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Abstract: Polymer electrolyte membrane fuel cells (PEMFCs) and PEM electrolyzer are emerging
technologies that produce energy with zero carbon emissions. However, the commercial feasibility of
these technologies mostly relies on their efficiency, which is determined by individual parts, including
the gas diffusion layer (GDL). GDL transfers fluid and charges while protecting other components
form flooding and corrosion. As there is a very limited attention toward the simulation work, in
this work, a novel approach was utilized that combines simulation and experimental techniques
to optimize the sintering temperature of GDL. Ti64 GDL was produced through tape casting, a
commercial method famous for producing precise thickness, uniform, and high-quality films and
parameters such as slurry composition and rheology, casting parameters, drying, and debinding were
optimized. The porosity and mechanical properties of the samples were tested experimentally at
various sintering temperatures. The experimental results were compared with the simulated results
achieved from the GeoDict simulation tool, showing around 96% accuracy, indicating that employing
GeoDict to optimize the properties of Ti64 GDL produced via tape casting is a critical step towards
the commercial feasibility of PEMFCs and electrolyzer. These findings significantly contribute to the
development of sustainable energy solutions.

Keywords: PEMFC; GDL; tape casting; GeoDict; optimization; physical properties

1. Introduction

Global warming, the high emission of carbon gases, and the energy crisis compel
the world to move toward green energy. The fuel cell is one of the crucial technologies
to solve this problem. The fuel cell is the best alternative for storing energy rather than
batteries as it has an issue of self-discharge. There are many applications of fuel cells such
as portable electronic devices, vehicles, power generation, transportation, backup power
system, aerospace, military, and marine [1]. The basic five types of fuel cells on the basis of
electrolytes are (PEM) fuel cells, solid oxide fuel cells, alkaline fuel cells, molten carbonate
fuel cells, and phosphoric acid fuel cells. Among them, the PEM fuel cell received more
attention due to the quick start and shut down, high efficiency, low operating temperature,
and simple design. The PEM fuel cell uses hydrogen as the intake fuel and converts it
into electrical energy [2,3]. The high combustion value, purity, and stability of hydrogen
make it one of the most attractive sources of renewable energy [4]. To sufficiently provide
hydrogen to the PEM fuel cell, enough hydrogen production is needed [5].
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There are various techniques through which hydrogen can be produced. The most
advanced technique is the alkaline electrolyzer, but its drawbacks include a corrosive
electrolyte, a low maximum current density, and low operating pressure. In addition,
the solid oxide electrolyzer has excellent efficiency and quick reaction time, but the high-
temperature operation is the main limitation. Hence, the production of hydrogen by water
electrolysis using a PEM electrolyzer can be a prominent solution. The PEM electrolyzer
is at the door of commercialization. This electrolyzer allows various advantages over
other electrolyzers such as the simple design, high productivity, fast response system,
compactness, being safe at high current densities, easy maintenance, and environmental
friendliness [6–9].

PEM electrolyzer convert electrical energy into chemical energy with oxygen as a
by-product. It performs electrolysis of water into oxygen and hydrogen. The proton travels
through the proton exchange membrane which is a solid electrolyte, while the electron
travels through the external circuit, reacts again at the cathode side and releases hydrogen
as the final product. The excess water and oxygen are the by-product in the whole process,
which is very important for the control of the greenhouse effect [10,11].

The cathode and anode reactions of the electrolyzer are given as

Anode: 2H2O↔ O2 + 4H+ + 4e

Cathode: 4H+ + 4e− ↔ 2H

The overall reaction is as [7]

2H2O + electrical energy↔ 2H2 + O2

The electrolyzer is composed of the PEM membrane, anode, cathode, GDL, bipolar
plate, and end plate. The major challenge in the electrolyzer is the cost of its individual
parts. Since the output of one single cell is very limited, multiple cells are connected in
series to increase the final production of hydrogen. The efficiency of the whole cell is based
on the performance of each component including GDL [8].

1.1. GDL

The gas diffusion layer (GDL) is one of the essential parts of PEMFC and electrolyzer.
It greatly affects the performance of PEMFC and facilitates fluid movement to and from
the electrodes. GDL also shields other components from corrosion and erosion during the
process. GDL, which exists in single and double layer configurations and is comprised
of porous material, has a number of industrial, biomedical, and power generation uses.
GDL must be designed with high thermal and electrical conductivity, strong mechanical
properties, high corrosion resistance, and high permeability. Good thermal and electrical
properties are important for efficient ion transport and fluid management. The high
mechanical strength along with the high porosity is required to withstand the fluid pressure
at high temperatures and ensure the high permeability of the fluid [12]. In addition, the
hydrophilic and hydrophobic properties must also be considered in the design. The
hydrophobic nature of certain materials can help manage water in and out of fuel cells, and
coatings may be necessary for this purpose. To ensure all these properties, proper design
and open pores are necessary for accurate handling of capillary pressure, and uniform
transportation in order to avoid transport and flooding problems. The porosity and pore
morphology of a GDL significantly affect its performance and, consequently, the efficiency
of a PEM fuel cell. To achieve all these properties, it is important to select the appropriate
material for the GDL [13,14].

Conventionally, carbon and steel were used as GDL materials, but their commercial
feasibility was limited due to their mechanical and chemical degradation. Steel has high me-
chanical strength, but corrosion limits the commercialization of steel. The strong corrosion
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resistance of GDL is essential in the corrosive environment of the fuel cell and electrolyzer
due to the presence of high reactive ions of H2 and O2 [15]. To solve this problem, titanium
and its alloy can be a good candidate due to it having the same strength as steel with almost
half density and high corrosion resistance. The high strength and light weight of titanium
are also important for the smart manufacturing and weight control of the fuel cell and
electrolyzer stack. Minh Young et al. reported that titanium is ten times more resistant to
degradation compared to carbon [16].

This makes titanium a potentially attractive material for use in GDL and other ap-
plications where degradation resistance is important. The platinum coating makes this
material very much feasible for commercial use with satisfactory corrosion resistance and
mechanical strength [6,17]. After the selection of appropriate material, the fabrication and
optimization of various properties of GDL is very important and challenging. Experi-
mental optimization is very difficult due to the very low thickness of GDL and its porous
nature. There is very limited attention given to the simulation work; therefore, in this study,
GeoDict was employed for the modeling, simulation, and optimization process.

1.2. GeoDict

Currently, there is limited simulated research on titanium GDL manufactured by
powder metallurgy. However, software prediction is expected to play a crucial role in the
future for GDL design and property optimization. Computational fluid dynamics (CFD)
provides insights into macroscopic fluid behavior, while finite element analysis (FEA)
focuses only on mechanical aspects. Molecular dynamics (MD) simulations has specialty in
offering atomistic-level insights. GeoDict possesses distinctive functionalities that enable
the generation of realistic 3D micro-sized geometries, simulation of fluid flow and transport
phenomena, and analysis of the mechanical behavior of GDL materials. These exclusive
capabilities make GeoDict an ideal tool for investigating complex transport phenomena
and optimizing the performance of GDLs in PEMFCs.

The GeoDict simulation tool (Release version: service pack 4) is a very adaptable and
flexible software that needs several inputs based on real calculations, such as powder size
and prototype dimensions, the volumetric porosity, distribution of the powder, volumetric
shrinkage, etc. This also includes some manual addition of physical characteristics of the
material. For instance, in this article, Ti64 was used and various modules were employed
for the simulation with the manual inputs of the basic properties. The young modulus
was measured and a comparison was then made with the experimental data. Moreover,
several predictions were made to analyze and optimize other properties of GDL at various
sintering temperatures (porosity).

Two studies, one by Gervais et al. and the other by Sudhakar et al., showed that GeoD-
ict is highly accurate. Gervais et al. were able to achieve 97% accuracy, while Sudhakar et al.
found that there was only a 0.07 deviation (0.3%) when comparing simulated water per-
meability with experimental results. This shows the verification and the authentication of
GeoDict. Overall, the GeoDict simulation tool is widely recognized as a reliable and precise
tool for simulating and predicting various characteristics of porous materials [18,19]. In
a study conducted by Dennis Hoch et al., a comparison was made between GeoDict and
StarCCM+, using the experimental results. The findings revealed that while StarCCM+
exhibited almost 1% higher accuracy, its simulation time was significantly longer and less
convenient compared to GeoDict [20]. According to M. Amin et al. [21], who compared the
results of GEODICT and COMSOL with the experimental results, GeoDict demonstrated
a high level of accuracy in its predictions. H. Bai et al. utilized FilterDict to simulate the
effective diffusion coefficient and filtration performance in relation to particle diameter.
The results showed a deviation of approximately 0.6% from the experimental data, thus
confirming the remarkable accuracy of GeoDict [22].

In conclusion, this paper aimed to investigate and develop a single-layer Ti64 GDL via
tape casting. The tape was cast and sintered at different temperatures that ranged from 800
to 1400 ◦C. Then, the characterization was carried out and nanoindentation was used to find
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the mechanical properties and few readings were taken of each sample and the average was
then carried out to minimize the error. For the validation of the GeoDict, first, a comparison
was made of mechanical properties between the experimental and simulated data. A very
decent agreement was seen. On the basis of these simulations, a further prediction and
optimization of sintering w.r.t porosity was performed to successfully fabricate and develop
a Ti64 GDL with high efficiency.

2. Experiment and Modeling
2.1. Material and Fabrication

Spherical APATM Ti-6Al-4V grade 23 powder of (10–60) µm size manufactured by
AP& C a GE Additive company was taken as the starting material, as shown in Figure 1b.
The powder size was measured with the particle analyzer. An aqueous-based slurry was
preferred to avoid the hazardous effect. The slurry consisted of the binder polyvinyl alco-
hol (363073-500G, Sigma-Aldrich, USA) and the dispersant ammonium polymethacrylate
(DARVAN® C-N, R.T. Vanderbilt, USA). To further enhance the rheological properties, the
plasticizer polyethylene glycol (300, Sigma-Aldrich, Germany) was added to the slurry.
Additionally, the surfactant Tergitol TMTMN-6 was utilized to improve the surface proper-
ties of the powder. The composition of each additive was carefully optimized through the
use of a viscometer. The optimized composition of each component w.r.t to the powder is
shown in Table 1.
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Table 1. Composition of the additive w.r.t Ti64 powder.

Additive Material (Wt. %)

Water Demi water 31.8
Dispersant Ammonium Polymethacrylate 2

Binder Polyvinyl alcohol 6.46
Plasticizer Polymethacrylate 6.46
Surfactant Tergitol TMN 6 2

The mixing process was performed using a centrifugal mixer, with a one-step mixing
technique at 1000 rpm for 10 min. Subsequently, de-foaming was carried out for 40 min
at 600 rpm to remove any trapped air bubbles. The slurry was poured into a doctor blade
machine, where the thickness was precisely controlled using the doctor blade. The initial
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thickness was set at 500 µm and it was almost 300–350 µm after drying. The tape was cast
on the doctor blade machine at 1.5 mm/s speed and 18.5 ◦C temperature. The slow speed
and low temperature were maintained to avoid cracking of the tape. After drying for 24 h
in room temperature, the green tape was cut into a 3 mm× 3 mm pieces and debinding was
carried out at 1 ◦C/min. Finally, the sintering was conducted at a heating rate of 5 ◦C/min,
with a holding time of 2 h at a temperature range of 800 ◦C to 1400 ◦C. The whole process
of tape casting is shown in Figure 1a.

The sintering and debinding were performed in a high temperature alumina furnace
with high purity Ar atmosphere to prevent oxidation and other contamination. The porosity
of each sample were measured by the image analyzer software version 1.0. This sophisti-
cated instrument employs powerful algorithms to analyze the intricate microstructures and
extract crucial porosity information. By employing high-resolution imaging and precise
image segmentation techniques, we gained a comprehensive understanding of the sample’s
porosity. This meticulous approach ensured precise and reliable porosity measurements,
enabling us to delve deeper into the material’s properties and gain valuable insights. The
samples were analyzed using scanning electron microscopy (SEM) and X-ray diffraction
(XRD) techniques. Additionally, nano-indentation was employed to measure the shear
modulus. The pressure and time for nano-indentation were set at 100 mN and 60 s, respec-
tively. Several points were selected at different position and then average were taken to
limit the error. For the modeling and simulation, GeoDict software tool was employed.

2.2. Modeling
Establishment of Grain Models

GeoDict is a user-friendly and integrated software, developed by Math2Market for
multi-scale 3D image processing, material modeling, visualization, and property analy-
sis [23]. The grain geo sub-model was used for the 3D modeling of spherical particles
that were used for the fabrication of GDL in tape casting. GDL modeling was started
with the dimension of 300 × 300 × 300 microns. The iteration and random seed were
set to 1 and 45, respectively. During the modeling process, the air was selected as a fluid
in the pores. The density was given w.r.t each sintering temperature that was measured
with the image analyzer. The Gaussian powder distribution was selected with the size
range of 5–65 microns, as measured by the powder size analyzer. The pile grain model
was employed to construct a new model based on the real experimental inputs. After
that, a distribution process was carried out and 140 iterations were selected for a more
uniform distribution. The higher iteration resulted in more uniform distribution. The
shift distance/voxel of 10 were used with a random seed of 1. The sintering process was
performed based on the porosity of each sample. The sintering procedure was carried out
with precision, considering the unique porosity of each sample. The whole process of 3D
modeling, including some 3D visualization, is shown stepwise in Figure 2. The 3D models
before and after distribution is shown in Figure 2a,b.

After distribution, the sintering was carried out, which depended on the shrinkage
percentage as shown in Figure 2c. To gain a deeper understanding of the process, vi-
sual representations of FlowDict, ElastoDict, PoroDict, and ConductoDict can be seen in
Figure 2d–g. This illustration highlights the systematic and meticulous approach that was
taken to ensure the highest degree of accuracy and quality in the results.

2.3. Simulation and Prediction

The modeling process included generating a 3D model, distributing it, and then,
sintering it. However, simulation was performed using various models, as shown in
Figure 2, to predict the results at various porosity, representing the sintered sample at
each temperature.
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2.3.1. ElastoDict

The ElastoDict model was used to simulate the mechanical properties of the sample.
Since some values of the titanium alloy (Ti64) were not in the list of the material of Geo-
Dict, the elastic modulus, shear modulus, and poison ratio of the titanium were given
manually, which were 114 Gpa, 44 Gpa, and 0.33, respectively [24–26]. The pores and fluid
were assigned the values 0 for each parameter. Based on these values, the mechanical
properties at various porosity were simulated. These results were compared with the
experimental values and further predictions were made to achieve optimal porosity and
sintering conditions.

2.3.2. FlowDict

Permeability is a crucial aspect of GDL and plays a significant role in its performance.
The FlowDict was used to simulate the effect of porosity on permeability and velocity in a
porous material (GDL). The fluid flow in the porous material (GDL) usually takes place at
low Reynolds number, which can be explained by the incompressible stokes equation and
Darcy’s law as given

→
u=

K
µ

(
∇p−

→
f
)
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In this equation,
→
u is the fluid velocity, ∇p is the pressure, K is the permeability,

→
f is

the force density and, µ is the fluid velocity. The Stokes–Brinkman equation was chosen
due to the low velocity of the fluid in the porous material (GDL). The flow permeability
tensor found from Darcy’s law was used to find the permeability tensor

→
v

i
= −µ−1

Kxx Kxy Kxz
Kyx Kyy Kyz
Kzx Kzy Kzz

 ∇pi

where
→
v is the average velocity, while i = 1, i = 2, and i = 3 represent the pressure drop in

the X, Y, and Z direction, respectively. The three input parameters required for the flow
experiment are the structure of porous material, the fluid, and the process parameters such
as mass and flow rate, etc. [27,28]. The flow in the porous material GDL is very small;
hence, the Stokes–Brinkman equation highly suits this phenomenon.

∇p = −µK−1 →v +∇·µ∗
(
∇→v +∇→v

T
)

∇·→v = 0

where p is the fluid pressure,
→
v is the velocity, K is the permeability tensor, µ and µ*

are the fluid viscosity, and the fluid effective viscosity, respectively. For the prediction of
permeability, water was taken as the fluid. Density and dynamic viscosity as an inputs
were 998 kg/m3 and 1.787 × 10−3 kg m−1 s−1, respectively [29].

2.3.3. ConductoDict

The thermal properties are also a crucial feature of the GDL, which keeps the cell
cool and also helps in the removal of fluid from the cell and makes it easy in the vapor
form. Additionally, the electrical conductivity affects ion transport; hence, a high electrical
conductivity is desirable for the GDL. ConductoDict was employed for the simulation and
prediction of these two properties. The thermal conductivity is based on Fourier’s law

.
q = −K∇T

where K is the thermal conductivity,
.
q is the heat flux, and T is the temperature. As the

thermal conductivity is the second-order tensor, hence

K =

K11 K12 K13
K21 K22 K23
K31 K32 K33


The material is isotropic and, therefore, instead of K, the scalar constant can be applied.
For electrical conductivity, Ohm’s law is applied

j = −σ ∇ ϕ

where j is the current density and ϕ is the electric potential [30].
Similar to thermal conductivity, the electrical conductivity is also the same in all

direction; hence, the alpha is treated as a scalar.
Since the GeoDict did not contain all of the information of titanium alloys, the thermal

and electrical conductivity of Ti64 and water (flows in GDL) were manually added. The
thermal and electrical conductivity of Ti64 were 561,798 S/m and 6.7 W/mk, respectively.
The thermal conductivity of the fluid (GDL) moving through the porous material was
1.787 × 10−3 W/mk, while electrical conductivity was 0.0005 S/m [31,32].
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2.3.4. PoroDict

The structure of the pores significantly impacts all of the porous material’s properties.
The PoroDict was used to thoroughly examine the pores in the GDL at each porosity. The
differential pore distribution in the PoroDict is based on the equation below.

Pore volume distribution = Vcum (di+1) − Vcum (di)/(ln (di+1) − ln (di)).m

where d is the pore diameter, v is the volume fraction, Vcum is the cumulative volume
fraction, and m is the mass. The mass is computed on the base of the densities of the material.
In addition, the bubble point pc was computed on the bases of the young Laplace equation

r =
2σ
pc

cosα

where α is the wetting phase contact angle, σ (sigma) is the surface tension, and r is through
pore radius [33].

3. Result and Discussion
3.1. Model Verification and Analysis

The SEM microstructure of the gas diffusion layer (GDL) sintered at different tem-
peratures was analyzed to better understand the properties of the material. As shown in
Figure 3, at 800 ◦C, the particles of the GDL were not connected, leading to a brittle material.
However, as the temperature increased to 900 ◦C, some particle connections formed and the
porosity decreased. At 1000 ◦C, necking started to appear and continued to increase as the
temperature was raised to 1100 ◦C and 1200 ◦C. When the sample was sintered at 1300 ◦C,
the particles came together more closely, filling in the gaps, some grain formation began,
which indicates a decrease in porosity and at 1400 ◦C, a completely sintered body with
limited porosity and complete grain formation was achieved, providing optimal mechani-
cal stability to the GDL. The 2D models generated by GeoDict at each porosity (sintering
temperature) showed the same trend in microstructure, as seen in Figure 4. The comparison
between the GeoDict-generated 2D structure and the SEM analysis showed that the model
was generated using real experimental inputs and was a reliable representation of the
material’s properties. Furthermore, the XRD data were analyzed to gain a comprehensive
understanding of the sample composition. The XRD pattern of GDL samples sintered at
various temperatures (800 ◦C, 900 ◦C, 1000 ◦C, 1200 ◦C, and 1400 ◦C) is shown in Figure 5.
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Figure 5. XRD analysis of powder and sintered Ti64.

As there were no specific PDF cards for the Ti64 alloy, two cards, 00-044-1294 and
00-009-0098, were matched to identify the phase and structure of the XRD peaks. After the
analysis of peaks at various 2θ, it was revealed that the majority of the peaks corresponded
to the alpha (hcp) phase of titanium [34,35]. However, a small amount of the beta (bcc)
phase was also detected at a specific 2θ value of 40. This suggests that the material
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had a dual-phase microstructure, with a mixture of hcp and bcc phases coexisting. It is
worth mentioning that depending on the thermomechanical processing of the material, the
proportion of each phase can be altered; hence, this information is important to understand
the microstructure–property relationship of the material. Additionally, the XRD pattern
showed that binder and other organic compounds were completely removed.

After the microstructural analysis, the porosity at each temperature was determined,
as shown in Figure 6a. The porosity was around 47% at the start of 800 ◦C and it decreased
to 5% at 1400 ◦C. The lower porosity was preferred for the higher mechanical, thermal,
and electrical properties, but as a consequence, the permeability and other flow properties
decreased. For this reason, a deep study of these properties at each porosity is very
important for better optimization of porosity and, indirectly, the sintering temperature.
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3.2. Prediction of Various Properties via GeoDict

The mechanical properties of porous materials are critical to withstand the fluid
pressure and to ensure their performance in applications such as fuel cells. The validation
of the simulation software GeoDict was demonstrated by comparing the simulated and
experimental young modulus, as shown in Figure 6b. The comparison showed good
agreement, with an average error of around 4% as demonstrated in Figure 6c. In order to
further study the effect of porosity on the mechanical properties, the shear modulus, bulk
modulus, and lame modulus were predicted at each porosity, as represented in Figure 6d.
The poison ratio was also analyzed in relation to porosity, as shown in Figure 7a. The
results showed that the mechanical properties were highly sensitive to even small changes
in porosity. The optimization of mechanical properties was crucial for ensuring the high
performance of the gas diffusion layer (GDL) in fuel cells.
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For further optimization, the relationship between porosity and permeability was
simulated via GeoDict and the results are shown in Figure 7b. The permeability was in
the range of 10−12 m2 up to 1000 ◦C, and it then decreased to 10−13 m2 and it became
extremely less at higher temperature. This indicates that high sintering temperatures had a
negative impact on the permeability. This trend was further confirmed by analyzing the
average velocity and tortuosity, as shown in Figure 7b,c. The decrease in fluid velocity with
decreasing porosity was a result of reduced available flow pathways, increased resistance
to flow, enhanced fluid–solid interactions, and higher tortuosity within the porous material.
These findings demonstrate the need for a balanced approach in optimizing the sintering
temperature, taking into account both mechanical properties and flow properties to achieve
optimal performance in the gas diffusion layer (GDL) of fuel cells. Furthermore, the
relation of bubble point pressure and the porosity can be observed in Figure 7d. These
results showed an easy bubble formation at higher porosity, which need to be further
studied for the best control and optimization.

In addition to the mechanical and flow properties, the thermal and electrical properties
of the GDL were also investigated. These properties play a crucial role in the transmission
of charge and heat, which highly affect the overall efficiency of the cell. The relation of the
porosity with the thermal and electrical conductivity can be seen in Figure 8a,b. With an
increase in porosity, the electrical and thermal properties exhibited a discernible decline,
highlighting a crucial relationship between these properties and the porosity of the material.
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This phenomenon can be attributed to several underlying reasons. Firstly, as porosity
increased, the material’s effective cross-sectional area decreased. This reduction in the
available pathway for electrical and thermal conduction led to a decrease in conductivity
and thermal diffusivity. The presence of voids and air-filled spaces within the material
interrupted the flow of electrons and heat, impeding their efficient transfer. Secondly, the
interconnected voids and pores within the porous structure created additional interfaces,
introducing resistance to the movement of charge carriers and thermal energy. These
interfaces acted as barriers, hindering the smooth flow of electrons and heat through
the material. Consequently, electrical and thermal conductivities were reduced. It is
worth noting that the extent of the decrease in electrical and thermal properties depended
on various factors, including the porosity volume fraction, pore size, and distribution.
Materials with higher porosity and larger pore sizes tended to exhibit more pronounced
decreases in these properties.
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The morphology of the pores and grains within the GDL plays a crucial role in
determining its overall properties. For example, the size, shape, and distribution of the
pores decides the overall porosity and the flow properties of the material. Similarly, the
shape, size, and orientation of the grains can have a significant effect on its mechanical,
thermal and electrical properties. In summary, the porosity and grain morphology are
essential microstructural features that significantly influence the macroscopic properties of
the GDL. Some of the result related to the grains and pores at each sintering temperature
(porosity) are as illustrated in Figure 9.

During the initial stages of the sintering process, the material exhibits a higher porosity,
characterized by a low volume of grains and relatively large pore diameters, particularly
open pores, as depicted in Figure 9a–d. As the temperature rises, the number of pores
increased while their diameters decreased. Simultaneously, the number of grains decreased,
and their volumes diminished with the escalating temperature. At higher porosity levels
and larger pore diameters, a wider pathway was established for fluid flow, resulting in
enhanced permeability and average velocity. These conditions facilitated a smoother and
more defined movement of the fluid within the material On the other hand, at the high
sintering temperature (lower porosity than 30%), the grain volume increased significantly
while the pores volume declined. This shift from pores to grain ensured higher mechanical
properties and lower flow properties. These understandings enable us to optimize the
sintering temperature (porosity) to obtain the optimal mechanical, thermal, electrical, and
flow properties.
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3.3. Optimization of Sintering Temperature w.r.t Various Properties

In a world where we demand sustainable energy solutions, the optimization of PEM
fuel cell and electrolyzer materials is crucial. We observed that mechanical, thermal, and
electrical properties increased with the decrease in the porosity, but the permeability,
tortuosity, and the average velocity decreased as the porosity declined. For this pur-
pose, the higher and lower porosity was not suitable for the application of PEM fuel cell
and electrolyzer.

The optimization of the sintering temperature for GDL fabrication in PEM electrolyz-
ers is crucial, taking into account two key factors such as permeability and mechanical
properties. Extensive studies showed that a permeability above 10−12 m2 is desirable for
achieving high efficiency in GDLs. Unfortunately, the sample sintered at 1100 ◦C and
above results in lower permeability values that did not meet this threshold, rendering them
unsuitable for efficient applications [36–41].

On the other hand, lower sintering temperatures such as 800 ◦C and 900 ◦C may yield
higher permeability, but they lack the necessary mechanical strength required for handling
and testing in real stacks. These samples tend to be fragile and prone to breakage, making
them impractical for implementation.

By selecting a sintering temperature of 1000 ◦C, a delicate balance was achieved
between mechanical strength and permeability. Samples sintered at this temperature exhib-
ited sufficient strength to withstand handling and fluid pressure, while still maintaining
a relatively high permeability compared to high temperature (above 1000 ◦C) sintered
samples. Overall, the optimization of the sintering temperature at 1000 ◦C ensures that the
GDL exhibits both desirable mechanical strength and adequate permeability for efficient
operation in PEM electrolyzers.

To achieve better results, there is a need for some special changes in the process to
make, align, and control pores and grains. The pores and grains mainly depend on the
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sintering temperature, the heating and the cooling rate, the additive used in the slurry,
the size and composition of powder, etc. In the bigger picture, these conditions control
the overall properties of the whole material. However, this paper aimed to explore the
optimization of only sintering temperature, and found that 1000 ◦C was the best optimal
condition for the better performance. This study successfully optimized the sintering
temperature and demonstrated that 1000 ◦C was the best sintering condition for the better
performance of PEM fuel cell and electrolyzer materials.

4. Conclusions and Future Recommendation

In a world that is increasingly focused on sustainable energy solutions, the optimiza-
tion of materials used in PEM fuel cells and electrolyzers is of utmost importance. The gas
diffusion layer (GDL) is a critical component of PEM fuel cells, and its efficiency greatly
impacts the overall performance of the system. This study demonstrated that tape casting
is a highly effective method for producing Ti64 GDL. In addition, we observed that the
flow properties increased with increasing po rosity, while mechanical properties, electrical,
and thermal conductivity decreased. On the other hand, the sample sintered at higher
temperatures had a reverse trend. The higher and lower temperature cannot be the ideal
because at higher sintering temperature (porosity), the flow properties were very small
and at lower sintering temperature, the material did not appreciate w.r.t to mechanical and
conductive properties. Therefore, the optimized sintering temperature is 1000 ◦C and at this
temperature, the mechanical, permeability, and the other properties showed an optimum
value. Hence, we can say that the casted tape sintered at 1000 ◦C having porosity 36% is the
optimized condition for this process. Moreover, the use of simulation tools such as GeoDict
proved highly effective for optimizing the properties of Ti64 GDL produced via tape casting,
and provided valuable insights for predicting and optimizing various properties.

The future of GDL fabrication lies in further increasing the porosity to enhance perme-
ability without compromising mechanical properties. This can be achieved through the use
of pore agents and high-temperature sintering techniques. Additionally, the application of
fiber in the tape casting process can improve the properties of the Ti64 GDL. The control
of pore structure is a crucial aspect of future research in GDL fabrication, and GeoDict
simulation tool can provide a powerful information for the development of GDL with
versatile properties. The coating of Ti64 for improved properties is an exciting avenue for
future research. Overall, the optimization of GDL materials is a critical step towards the
commercial feasibility of PEMFCs.
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PEMFC Proton exchange membrane fuel cell
GDL Gas diffusion layer
2D Two dimensional
3D Three dimensional
SEM Scanning electron microscope
XRD X-ray diffraction
BCC Body center cubic
HCP Hexagonal crystalline phase
Ti64 Titanium-6Aluminum-4Vanadium

References
1. Garche, J.; Jürissen, L. Application of Fuel Cell Technology: Status and Perspectives. Electrochem. Soc. 2015, 24, 39. [CrossRef]
2. Wang, Y.; Chen, K.S.; Mishler, J.; Cho, S.C.; Adroher, X.C. A review of polymer electrolyte membrane fuel cells: Technology,

applications, and needs on fundamental research. Appl. Energy 2011, 88, 981–1007. [CrossRef]
3. Vaghari, H.; Jafarizadeh-Malmiri, H.; Berenjian, A.; Anarjan, N. Recent advances in application of chitosan in fuel cells. Sustain.

Chem. Process. 2013, 1, 16. [CrossRef]
4. Yang, Z.; Lin, J.; Zhang, H.; Lin, B.; Lin, G. A new direct coupling method for photovoltaic module-PEM electrolyzer stack for

hydrogen production. Fuel Cells 2018, 18, 543–550. [CrossRef]
5. Ozden, A.; Shahgaldi, S.; Li, X.; Hamdullahpur, F. A review of gas diffusion layers for proton exchange membrane fuel cells—

With a focus on characteristics, characterization techniques, materials and designs. Prog. Energy Combust. Sci. 2019, 74, 50–102.
[CrossRef]

6. Maamouri, R.; Guilbert, D.; Zasadzinski, M.; Rafaralahy, H. Proton exchange membrane water electrolysis: Modeling for
hydrogen flow rate control. Int. J. Hydrog. Energy 2021, 46, 7676–7700. [CrossRef]

7. IRENA. Green Hydrogen Cost Reduction: Scaling Up Electrolysers to Meet the 1.5 ◦C Climate Goal; International Renewable Energy
Agency: Abu Dhabi, United Arab Emirates, 2020; 105p.

8. Selamet, F.; Becerikli, F.; Mat, M.D.; Kaplan, Y. Development and testing of a highly efficient proton exchange membrane (PEM)
electrolyzer stack. Int. J. Hydrog. Energy 2011, 36, 11480–11487. [CrossRef]

9. Grigoriev, S.; Porembsky, V.; Fateev, V. Pure hydrogen production by PEM electrolysis for hydrogen energy. Int. J. Hydrog. Energy
2006, 31, 171–175. [CrossRef]

10. Marshall, A.; Børresen, B.; Hagen, G.; Tsypkin, M.; Tunold, R. Hydrogen production by advanced proton exchange membrane
(PEM) water electrolysers—Reduced energy consumption by improved electrocatalysis. Energy 2007, 32, 431–436. [CrossRef]

11. Falcão, D.; Pinto, A. A review on PEM electrolyzer modelling: Guidelines for beginners. J. Clean. Prod. 2020, 261, 121184.
[CrossRef]

12. Forner-Cuenca, A.; Biesdorf, J.; Gubler, L.; Kristiansen, P.M.; Schmidt, T.J.; Boillat, P. Engineered water highways in fuel cells:
Radiation grafting of gas diffusion layers. Adv. Mater. 2015, 27, 6317–6322. [CrossRef] [PubMed]

13. Kang, Z.; Mo, J.; Yang, G.; Retterer, S.T.; Cullen, D.A.; Toops, T.J.; Green, J.B., Jr.; Mench, M.M.; Zhang, F.-Y. Investigation of
thin/well-tunable liquid/gas diffusion layers exhibiting superior multifunctional performance in low-temperature electrolytic
water splitting. Energy Environ. Sci. 2017, 10, 166–175. [CrossRef]

14. Hernandez-Aldave, S.; Andreoli, E. Fundamentals of gas diffusion electrodes and electrolysers for carbon dioxide utilisation:
Challenges and opportunities. Catalysts 2020, 10, 713. [CrossRef]

15. Mo, J.; Steen, S.M.; Retterer, S.; Cullen, D.A.; Terekhov, A.; Zhang, F.-Y. Mask-patterned wet etching of thin titanium liquid/gas
diffusion layers for a PEMEC. ECS Trans. 2015, 66, 3. [CrossRef]
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