–150 0.5 0.2

US3 – 
MEA5

25–250 0.35–1.25

US4 12.5–35 0.125–1.25
US5 12.5–35 0.25–1.25

Fig. 4. Picture of an ultrasound-assembled MEA in a 20 cm2 design after technical mono-cell test, showing the electrode transfer area (green hatching) and the 
assembly area (orange hatching). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Comparison of (a) Polarization curve (forward) at 80 ◦C, H2/air (38/95 Nl/h) under wet conditions (90 % RH, 2.5 bar absolute) and dry conditions (40 % RH, 
1.2 bar absolute) and (b) high-frequency resistance (Rhf) under H2/N2 at OCV at different relative humidity (20–100 %) of CCM-US and CCM-HP obtained in 1.8 cm2 

differential cell.
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4. Preliminary performance in 1.8 cm2 differential cell and in a 
20 cm2 technical mono-cell

4.1. CCM-US vs CCM-HP in 1.8 cm2 differential cell

The polarization curves of CCM-US and CCM-HP, with 1.8 cm2 of 
active surface, shown in Fig. 5a, were measured at 80 ◦C under two 
distinct relative humidity (RH) conditions: 90 % RH at 2.5 bar (wet 
conditions) and 40 % HR at 1.2 bar (dry conditions). The polarization 
curves shown in the main text correspond to the forward scans, while 
full forward and reverse polarization curves are provided in the sup
plementary information as Fig. S4. A more comprehensive study will be 
proposed in a subsequent paper.

The electrochemical performance of CCM-US and CCM-HP, as shown 
by polarization curves in Fig. 5a, varies significantly between wet and 
dry conditions. At 90 % RH, performance improves compared to dry 
conditions due to enhanced proton conduction in the membrane and in 
the ionomer of the electrodes, increasing fuel cell efficiency. Preliminary 
results indicate that the performances of CCM-US and CCM-HP remain 
similar regardless of humidity levels. Consequently, the thinning of the 
ePTFE reinforcement at the center of the membrane, caused by the ul
trasonic electrode transfer process, does not appear to affect 
performance.

Fig. 5b presents the high-frequency resistance (Rhf) of these CCMs 
measured under H2 at the anode side and N2 at the cathode side, and at 
OCV. As humidity increases, Rhf decreases. At low humidity levels, the 
values for the two CCMs differ, with CCM-US showing the highest 
resistance (207 mΩ cm2) at 20 % RH, followed by CCM-HP (190 mΩ 
cm2). However, at 40 % RH, the values converge, with CCM-US at 97 
mΩ cm2 and CCM-HP at 91 mΩ cm2, remaining almost identical at 
higher humidity levels.

4.2. MEA-US vs MEA-HP in 20 cm2 technical mono-cell

Polarization curves were also recorded using a 20 cm2 single-cell 
setup, as shown in Fig. 6. MEAs prepared via ultrasonic welding and 
hot pressing were tested at 80 ◦C under two distinct conditions H2/air. 
The results presented in this study should be regarded as preliminary.

The results obtained in the single-cell setup show similar perfor
mance between the MEA-US and MEA-HP. These initial findings are 
consistent with previous results obtained in differential cells under 
various operable conditions. They are very promising and suggest that 
the nature of the components has a greater impact than the assembly 
method used.

The ultrasonic process for manufacturing CCMs appears to be an 
efficient method of reducing production time by over 94 % compared to 
hot-pressing process. However, further research is necessary to deter
mine whether the ultrasonic process effects the materials’ structure.

5. Conclusions

The ultrasonic process for MEA assembly in PEMFC is a rapid and 
efficient two-step method, significantly reducing assembly time (94 % in 
total) and minimizing equipment requirements compared to hot press
ing (no additional molds, embossing tools, or positioning templates). 
The process involves transferring the electrode to the membrane to form 
the CCM-US, followed by welding additional components, such as GDLs 
and sub-gaskets, to produce the final MEA-US. The ultrasonic welding of 
GDLs onto the sub-gaskets in PEMFCs is an innovative step that, to the 
best of our knowledge, has not yet been implemented in the industry and 
has been the subject of a patent filed by our team [27].

Successful electrode transfers have been demonstrated using rect
angular sonotrodes of various sizes (4 cm2 and 24.6 cm2). Scaling up is 
also possible, as shown by the picture of the 38 cm2 CCM in the Sup
plementary Fig. S3. The assembly of multilayer structures (up to seven 
layers) has been validated with a 4 cm2 sonotrode. Proof of concept of a 
MEA-US adapted to a 20 cm2 technical cell has been demonstrated. The 
MEA-US assembly took only 5 s.

Preliminary electrochemical performance data indicate that CCMs 
manufactured by the ultrasonic process match conventionally assem
bled CCMs, even under varying humidity conditions, underscoring the 
potential of this technique for PEMFC manufacturing. Polarization 
curves measured in a 20 cm2 technical single cell showed similar per
formance for the MEA-US and MEA-HP.

However, several limitations must be addressed before considering 
broader implementation. While the feasibility of scaling to 38 cm2 has 
been demonstrated visually, electrochemical performance at this size 
remains untested. In the context of large active areas (≥1000 cm2) 
required for automotive MEAs, such scaling could be achievable by 
adapting the anvil design, sonotrode characteristics and process pa
rameters. Moreover, the process also depends on manual alignment, 
which could affect reproducibility in automated manufacturing envi
ronments. Finally, long-term durability and mechanical integrity under 
fuel cell cycling conditions have yet to be evaluated.

Further research is needed to explore the effects of ultrasonic pro
cessing on ionomer structure, particularly its impact on proton con
duction and material durability, which are critical parameters for 
ensuring long-term performance. While the ultrasonic approach was 
demonstrated in this study for a specific set of components, additional 
tests using alternative materials (such as different membranes, GDLs, 
subgaskets, and ink compositions) have further highlighted the versa
tility of this technology.
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I. Richard, PyNX: high performance computing toolkit for coherent X-ray imaging 

based on operators, J. Appl. Crystallogr. 53 (2020) 1404–1413, https://doi.org/ 
10.1107/S1600576720010985.

[34] P. Paleo, J. Lesaint, H. Payno, A. Mirone, N. Vigano, C. Nemoz, Nabu 2024.1. 
https://doi.org/10.5281/ZENODO.11104029, 2024.

[35] G. ePTFE P.A. Industry, The Role of an ePTFE-Reinforced Polymer Electrolyte 
Membrane (PEM) in the Automotive Fuel Cell Market, (n.d.). .

[36] HP15 ePTFE Reinforced PFSA Membrane, (n.d.). https://www.fuelcellstore.co 
m/eptfe-reinforced-pfsa-membrane-15-microns (accessed October 9, 2024) .

C. Tougne et al.                                                                                                                                                                                                                                 Journal of Power Sources 656 (2025) 238061 

9 

https://doi.org/10.1107/S1600577515019839
https://doi.org/10.1107/S1600577515019839
https://doi.org/10.1063/1.125225
https://doi.org/10.1107/S1600576720010985
https://doi.org/10.1107/S1600576720010985
https://doi.org/10.5281/ZENODO.11104029
https://www.fuelcellstore.com/eptfe-reinforced-pfsa-membrane-15-microns
https://www.fuelcellstore.com/eptfe-reinforced-pfsa-membrane-15-microns

	Ultrasonic process for the manufacture of proton exchange membrane fuel cell electrode assembly
	1 Introduction
	2 Experimental
	2.1 Ultrasound machine
	2.2 MEA manufacturing
	2.2.1 Electrode preparation
	2.2.2 Catalyst Coated Membrane (CCM)
	2.2.3 Membrane-electrodes assembly (MEA)

	2.3 Quality of the assemblies produced
	2.3.1 Optical microscopy
	2.3.2 Scanning electron microscopy (SEM)
	2.3.3 X-ray tomography
	2.3.4 Electrochemical performances


	3 Ultrasonic decal transfer and welding optimization
	3.1 Ultrasound-assembled Catalyst Coated Membrane (CCM-US)
	3.2 Ultrasonic process for Membrane-Electrode Assembly (MEA-US)
	3.2.1 Optimization of different types of welding
	3.2.2 First MEAs entirely produced by ultrasound


	4 Preliminary performance in 1.8 ​cm2 differential cell and in a 20 ​cm2 technical mono-cell
	4.1 CCM-US vs CCM-HP in 1.8 ​cm2 differential cell
	4.2 MEA-US vs MEA-HP in 20 ​cm2 technical mono-cell

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


