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Abstract

With increasing research into hydrogen-fueled commercial aviation, polymer-based materials are being
explored for use in lightweight liquid hydrogen storage tanks. This thesis investigates the adaptation
of the Devanathan-Stachurski (DS) cell, traditionally used for studying hydrogen permeation in metals,
as a testing method for polymeric materials. Unlike conventional high-pressure techniques, the DS
cell offers a compact, efficient, and safer approach by using electrochemistry to evolve hydrogen in
minute quantities. This adaptation has the potential to assess permeability, diffusivity, and solubility
of polymer-based materials while avoiding the complications associated with high-pressure hydrogen
techniques.

The study begins with an analysis of the traditional DS cell’s components and features, in order to iden-
tify modifications necessary for testing polymers. Key adaptations include the selection of a palladium
coating as a catalyst for hydrogen evolution, oxidation and absorption, and the tuning for current and
potential in both detection and charging cells. By refining these parameters, the study establishes a
protocol suitable for polymer samples, with emphasis on consistency and reproducibility in permeation
measurements.

Hydrogen permeation characteristics were measured across three polymers: polyether ether ketone
(PEEK), high-density polyethylene (HDPE), and polypropylene (PP). The results exhibited plausible
trends consistent with expected diffusion behaviors reported in the literature. Discrepancies in numer-
ical values between this setup and traditional methods are attributed to the differing driving forces for
diffusion.

Two calculation methods were employed to interpret the diffusivity data: the time-lag method, which
measures diffusion at steady-state conditions, and the breakthrough time method, which evaluates
initial diffusion in unsteady state. While the time-lag method was found to yield more comparable re-
sults across samples by mitigating individual sample variability, the breakthrough time method offered
valuable insight into the initial material response to hydrogen. An additional approach based on Sethu-
raman’s diffusion model was applied; however, it could not be fitted to all data due to its reliance on
ideal boundary condition assumptions. This limitation emphasizes the need for more consistent exper-
imental conditions to fully leverage this method.

The results of hydrogen diffusion and sorption in the three polymers highlighted crystallinity and glass
transition temperature (Tg) as the primary factors influencing these processes. These findings point
to the critical role of each polymer’s molecular structure in defining hydrogen’s sorption and diffusion
behavior.

Overall, the Devanathan Stachurski cell adaptation for polymers presents a promising, versatile alter-
native for assessing hydrogen permeation. Future work is recommended to refine the setup and allow
for even more consistent and reliable results. This setup’s simplicity and adaptability hold significant
potential for the pre-screening of polymer candidates for hydrogen storage applications.
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1
Introduction

In 2020, the European Green Deal set an ambitious goal for the EU to achieve climate neutrality by
2050 [83]. This initiative has spurred the aviation industry to explore innovative technologies to reduce
emissions. Among the most promising solutions is hydrogen fuel, which has attracted substantial in-
vestment from major companies such as Airbus, H2Fly, and Air Liquide, all committed to advancing
research in this area [92, 80]. However, while hydrogen propulsion offers considerable potential, sev-
eral technical challenges must be addressed before the first zero-emission commercial aircraft can be
brought to the market.

Hydrogen as a fuel has the potential to become completely climate-neutral. Its specific energy is much
higher than that of conventional jet fuels [17]. However, its low density at ambient room temperature
necessitates high-pressure storage in the confined spaces of an aircraft. This requirement results in
exceptionally heavy tanks and raises safety considerations. An alternative approach is to store hydro-
gen in its denser liquid phase at cryogenic temperatures and lower pressure [75]. Storing hydrogen
at cryogenic temperatures significantly boosts its volumetric energy density—from 2.9 MJ/L at 350 bar
and ambient temperature for gaseous hydrogen to 8.5 MJ/L at 2 bar and 20 K for liquid hydrogen
(LH2) [74], allowing for a considerable reduction of the structural mass. Maintaining hydrogen in a liq-
uid state, however, leads to significant thermal management challenges. Effective insulation, robust
structural design, and reliable safety measures are essential to manage the extreme temperature dif-
ferential between the cryogenic fuel and ambient conditions, which can exceed 318 K during flight. The
complexity of cryogenic storage demands additional design considerations, such as heat exchangers,
safety valves, and gas extraction lines, to ensure safe and efficient operation [7].

Ideal materials for cryogenic tanks should possess high strength, fracture toughness, stiffness, low
density, and minimal permeability to LH2, ensuring containment and structural integrity at low tempera-
tures. Engineers have sought to balance these properties and have proposed 5 possible tank designs.
These range from all-metal Type I tanks to composite-wrapped with metal (type II - III ) or polymer (type
IV) liners and all-composite designs (type V), as shown in Figure 1.1. Except for Type I, all the designs
incorporate polymers or polymer-based materials, and Types III, IV, and V show particular promise for
aerospace applications [76, 7]. These three tanks all employ polymers to enhance properties such
as strength-to-weight ratio, corrosion resistance, and design flexibility. However, polymers also intro-
duce specific challenges due to their susceptibility to hydrogen permeation. As hydrogen boils off in
cryogenic conditions, it can escape either through the bulk polymer or at fiber-polymer interfaces in
composite tanks, posing risks of fuel loss and safety hazards due to hydrogen’s high flammability.
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Figure 1.1: Classification of hydrogen pressure vessels [7]

Therefore, understanding hydrogen permeation and interaction in polymers is crucial for the safe and
efficient use of polymer-based materials in hydrogen storage, particularly under cryogenic conditions.
Unlike metals, which have densely packed atomic structures, polymers consist of long molecular chains
in either amorphous or semi-crystalline arrangements, making them inherently more susceptible to gas
permeation.

Despite the potential of polymer-based materials in hydrogen storage, very little experimental work has
been conducted to understand the physics of hydrogen permeation through these materials. Existing
testing methods, such as Thermal Desorption Analysis and High Pressure Hydrogen Permeation Test-
ing, are limited by their complexity and the inherent risks of handling hydrogen gas [28]. Addressing
this gap, the aim of this thesis is to explore whether an electrochemical technique, traditionally used for
studying hydrogen permeation in metals, could be adapted to test polymer samples.

The main objective of this research was to develop and validate a novel electrochemistry-based per-
meability testing technique for polymers by adapting the Devanathan-Stachurski (DS) cell, a three-
electrode setup widely employed to investigate hydrogen embrittlement in metals [19]. This adapted
DS cell uses electrochemistry to monitor the flow of hydrogen through polymer specimens, aiming to
provide a compact, rapid, and safe method for assessing hydrogen permeability in polymers. Ultimately,
this setup will be used to correlate fundamental physical (e.g., glassy or rubbery state), chemical (struc-
ture, crystallinity), and thermodynamic (glass transition temperature, Tg) properties of polymers with
their responses to hydrogen permeation. Findings from this work, along with future studies using this
method, hold the potential to address key safety and performance considerations for polymer-based
materials intended for use in hydrogen-powered aviation.

This chapter will first provide background on the fundamental mechanisms of hydrogen interaction
with polymers, including sorption, diffusion, and the factors influencing these processes. Next, the
state-of-the-art experimental methods for evaluating hydrogen permeability will be explored. Finally,
the proposed adaptation of the Devanathan-Stachurski cell will be discussed, setting the stage for the
research scope of this thesis.
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1.1. Hydrogen Permeation in Polymers

The permeation mechanism is strongly dependent on the molecular structure of the material. All poly-
mers share a characteristic structure comprising molecular chains and interspersed free volumes [66].
These materials can be categorized into thermoplastics, thermosets, and elastomers based on how
their molecular chains are linked. As shown in figure 1.2, thermoplastics are characterized by linear
or slightly branched molecular chains bonded together by weaker van der Waals forces or hydrogen
bonds. On the other hand, thermosets feature chains that are covalently bonded into a network (cross-
linked), creating stronger intermolecular connections than those found in thermoplastics.

Figure 1.2: Molecular structures of thermosets and thermoplastics. The space between
the entangled chains represent the free volume of the material [71]

Above absolute zero, the polymer chains oscillate, causing free volumes to be constantly created and
destroyed. These free volumes can be thought of as pockets in the material through which small
permeant molecules can move, driven by the concentration gradient in the bulk material [71, 56].

The driving force for diffusion of the permeant gas through the polymer can be either a pressure (N/m2),
mass concentration (kg/m3) or molar concentration (mol/m3) gradient. In all three cases — whether
driven by a pressure gradient, mass concentration gradient, or molar concentration gradient — the
permeation process remains analogous [85]. The permeant molecules go through the same stages of
sorption, diffusion and desorption regardless of the specific gradient driving the permeation . To provide
a clearer understanding of the permeation process, in the next paragraphs we will focus on the case
where the driving force is a pressure differential. This approach allows for a more intuitive explanation
of the permeation mechanism by considering the movement of gas molecules from a region of higher
pressure to a region of lower pressure. The mechanism of permeation through a polymer material can
be decomposed into five different steps [44],as shown in figure 1.3:

• permeant diffusion to the side corresponding to higher partial pressure (upstream side)
• sorption at the polymer-gas interface on the upstream side (governed by gas solubility)
• diffusion of the gas through the polymer material
• desorption (inverse of the sorption process) of the gas at the polymer surface on the downstream
side.

• diffusion of the gas away from the downstream side

The process of gas diffusion through the bulk material is the slowest one, therefore it becomes the
rate-determining step in the permeation process.
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Figure 1.3: The permeation process of a gas through a
polymer [79]

1.1.1. Sorption

Various models describe the sorption process. The choice of the suitable model depends on several
factors: the type of gas and polymer interacting (including the dimensions of the gas molecules and
whether the polymer swells due to gas absorption, as seen in hydrophilic membranes), and the system’s
temperature (whether it is above or below the critical temperature of the gas and the glass transition
temperature of the polymer).

Rubbery Polymers

In rubbery polymers, gas sorption involves the dissolution of gasmolecules into the polymer matrix. At a
microscopic level, gasmolecules penetrate the polymer and occupy the equilibrium free volume present
in the polymer matrix. This can be visualized as gas molecules filling the voids between polymer chains,
which are relatively mobile and less densely packed compared to glassy polymers. The equilibrium
between the molecules in the gas phase and those adsorbed at the polymer surface is established
rapidly due to the mobility of the polymer chains [8]. The ideal sorption of gases in rubbery polymers
is described by Henry’s law. Assuming that the penetrating gas is ideal, and the pressure of the gas is
relatively low, the concentration of gas (C) in the polymer is proportional to the pressure (p) of the gas:

C = S · p (1.1)

The constant S is called solubility. Assuming the gas behaves ideally and is uniformly distributed within
the polymer, Henry’s law is applicable, especially at lower gas pressures. In this case, solubility is
largely independent of temperature and concentration [69], as the polymer–penetrant interactions are
minimal, and the gas molecules do not exhibit any significant specific interactions. This ideal sorption
behavior is typically observed when ”permanent gases” are the penetrants and the pressure is close
to atmospheric [85]. Although Henry’s law primarily applies to low pressures, linear isotherms for light
gases are often observed over a wide range of practical pressures, as shown in figure,1.4.
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Figure 1.4: H2 sorption isotherms for PDMS. Filled
circles stand for experimental data at different

temperatures (all above the Tg of the polymer). [31]

Glassy Polymers

When the temperature of the environment is below the Tg, the polymer chains’ mobility is restricted,
therefore they cannot all reach their equilibrium state and are frozen in place. Due to the presence of
both equilibrium and non-equilibrium (unrelaxed) free volume, the sorption process is more complex
and is described by the dual sorption model. According to this model, absorbed gas molecules occupy
two sites:

• Equilibrium free volume siteswhere gas molecules dissolve similarly to rubbery polymers. This
population of molecules follows Henry’s law of sorption. [69]

• Non-equilibrium free volume sites, also referred as ”holes” where gas molecules are trapped
and partially immobilised. When all these sites are completely saturated, a small quantity of
molecules may solubilise. This population of molecules follow Langmuir’s mode of sorption. [44].

Therefore, the sorption isotherm for glassy polymers is expressed as a combination of Henry’s law and
the Langmuir isotherm:

C = cD + cH = kDp+
c′Hbp

1 + bp
(1.2)

where kD is the proportionality coefficient for Henry’s law (analogous to the solubility constant of rubbery
polymers), c′H is hole saturation constant and b is a hole affinity constant. Figures 1.5 and 1.6 shows
an example of theoretical and experimental dual mode sorption curves.rom the curves, it is clear that
for hydrogen at low to moderate pressure, the ideal sorption behavior described by Henry’s law still
provides a very good approximation of the sorption mechanism.
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Figure 1.5: An illustration of the two contributions to
sorption in glassy polymers. [69]

Figure 1.6: Comparison of H2 sorption in a glassy TR
450 30 min (thermally rearranged polyimide sample at

450 °C for 30 minutes) to that of a rubbery PDMS sample
at approximately -20 °C. Straight, solid lines are drawn to
demonstrate dual-mode curvature for the TR 450 30 min

sample and to show the linearity of the H2 sorption
isotherm for PDMS. [77]

1.1.2. Diffusion

Diffusion is a fundamental process in the permeation of gases through polymers. It describes the move-
ment of gas molecules from regions of higher concentration to regions of lower concentration within
the polymer matrix. This process is critical in determining the overall permeability of the polymer to
gases. The diffusion step is often considered the rate-limiting step in the permeation process because
it directly impacts the rate at which gas molecules migrate through the polymer.
On a microscopic level, diffusion can be explained using the free volume theory. According to this the-
ory, the movement of molecules within a polymer occurs through jumps between thermally generated
nanovoids within the polymer matrix. These diffusing molecules occupy small cavities, known as free
volume elements (FVEs) or ”holes,” between polymer chains. Due to the random thermal motions of
the polymer chains, these cavities continuously form and disappear. When a sufficiently large nanovoid
forms adjacent to a diffusing molecule, the molecule can jump into it, staying there until another suit-
able thermal motion occurs. The collective free volume in an amorphous polymer, as opposed to the
volume occupied by polymer chains, plays a crucial role in determining the diffusivity of gas molecules,
which depends on both the size of the gas molecule and the total free volume available for diffusion
[21]. This mechanism is shown in figure 1.7 below.

Figure 1.7: Diffusion of gas molecules in amorphous polymers: the molecule occupies a
nanocavity (a) until a new one forms adjacent to the diffusing molecule, by means of
thermal fluctuations of the polymer matrix (b). When this happens, the molecule can

jump to the new nanocavity (c). [69]

Free volume is typically larger in glassy polymers than in rubbery ones due to structural differences
above and below the glass transition temperature (Tg). Above Tg , polymers are in a rubbery state with
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significant chain mobility and large contributions from hole free volume. Below Tg, polymer chains are
”frozen,” trapping excess free volume and resulting in a non-equilibrium state (figure 1.8). Over time,
glassy polymers undergo densification or aging, gradually reaching equilibrium and reducing excess
free volume [21, 32, 39].

Figure 1.8: The different contributions to a polymer’s volume as a function
of temperature. [69]

Under the same assumptions described in 1.1.1, the diffusion process in polymers can be described by
Fick’s laws of diffusion. Fick’s first law relates the flux of diffusing species to the concentration gradient:

J = −D∇C (1.3)

where J is the diffusion flux, D is the diffusivity and ∇C is the concentration gradient. According to the
first law, the diffusion coefficient is independent of the concentration of the sorbed penetrant [85]. Fick’s
second law predicts how the concentration of diffusing species changes with time:

∂C

∂t
= D∇2C (1.4)

where∇2C indicates the concentration distribution in the bulk material. The physical meaning of Fick’s
laws can be visualized in figure 1.9 below.

Figure 1.9: Left to right: Fick’s first and second law [71].

1.1.3. Permeation

In order to analyze how sorption and diffusion influence permeation, we will apply the previous equa-
tions to a case study. During any hydrogen permeability test, H2 at pressure pHPS is applied on one
side of the polymer sample. On the other side, permeated H2 at pressure pLPS ≪ pHPS is detected
and then removed. Assuming one-dimensional diffusion through the thickness ℓ of the sample (this
happens if Ainteraction ≫ ℓ), we have the following conditions:
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• Initially, the concentration c(x) of H2 is zero throughout the membrane
• At t = 0, the feed side of the sample is exposed to the hydrogen, so that for t ≥ 0 c(x = 0) =
SpHPS is constant.

These are the boundary conditions:

c(x = 0, t < 0) = 0 c(x = ℓ, t < 0) = 0 (1.5)
c(x = 0, t ≥ 0) = SpHPS c(x = ℓ, t ≥ 0) = SpLPS ≃ 0 (1.6)

With these conditions, Fick’s laws can be solved for the one-dimensional flux ofH2 through the sample,
giving the following equation:

J(t) =
DSpHPS

ℓ

[
1 + 2

∞∑
n=1

(−1)n exp
(
−Dn2π2t

ℓ2

)]
(1.7)

For t → ∞, stationary transport condition is reached. The concentration gradient becomes linear
through the thickness of the polymers, as shown in figure 1.10 and we obtain the following equation for
the H2 flux:

Jstc =
DS∆p

ℓ
(1.8)

Permeability is defined as the stationary gas flux normalized by the pressure differential and the thick-
ness of the sample 1:

P = Jstc ℓ

∆p
(1.9)

therefore:

P = S ·D (1.10)

Figure 1.10: A qualitative plot of the permeant concentration throughout the membrane at different times. The color of the
curve shifts over increasing time from orange to red.[69]

1This definition of permeability is specific to the case where the diffusion is driven by a pressure difference between the two
sides of the sample. The expression can be generalized to: P = Jstc ℓ

∆φ
, where ∆φ is the potential difference between the

upstream and downstream side. This potential can either be pressure, mass, or molar concentration [85].
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Glassy Polymers

The dual sorption model described in 1.1.1 applies to the diffusion and permeation processes as well.
Therefore, the flux is now the sum of the two components:

J = −DD
∂cD
∂x
−DH

∂cH
∂x

(1.11)

where the lettersD andH refer respectively to the Henry and Langmuir populations of diffusingmolecules.

Starting from equation 1.2, it is possible to define two distinct solubility parameters for the two popula-
tions:

SD =
cD
pHPS

= kD and SH =
cH
pHPS

=
c′Hb

1 + bpHPS
(1.12)

and finally, assuming the downstream pressure to be zero, the permeability is defined as follows:

P = SDDD + SHDH = kDDD

(
1 +

FK

1 + bpHPS

)
(1.13)

where F = DH

DD
and K =

c′Hb
kD

[64].

1.1.4. Influencing Parameters

Temperature

Permeability of hydrogen through both polymers and fiber composites follows an Arrhenius-type rela-
tion, where:

S = S0 exp

(
− Es

RT

)
(1.14)

D = D0 exp

(
− Ed

RT

)
(1.15)

P = P0 exp

(
− Ep

RT

)
(1.16)

S0, D0 and P0 are pre-exponential factors.
Ed is the activation energy of the diffusion process, or the energy that is needed by a permeant molecule
to make a diffusional jump between one position and the other in the polymer.
Es is the heat of solution needed for the dissolution of a permeant mole in the polymer matrix.
Ep is the apparent activation energy of the permeation process and is simply the sum of the two previous
terms [27].

Pressure

The relationship between permeability and pressure has been extensively discussed in 1.1.1, 1.1.2 and
1.1.3. To sum up, various studies [44, 66] have shown that up until 20 bars, the permeability remains
constant with pressure. Fujiwara et al. [27] have used the high-pressure permeation test setup to
evaluate the permeability of H2 until 80 bars. As shown in figures 1.11 and 1.12, the permeability
decreases with pressure. This is due to the hydrostatic effect. The polymer chains are compressed,
thus the free volume decreases. This means that the diffusion process is hindered, and that is also
proven in figure 1.12 which shows the diffusion coefficient decreasing with pressure while the solubility
remains constant.
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Figure 1.11: Hydrogen permeation per unit mass of HDPE at different pressure values [27]

Figure 1.12: Pressure dependence of the permeation coefficients [27]

Cristallinity and Cross-Linking

The effects of these two parameters on the permeation rate of hydrogen are discussed in the same
section as they can be explained through the same reasoning, based on the free volume theory. A
semicrystalline polymer presents both the closely packed crystalline region and the looser amorphous
regions. According to Kloppfer and Flaconnèche [44], the crystalline zones act as impermeable zones
to the gas, and their presence does not influence the sorption mode. Therefore, the effect of the
crystallites of a semicrystalline polymer on its diffusivity and solubility compared to its theoretical pure
amorphous form can be summed up in the following equations:

S = S∗ϕa (1.17)

D =
D∗

βτ
(1.18)

where D∗ is the diffusivity of the amorphous phase while τ is the tortuosity factor, which is due to the
presence of the crystallites that increase the effective path length of diffusion (figure 1.13). β is the
chain immobilization factor. As the name suggests, it reflects the hindrance of the crystallites on the
amorphous chains. S∗ is the solubility of the theoretical completely amorphous polymer while ϕa is the
volume fraction of the amorphous phase.
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Figure 1.13: The tortuosity effect [79]

1.2. Experimental Evaluation Methods For Hydrogen Permeation

There are two different methods for the evaluation of hydrogen permeation through polymer based
materials, as explained by Su et al. [79]

1.2.1. Thermal Desorption Analysis

Figure 1.14 provides an exhaustive step-by-step description of the analysis.
First, a disc-shaped sample is exposed to a high-pressure hydrogen environment (step 1). After some
time, the sample is rapidly decompressed and put in a furnace at a set temperature (usually 30 C).
The sample, now in a low-pressure environment, becomes supersaturated and the higher temperature
increases the kinetic energy of the hydrogen particles, promoting their desorption. As the hydrogen
particles start to desorb from the sample, they are purged by inert gas (Ar or He) or drawn by a vacuum
through a gas chromatograph, which is equipped with amolecular sieve column (step 2(a)). The column
is a material with tiny pores that can separate molecules of different sizes and shapes.
The eliminated hydrogen molecules are let through, then collected and measured. A curve of the
eliminated H2 is extrapolated (step 2(b)). The integral of this curve is the remaining hydrogen that
diffuses through and out of the sample (step 3). The following diffusion equation is then fitted to the
experimental data, in order to find the two unknowns D and CH(0) (amount of penetrated hydrogen) :

CH(t) =
32

π2
× CH(0)×

 ∞∑
n=0

exp
(

−(2n+1)2π2Dt
ℓ2

)
(2n+ 1)2

×
 ∞∑
n=1

exp
(

−Dβ2
nt

ρ2

)
β2
n

 (1.19)

Where CH(t) is the remaining hydrogen content (wt�ppm), D is the diffusion coefficient (mm2/s), βn is
the root of the zero-order Bessel function, ℓ is the thickness of the sample, and ρ is the radius of the
disk [27].

While this type of analysis is relatively simple and quick and works very well at low hydrogen pressures,
its results are questionable at higher pressure values. This is because as the sample is decompressed,
it becomes supersaturated with hydrogen molecules. The gas molecules therefore accumulate in the
microvoids of the polymer causing stress concentrations and even damage to the material. For this
reason, the TDA-measured permeability at high pressure is larger than the one measured with the
second more accurate method, the High-Pressure Hydrogen Permeation Test (HPHP).



1.2. Experimental Evaluation Methods For Hydrogen Permeation 12

Figure 1.14: A summary of the TDA method [27]

1.2.2. High Pressure Hydrogen Permeation Test

This test is conducted by creating a pressure differential between the two sides of the specimen. On
the downstream side, a gas rate measurement device like a mass spectrometer is placed. On the
upstream side, hydrogen (or another tracer gas) is fed at high pressure. The mass spectrometer mea-
sures the amount of gas permeating and a permeability curve can easily be extrapolated. Figure 1.15
shows the setup that is used at the German Aerospace Center, which allows for the testing of multiple
samples at the same time. Due to safety reasons, Helium is used as the tracer gas, due to its similar
molecular size and inertness compared to H2.

Figure 1.15: High Pressure Hydrogen Permeation Test. Courtesy of the German Aerospace Center (DLR)

According to Flaconnèche et al. [24], the permeability is then measured as

Pe =
Q · l

t ·A ·∆P
(1.20)
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where Q is the amount of permeated hydrogen, l is the thickness of the specimen, t is the time, A is
the area of the specimen, and ∆P pressure differential between the two sides.

During this test, the diffusion coefficient is obtained through the time lag technique. The time lag θ is a
parameter that is extrapolated from the curve of the total amount of permeated hydrogen against time
Q(t). Q(t) is given by the integral of the flux J(t):

Q(t) =

∫ t

0

J(τ) dτ (1.21)

therefore, integrating equation 1.7, we obtain the following equation for Q(t):

Q(t) =
DSpHPS

ℓ

(
t− ℓ2

6D

)
− 2

ℓS∆p

π2

∞∑
n=1

(−1)n

n2
exp

(
−Dn2π2t

ℓ2

)
(1.22)

comparative graphs of J(t) and Q(t) for materials that exhibit Fickian behaviour are shown in figure
1.16.

Figure 1.16: Typical curves for gas flux (a) and quantity of permeated gas (b) as functions of time. The dashed line in panel (b)
is the fit of the Q(t) curve in stc (i.e. for t → ∞) to a straight line [69]

The time lag technique is based on the observation that theQ(t) curve can be divided into two parts: the
transient part and the steady-state part. Initially, for t ≲ 5θ the concentration of gas in the membrane
varies until it reaches stationary conditions. During this period, the permeation rate is not constant.
Once steady-state conditions are reached (for t→∞), Q(t) becomes a straight line.

The equation for Q(t) under these conditions is readily obtained from 1.22:

Q(t) =
DSpHPS

ℓ

(
t− ℓ2

6D

)
=

PHPS

ℓ
(t− θ) (1.23)

where θ is the time lag. This equation shows that the Q(t) curve intercepts the time axis at t = θ. The
time lag can therefore be used to determine the diffusion coefficient using the relationship:

D =
ℓ2

6θ
(1.24)

While the HPHP test requires much more complex equipment to handle the high pressures, it produces
more accurate results, thus it is the favorite method for the measurement of hydrogen permeation.
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1.3. The Devanathan-Stachurski Cell Adaptation

1.3.1. Fundamental Design and Working Principle

The Devanathan-Stachurski (DS) cell was developed in 1962 as a direct response to the critical need
for understanding and addressing hydrogen embrittlement in metals [19]. Hydrogen embrittlement is
a phenomenon that occurs when atomic hydrogen, having permeated through a metal, interacts with
the metal itself, subsequently reducing its ductility and strength. This process can lead to significant
material degradation and potential catastrophic failures, especially in high-stress environments. This
problem was particularly severe in industries reliant on high-strength steels, such as aerospace, nu-
clear, and petrochemical sectors, where hydrogen exposure could result in blistering, cracking, and
premature failure of critical components [68]. The DS cell was therefore designed to provide accurate
measurements of hydrogen permeation across metallic membranes, allowing researchers to quantify
the rate at which hydrogen atoms diffuse through the metal lattice and to study the underlying mecha-
nisms of hydrogen embrittlement.

The fundamental design of the DS cell involves sandwiching a thin metallic membrane between two
independent electrochemical compartments: the charging side and the detection side. Hydrogen is
evolved at the metal membrane’s surface on the charging side, where it dissociates into atomic hy-
drogen that then diffuses through the metal lattice. On the detection side, these hydrogen atoms are
oxidized, generating a measurable current that directly correlates with the rate of hydrogen permeation
through the membrane [18]. The driving force of the diffusion process is the concentration gradient, as
explained in 1.1.3. A schematic representation of the Devanathan-Stachurski setup is shown in figure
1.17 below.

Figure 1.17: Schematic diagram of the Devanathan-Stachurski cell

The sensitivity and accuracy of hydrogen permeation measurements using the DS cell are made possi-
ble by the high-resolution potentiostat, which can detect extremely small currents down to the femtoAm-
pere (fA) range. This precision enables the reliable detection of minute current fluctuations caused by
the oxidation of hydrogen atoms (usually in the range of nA to µA), allowing for accurate calculations
of diffusivity and permeability coefficients. The side responsible for oxidizing atomic hydrogen must
be polarized anodically to the hydrogen equilibrium potential. This requirement can pose significant
challenges as metals must become highly passive to ensure that the background corrosion current
remains low enough for the hydrogen transport-related current to be accurately resolved. Moreover,
the anodic polarization can lead to the formation of a passive oxide layer on the surface of non-noble
metals, which has been shown to impede the diffusion of hydrogen atoms. This results in hydrogen
accumulation at the metal-oxide interface, where it cannot be oxidized, leading to a loss of signal [55].
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1.3.2. Selection of Palladium Coating for Permeation Experiments

Palladium (Pd) was selected as the coating material for the polymer samples in the H2 electrochemi-
cal permeation technique due to its unique ability to absorb large quantities of hydrogen under ambient
conditions. Unlike most metals, which require elevated pressures or temperatures to form hydrides, pal-
ladium readily forms palladium hydride (PdHx) at room temperature and atmospheric pressure. This
capacity is due to palladium’s face-centered cubic lattice structure, which enables hydrogen atoms
to occupy interstitial octahedral sites without disrupting the lattice itself. Moreover, Pd is particularly
suited for hydrogen diffusion studies due to its unique ability to dissociate hydrogen molecules into
atoms without requiring additional activation energy. Unlike other metals, this process occurs naturally
on palladium’s surface, allowing hydrogen atoms to diffuse into the lattice under ambient conditions
[1]. This activation-free pathway ensures that hydrogen is absorbed and desorbed from the palladium
surfaces in both cells of the DS setup without the need for high pressures or temperatures. In addition,
palladium exhibits a noble character that prevents oxide layer formation, even under the anodic po-
tentials necessary for hydrogen oxidation. This property is particularly advantageous, as oxide layers
would otherwise impede the hydrogen absorption and diffusion processes.

However, palladium also has its own set of limitations and drawbacks. As palladium absorbs hydrogen
below its critical temperature of 571 K (298°C) and pressure 2 MPa, it undergoes a phase transfor-
mation, resulting in the formation of two distinct phases, α and β (figure 1.19). Both phases retain
the face-centered cubic (FCC) structure of palladium but differ in lattice parameters—expanding from
0.3890 nm (hydrogen-free palladium) to 0.3895 nm for the α-phase and up to 0.410 nm for the β-phase.
The α-phase forms at low hydrogen concentrations and high temperatures, while the β-phase forms at
higher hydrogen concentrations and lower temperatures. The coexistence of these phases can cause
internal strain and lead to defects like recrystallization, grain boundary issue. Finally, Palladium is also
affected by hydrogen embrittlement, which reduces the ductility of the metal andmay cause it to fracture
[91].

Figure 1.18: Comparison of hydrogen solubility in several metals at a pressure of 1 atm. Solubility is given units of standard
cm3 of H2 per 100 g of metal [91]
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Figure 1.19: PCT phase diagram of the palladium-hydrogen system [91]

As the DS cell continued to be used and adapted for a wider range of metals, researchers found it nec-
essary to coat the detection side of non-palladium membranes with a thin layer of palladium [55, 46, 70,
51, 82]. This approach allowed for the benefits of palladium’s properties to be leveraged while studying
other metals, ensuring the accuracy and reproducibility of the hydrogen permeation measurements.

1.3.3. Adaptations of the Setup to Polymer Materials

Over the decades, the DS cell setup has been explored as a tool to evaluate the performance of polymer
coatings on metal substrates [14, 88]. With the growing interest in hydrogen fuel cells, which rely on
polymeric proton exchange membranes, the DS cell has also been used to assess oxygen permeation
through thesemembranes [38].In fuel cells, this is an unwanted phenomenon that leads to loss of poten-
tial fuel. Understanding how much oxygen permeates from the anode to the cathode side is crucial for
improving the efficiency of these systems. These studies marked an shift from traditional metal-focused
research to the investigation of the permeability properties polymeric materials using the electrochem-
ical method and they were instrumental in shaping the approach to this thesis project. These papers
provided insights into the reactions occurring in setups similar to the one that was originally envisioned
at the start of the project, guiding the design of the following experiments, including the choice of elec-
trolyte, thickness and deposition method of the palladium coating, and the selection of appropriate
potentials and currents for the hydrogen entrance and exit sides. In particular, the study [14] by Bucur
and Mecea, focused on the diffusion of hydrogen through a PET membrane using a modified DS setup,
where the charging side was filled with gaseous H2. The detection side employed the classical three
electrode setup, with the working electrode being a thin (80 nm) Pd layer that had been chemically
plated on the polymer surface. The gaseous hydrogen that permeated through the PET membrane
was therefore oxidised at the palladium surface. The researchers successfully obtained a reproducible
permeation curve. However, the coefficients of diffusion and permeability were not in accordance to
those that had been previously found through high pressure permeation tests. Most importantly, the
researchers highlighted a critical issue when adapting the DS cell setup to non-conductive polymer ma-
terials: the potential detachment and loss of the palladium coating during experiments. This issue was
particularly evident on the charging side, where hydrogen was being introduced in significant quantities.
The very thin palladium coating, which is essential for enabling hydrogen permeation through the mem-
brane, initially adhered well but began to detach after the first hydrogen charging cycle at atmospheric
pressure. This detachment occurred due to the significant lattice expansion caused by the saturation
of hydrogen in the β-phase, a situation exacerbated by the large amounts of hydrogen forced into the
material on the charging side.

On the detection side, however, this problem did not arise. Here, the permeating hydrogen was rapidly
oxidized, preventing the buildup of hydrogen within the palladium coating. The takeaway is that as long
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as the overpotential on the detection side is sufficiently high, the hydrogen is quickly oxidized, prevent-
ing its concentration from rising to a level that would cause phase changes in the palladium, thereby
avoiding any swelling or detachment of the coating. In the study, the detachment of the palladium coat-
ing on the charging side was not a significant issue because the researchers modified the charging
cell to introduce hydrogen in gaseous form, thus bypassing the need for electrochemical processes on
that side. However, this issue becomes particularly critical in the context of the present project, where
hydrogen is evolved electrochemically on the charging side. In this setup, a conductive metal surface
is required to serve as the cathode in the electrochemical charging cell, making the palladium coating
indispensable. Ensuring the integrity of this coating is therefore paramount. The challenge of prevent-
ing detachment and delamination of the palladium layer is a central focus of this project, as the stability
of the palladium coating is crucial for obtaining accurate and reliable measurements.

The study by Vijayshankar et al. [88] presents an insightful adaptation of the Devanathan-Stachurski
(DS) cell, focusing on assessing the performance of an organic PVB coating in preventing corrosion
of the underlying metal surface. This study is particularly relevant to the current project due to the
similarities in the experimental setup, as both projects employ a polymer-palladium system as the test
specimen.

The research provides a thorough description of the experimental setup, particularly justifying the use
of an acidic electrolyte on the charging side and an alkaline electrolyte on the exit side. In the charging
cell, where hydrogen evolution occurs, the acidic electrolyte supplies protons (H+ ) necessary for the
reduction reaction at the palladium electrode, promoting the evolution of hydrogen atoms at the metal
surface.

Conversely, the detection cell utilizes an alkaline electrolyte to facilitate the oxidation of hydrogen atoms
that have permeated through the membrane. The alkaline environment supports the hydrogen oxida-
tion reaction by supplying OH− ions. In summary, the electrolytes serve as a conductive medium,
ensuring the efficient flow of ions and facilitating the overall electron transfer processes across the
electrochemical cells. Furthermore, the researchers analyzed the relationships between entry current
and entry potential, as well as exit current and exit potential. This analysis offered valuable insights
that guided the selection of entry currents and exit potentials to ensure the integrity of the palladium
coating and to achieve accurate and reproducible results.

The foundational studies reviewed in this section have been instrumental in shaping the design and
execution of the current research, which seeks to quantify hydrogen permeation through polymer-based
materials intended for use in hydrogen storage tanks for electric commercial aviation. These studies
have highlighted the versatility of the Devanathan-Stachurski (DS) cell and its potential for adaptation
to new materials, leading to its application in the study of hydrogen permeation in polymers—a central
focus of this thesis.

By applying the DS cell to the study of hydrogen permeation in polymers, this research explores new
frontiers in assessing the potential of these materials for the development of sustainable aviation tech-
nologies. The upcoming section will detail the specific objectives and methodologies of this research,
laying the groundwork for the experimental work that will follow.

1.4. Scope of Master Thesis

The shift towards hydrogen fuel introduces several challenges, with the primary concern being the
safe storage of hydrogen needed to sustain the flight range of current commercial airplanes. To avoid
the hazards of high-pressure tanks on board, hydrogen would need to be stored in its liquid form at
cryogenic temperatures, making the lightweight and high-strength type III, IV, and V tanks potential
candidates. However, before fully assessing these storage options, a fundamental understanding of
hydrogen permeation through polymers and polymer-based composites is needed.

Existing methods like Thermal Desorption Analysis and High Pressure Hydrogen Permeation Testing
present complexities and safety risks in handling hydrogen gas. This thesis aims to explore whether
an electrochemical technique used to evaluate hydrogen embrittlement in metals could be adapted to
safely and accurately evaluate hydrogen permeation through polymer specimens.



1.4. Scope of Master Thesis 18

The primary objective of this thesis is to develop and validate a novel adaptation of the DS cell to
measure hydrogen permeability through polymers. This will involve:

• Adaptation of the Devanathan-Stachurski cell to polymer basedmaterials: Modifying the tra-
ditional DS cell setup, which has been primarily used for metals, to accommodate and effectively
test polymer-based materials. This includes designing the setup, understanding the chemical re-
actions occurring at the electrodes in both cells, and determining the optimal combination of entry
current, exit potential, electrolyte type, and concentration. These factors are critical for evolving
and oxidizing hydrogen at the palladium-coated surfaces without damaging the coating, ensur-
ing accurate and reproducible results. Additionally, the coating process of the polymer must be
thoroughly explored to optimize the palladium layer’s adhesion and integrity.

• Experimental validation: Conducting a series of experiments to compare the hydrogen perme-
ability data obtained from the DS cell setup with existing data from TDA and HPHPmethods. This
will establish the validity and reliability of the DS cell as a permeability testing tool for polymers.
The experiments will be conducted on carefully selected polymeric materials that meet specific
criteria, ensuring that the test setup can accurately determine permeability values across a wide
range of materials. This will demonstrate the setup’s capability to study polymer-based materi-
als with varying properties effectively. The process involved investigating and applying different
methods for calculating D and P, with each method offering a distinct interpretation of the underly-
ing physical mechanisms of hydrogen permeation. Although all methods are based on the same
experimental data, they produce values that have slightly different physical meanings because
they describe different aspects or mechanisms of the permeation process.

• Obtaining quantifiable information on permeation of Hydrogen through the Electrochemi-
cal Monitoring Technique: A major portion of this thesis was dedicated to identifying the best
methods for extrapolating critical parameters from the experimental data—parameters that are
essential for understanding hydrogen permeation through polymers and comparing results across
different materials. These parameters, namely the diffusion coefficient (D) and permeability (P),
are crucial not only for comparing with existing literature but also for evaluating how hydrogen
permeates through various polymeric materials tested using the electrochemical monitoring tech-
nique.
The process involved investigating and applying different methods for calculating D and P, with
each method offering a distinct reflection of the underlying physical mechanisms of hydrogen per-
meation. Although all methods are based on the same experimental data, they produce values
that have slightly different physical meanings because they depict different aspects or mecha-
nisms of the permeation process.
A significant effort was made to explain the physical meaning of each method, analyze how it cap-
tures and describes the permeation mechanism, and ultimately select the method that provides
results best suited for comparison with existing literature. This also ensures that the chosen
approach allows for meaningful comparisons of hydrogen permeability across various materials,
offering insights into how hydrogen permeates through each specific polymer type.

This thesis will contribute to the field of hydrogen storage materials by providing a new and unexplored
approach to evaluating hydrogen permeability in polymers. The adaptation of the DS cell for polymer
materials represents a significant advancement in testing methodologies, offering a safer and more
accessible alternative to existing high-pressure and destructive techniques. A schematic overview of
the different testing methods is shown in figure 1.20 for comparison.

In summary, this thesis seeks to extend the application of the DS cell beyond metals, exploring its
potential to become a standard tool for hydrogen permeability testing in polymers. The successful
adaptation of this electrochemical setup could pave the way for further innovations in the development
of hydrogen storage technologies, contributing to the broader goal of sustainable aviation.
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Figure 1.20: Overview of the state-of-the-art testing methods and comparison with the proposed Devanathan Stachurski cell
adaptation



2
Methodology

2.1. Materials

2.1.1. Setup

Two glass electrochemical cells with a capacity of 100 ml, equipped with PTFE lids and O-rings, were
purchased from Laborxing. Additionally, two Ag/AgCl reference electrodes (0.197 V vs SHE) were
obtained from the same supplier. The two Platinum counter electrodes used in the experiments were
already available in the laboratory.

2.1.2. Electrolytes

Throughout the project, two different electrolytes were used in the Devanathan Stachurski cell. For the
charging cell, various concentrations of H2SO4 were employed. Similarly, different concentrations of
NaOH were used in the detection cell. Both the 96% concentrated H2SO4 and NaOH were sourced
from Sigma Aldrich.

2.1.3. Sample Materials

Three different polymer materials were selected for testing based on their permeability. To validate the
testing method, it was important to assess whether comparable results could be obtained with respect
to existing literature. Therefore, the materials were chosen to represent a broad range of permeability
values:

• HDPE (high-density polyethylene): A material with extremely low permeability.
• PEEK (polyetheretherketone): A material with intermediate permeability.
• PP (polypropylene): A material with high permeability.

These materials were also selected because literature data on their diffusivity and permeability values
is readily available, enabling a more straightforward comparison. The materials were sourced from the
following suppliers:

• HDPE: Acquired from S-Polytec.
• PEEK: Acquired from Goodfellow.
• PP: Acquired from Lasersheets.

Differential Scanning Calorimetry (DSC) was used to determine the degree of crystallinity of the sam-
ples. The crystallinity was calculated using the following equation:

20
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χC =
∆Hm −∆HCC

∆H100%
m

(2.1)

where:

• χC : Degree of crystallinity,
• ∆Hm: Enthalpy of fusion of the sample,
• ∆HCC : Enthalpy of cold crystallization (if present),
• ∆H100%

m : Enthalpy of fusion of a fully crystalline sample [20].

The density of the samples was measured using the water displacement method [4]. The density data
was then utilized to calculate another value for crystallinity by comparing the measured sample density
with the densities of fully crystalline and fully amorphous polymers, as described by the equation:

χC =
ρ− ρa
ρC − ρa

(2.2)

where:

• ρ: Density of the sample,
• ρC : Density of a fully crystalline sample,
• ρa: Density of a fully amorphous sample.

Crystallinity was measured using both DSC and density-based methods, as each technique yields
different results. Researchers have reported using either method prior to permeability testing.

Table 2.1 summarizes the results of these tests and provides an overview of the key characteristics of
the tested polymers. Further data, including chemical structure, DSC results and crystallinity calcula-
tions are presented in Appendix A. A literature survey on diffusivity and permeability values for these
polymers is available in Appendix B.

Table 2.1: Properties of HDPE, PEEK, and P

Property HDPE PEEK PP
Density (g/cm3) 0.946 1.294 0.913
χc (Density method, %) 79 25 65
χc (DSC method, %) 53 34 38
Tg (°C) -115 [9] 147 (DSC) - 8 [34]
Notes 70 % isotactic

2.1.4. Palladium Coating

To deposit a thin palladium coating onto the polymer surfaces, Physical Vapor Deposition (PVD), specif-
ically sputter coating, was utilized. A palladium sputter target compatible with the Quorum Q300T-D
Plus sputtering machine in the laboratory was acquired from Aurion.

2.2. Methods

2.2.1. Sample Surface Preparation

The samples prepared for the experiment were 20 x 20 mm squares with a thickness ranging from 0.5
to 1.5 mm. The thickness was carefully chosen to enable the analysis of one-dimensional permeation
through the membrane. According to the literature, to ensure accurate one-dimensional permeation,
the ratio of the radius of the area of analysis to the thickness of the membrane should be 5:1 or greater
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[5]. In our setup, the exposed area was a circle with a 7.5 mm radius, making the chosen thickness
range appropriate for the study.

To prepare the surface of the samples for coating, both sides were sequentially ground using 180, 300,
500, 800, 1200, 2000, and 4000 grit sandpaper. After grinding, the samples were ultrasonically cleaned
in isopropanol, followed by distilled water, and then left to air dry in a desiccator overnight.

Given that the adhesion of the palladium coating presented challenges with somematerials, particularly
HDPE, the samples were also subjected to corona treatment before the coating process. Finally, all
samples were placed in the Quorum Q300TD sputtering machine and coated with a 100 nm thick layer
of pure palladium. An example of a finished sample is provided in figure 2.1 below.

Figure 2.1: Coated sample ready for electrochemical
permeation testing. The area exposed to the electrolyte is

marked in white.

2.2.2. Devanathan Stachurski Cell

The Devanathan-Stachurski cell setup designed for this experiment is shown in figure 2.2 below. The
schematic image provides a detailed view of the different components and their arrangement within the
setup, while the second image shows the actual assembled setup used in the laboratory. Labels and
arrows on both images indicate the key components. Two potentiostats were used to apply a constant
current on the charging side (left in figure 2.2a and a constant potential on the detection side (right in
figure 2.2a) respectively. Potentiostat 1 is an Autolab PGSTAT100N [6] and Potentiostat 2 is an Ivium
Compactstat Standard [16].
In a classic Devanathan-Stachurski setup, the two independent potentiostats are connected to the same
conductive working electrode, which is grounded to provide a stable reference. The potentiostats, how-
ever, are used in floating mode, meaning they are not grounded themselves. This configuration ensures
that the two potentiostats can independently control the electrochemical processes on each side of the
working electrode without creating conflicts, while the grounded working electrode provides a stable
electrical reference point for accurate hydrogen permeation measurements. Additionally, grounding
the working electrode is important for protecting the equipment from potential electrical damage or in-
terference, ensuring safe and reliable operation.
In the Devanathan-Stachurski setup used in this project, however, the situation is different. Since the
sample material is a non-conductive polymer, there is no electrical connection between the two Pd
coats, which therefore serve as independent working electrodes for the two electrochemical cells. In
this case, the sample is not grounded, while the two potentiostats are. Grounding the potentiostats is
crucial as it ensures electrical stability and a common reference point for the measurements. This pre-
vents potential discrepancies between the two cells, avoids interference, and ensures accurate control
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over the electrochemical processes, ultimately protecting the integrity of the experiment and the equip-
ment [57].

(a) Schematic Diagram

(b) Laboratory Setup

Figure 2.2: The adapted Devanathan-Stachurski cell developed for this project.

Test Procedure

The final test procedure is reported in Figure 2.3b. During the entire test, nitrogen gas (N2) is bubbled
in both cells. The rationale behind this, as well as the selection of the specific detection potential and
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charging current values, are detailed in the Results chapter (see Chapter 3). These elements are
discussed in the Results section because the setup was developed as part of this thesis. Since the
process of determining and validating the setup is a significant part of the experimental findings, its
optimization and validation contribute directly to the overall results of the project.

(a) Example of permeation graph obtained through EMT

(b) Test Procedure

Figure 2.3: Final test procedure developed for the Electrochemical Monitoring Technique of polymer materials

2.2.3. LN2 Exposure

All three polymer samples were exposed to liquid nitrogen, undergoing 10 cycles of 2 minutes in LN2,
followed by 6 minutes at room temperature. This procedure was designed to simulate the conditions of
liquid hydrogen tanks, where repeated cycles of emptying and refilling can cause sudden temperature
shifts of a couple hundred degrees Celsius. The goal was to observe whether these extreme conditions
would affect the diffusivity and permeability of the polymers.



3
Results and Discussion

This chapter presents and elaborates on the results obtained during the course of this thesis project,
following the chronological progression of the research. The initial objective of this work was to inves-
tigate whether an electrochemical method, traditionally used for measuring hydrogen permeation in
metals, could be adapted to polymeric samples. The goal was to develop a safer, more accessible,
and easily constructed alternative to current hydrogen permeation testing methods.

Following the literature review, the project began by adapting the traditional Devanathan Stachurski
setup to polymer samples (3.1). The process started by examining the electrochemical reactions
within the proposed setup (3.1.1) and the specific behavior of permeating hydrogen at the Palladium-
polymer interfaces (3.1.2). Understanding these reactions was essential to ensuring that the exper-
imental results would accurately reflect the hydrogen permeation mechanisms in polymeric materi-
als. Additionally, this understanding guided the selection of appropriate potentials and currents for
the Palladium-coated working electrodes, optimizing the adsorption and oxidation of hydrogen, as de-
scribed in 3.1.3,3.1.4. Once the setup and protocol had been established and implemented, the key
focus became determining how to extract quantifiable and comparable data that accurately captured
the complex permeation behavior. This process is discussed in 3.1.5.

The results for the three polymers tested—PEEK, HDPE, and PP—are then presented and analyzed in
section 3.2, and respectively in subsections 3.2.1,3.2.2 and 3.2.3. After this, the data obtained for the
three polymer is compared to discuss how the architecture and chemistry of each individual polymer
impacted the permeation process (3.2.4). Lastly, the effects of cryogenic exposure on the samples are
explored in 3.2.5.

3.1. Development of the Devanathan Stachurski Setup

3.1.1. Electrochemical Reactions at the Electrodes

A schematic representation of the test setup is provided in Figure 3.1. The left compartment, containing
an acidic electrolyte, functions as the hydrogen charging (input) cell. In this cell, hydrogen is evolved
at the surface of the Palladium-coated working electrode by applying a constant cathodic current. A
portion of the hydrogen atoms (H) are absorbed into the Palladium lattice. Driven by the concentra-
tion gradient, these hydrogen atoms diffuse through the Palladium layer, recombine into H2 at the
Pd-polymer interface, and continue diffusing through the polymer material towards the right side of the
setup.

The right compartment, known as the hydrogen detection (output) cell, contains an alkaline electrolyte.
In this cell, the hydrogen molecules that permeated through the polymer undergo dissociation into
atomic hydrogen at the polymer-Pd interface. The atomic hydrogen reaches the Palladium surface and
is oxidized under a constant anodic potential, producing protons (H+) and electrons (e-). The protons
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react with OH- from the alkaline electrolyte to form water, while the electrons are recorded as current
flowing through the potentiostat. The resulting current vs. time curve is known as the permeation
transient, which characterizes the hydrogen permeation behavior through the polymer.

The Palladium coatings in this setup serve as catalysts for the hydrogen evolution and oxidation re-
actions. Given that the Palladium coating is extremely thin (approximately 100 nm) compared to the
polymer sample (0.5–1 mm), and that hydrogen transport through the polymer is much slower than the
evolution/oxidation reactions at the Pd surfaces, it can be confidently assumed that the current-time
curve accurately represents the hydrogen permeation through the bulk polymer material.

As shown in Figure 3.1, N2 gas is continuously bubbled through both cells during the experiment. This
is done to remove any dissolved O2 present in the electrolyte solutions. The presence of oxygen can
interfere with the experiment by reacting with the adsorbed hydrogen on the Palladium surface, as
illustrated by the following reaction:

4Hads +O2 −−→ 2H2O (3.1)

On the charging side, this reaction reduces the amount of hydrogen available for permeation, as the
oxygen consumes hydrogen before it can diffuse through the polymer. On the detection side, oxygen
acts similarly to the applied anodic potential by oxidizing the hydrogen atoms, which results in a loss
of signal and thus affects the accuracy of the measurement [88].

Figure 3.1: Schematic representation of the Devanathan Stachurski setup developed for this project.

Charging Side

A schematic representation of the reactions occurring at the electrodes on the charging side is provided
in Figure 3.2 below.

The charging cell consists of a three-electrode setup, featuring an Ag/AgCl reference electrode (0.197
V vs SHE1), a Platinum counter electrode (anode), and the Palladium working electrode (cathode). The
behavior of the Pt counter electrode and the Pd working electrode is dictated by the applied current. In
this case, a cathodic current is applied, which causes electrons to flow toward the working electrode
(Pd) and away from the counter electrode (Pt).

1The Standard Hydrogen Electrode (SHE) is a reference electrode consisting of a Pt electrode immersed in a 1 M H+ ion
solution, with H2 gas bubbled over the electrode at 1 atm and 25 °C. The half-reaction occurring at the SHE is: 2H+(aq) +
2 e− −−→ H2(g). Under these standard conditions, the electrode potential of the SHE is defined as 0.00 V, serving as a
universal reference for measuring the potentials of other half-cell reactions [41].
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At the anode (counter electrode), the oxygen evolution reaction occurs in acidic media [72]:

H2O −−→
1

2
O2 + 2H+(aq) + 2 e− (3.2)

At the cathode, the hydrogen evolution reaction (HER) takes place, which proceeds through multiple
steps. The initial step is the Volmer adsorption reaction in acidic media:

H+(aq) + e−(m) +M −−→ MHads (Volmer) (3.3)

where M represents a vacant site on the Pd surface. Following the Volmer step, three parallel reactions
occur: the Heyrowski, Tafel, and hydrogen absorption reactions:

H+(aq) + e−(m) +MHads −−→ H2(g) +M (Heyrowski) (3.4)
2MHads −−→ H2(g) + 2M (Tafel) (3.5)
MHads −−→ MHabs (Absorption) (3.6)

As shown in the equations, both the Heyrowski and Tafel reactions are desorption processes (the former
electrochemical, the latter physical), resulting in the loss of hydrogen that might otherwise permeate
through the polymer. In contrast, the absorption reaction in Equation 3.6 is the desired process, where
hydrogen is absorbed into the metal lattice. This absorption step is also the rate-determining step,
being the slowest of the three parallel reactions. Following this, the Tafel recombination is favored at
low overpotentials2, while the Heyrowski desorption is favored at high overpotentials [33, 30].

Figure 3.2: Schematic representation of the charging side of the Devanathan Stachurski setup developed for this project.

2In electrochemistry, overpotential refers to the additional potential required, beyond the reversible potential, to drive an
electrochemical reaction. It accounts for inefficiencies in the system, including resistance in the electrode, electrolyte, and mass
transport limitations. Overpotentials are negative for reduction reactions and positive for oxidation reactions [78].
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Detection Side

A schematic representation of the reactions occurring at the electrodes on the detection side is provided
in Figure 3.3 below.

The detection cell has the same configuration as the charging cell, with the difference being that the
working electrode (Palladium) now acts as the anode while the counter electrode (Platinum) is the
cathode, due to applied anodic potential.

At the cathode, the hydrogen evolution reaction occurs in alkaline media in the absence of dissolved
oxygen in the solution [72]:

2H2O+ 2 e− −−→ H2(g) + OH− (3.7)

At the anode, the hydrogen oxidation reaction (HOR) takes place. This reaction is the inverse of the
Volmer adsorption reaction shown in 3.3 in alkaline media:

MHads +OH− −−→ H2O+ e−(m) +M (Inverse Volmer) (3.8)

In alternative to the Volmer step, the Tafel recombination reaction may also occur:

2MHads −−→ H2(g) + 2M (Tafel) (3.9)
(3.10)

this reaction is unwanted, as it results in a loss of signal and accumulation of hydrogen bubbles at the
exit side. These surface bubbles create noise in the data and also represent hydrogen that is accumu-
lated and cannot be oxidised, therefore raising the concentration of H2 at the exit side and hindering the
permeation process [86]. The Volmer reaction is favoured if enough oxidising overpotential is applied.

Figure 3.3: Schematic representation of the detection side of the Devanathan Stachurski setup developed for this project.

3.1.2. Absorption and Desorption of Hydrogen at the Pd - Polymer Interface

Figure 3.4 illustrates the recombination and dissociation mechanism of hydrogen atoms as they dif-
fuse through the palladium and into the polymer sample, moving toward the exit (detection) side. This
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mechanism has been reported for gaseous hydrogen permeation through polymer-coated steel hy-
drogen pipes [47]. While gaseous and electrochemical hydrogen permeation processes share all key
stages — except for physisorption, which is merely the initial step in gaseous hydrogen permeation
and does not affect subsequent processes [49] — it is reasonable to assume that a similar molecular
hydrogen dissociation and recombination mechanism occurs in this setup. Furthermore, the recombi-
nation process is relatively fast compared to the diffusion of hydrogen through the bulk polymer, which
remains the rate-limiting step in the overall permeation process[47].

Figure 3.4: Schematic representation of the recombination/dissociation
reactions of the H atoms as they diffuse through the Pd-coated polymer

sample.

3.1.3. Selection of Detection Side Electrolyte and Potential

The initial selection of the electrolyte and oxidation potential was informed by the literature survey
summarized in TableB.2 (Appendix B). Based on these findings, NaOH (alkaline) was identified as the
most suitable electrolyte. While hydrogen oxidation could still occur in an acidic solution, an alkaline
solution is more favorable for this system due to the presence of OH- ions that enhance the hydrogen
oxidation reaction (see equation 3.8). Furthermore, literature indicates that the concentration of the
electrolytes (on both the detection and charging sides) hasminimal influence on the kinetics of hydrogen
evolution or oxidation, which are predominantly governed by the applied overpotential (specifically, the
anodic potential on the detection side) [86]. Consequently, a concentration of 0.1 MNaOHwas selected
as the electrolyte for the detection side.

Additionally, the literature consistently shows that the applied anodic potential is always chosen to be
slightly more positive (more anodic) than the open circuit potential3, thereby ensuring that the oxidation
reaction is favored while minimizing the risk of unwanted side reactions. To further refine the selection
of an appropriate anodic potential, first cyclic voltammetry (CV) was employed to explore the potential
range at which hydrogen oxidation occurs and to avoid the onset of undesirable side reactions. This
allowed for a clear identification of the voltage window within which the system could operate effectively.

3The Open Circuit Potential represents the equilibrium state of the working electrode in contact with the electrolyte solution.
At this potential, and in the electrochemical cell of interest for this project, the rates of hydrogen adsorption (a reduction process)
and desorption or oxidation (an oxidation process) are balanced, meaning that the Palladium surface does not act as either a
net anode or a net cathode [61].
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Subsequently, the Pourbaix diagram was utilized to determine the upper limit of the overpotential that
could be applied without initiating oxygen evolution, ensuring that the applied potential remained within
the electrochemical stability region of palladium in the electrolyte solution.

Cyclic Voltammetry

The cyclic voltammetry conducted on the Pd-coated polymer sample in the detection side electrolyte
solution is shown in figure 3.5. Cyclic voltammetry (CV) is an electrochemical technique that helps
investigate the reduction and oxidation processes of molecular species by applying a cyclic voltage
and measuring the resulting current. This technique allows the study of electron transfer reactions and
provides insight into the thermodynamic and kinetic properties of the system under investigation. In CV,
the applied potential is swept between two limits (forward and reverse) at a certain speed (scan rate,
mV/s) while recording the current, creating a characteristic voltammogram that can reveal information
about redox potentials and reaction mechanisms [22]. In this system, CV allows to explore the redox
processes occurring on the palladium surface, including hydrogen adsorption/desorption and the water
oxidation/reduction reactions.

The current peaks observed in a CV arise from electrochemical reactions occurring at the electrode
surface. These reactions are governed by the Nernst equation, which relates the electrochemical
potential to the concentration of reactants and products at equilibrium. For a general redox reaction:

Ox + ne− −−→←−− Red (3.11)

the Nernst equation is expressed as [22]:

E = E0 +
RT

nF
ln

[Ox]

[Red]
(3.12)

where:

• E is the electrode potential
• E0 is the standard electrode potential
• R is the gas constant
• T is the temperature
• n is the number of electrons involved in the reaction
• F is the Faraday’s constant
• Ox and Red are the concentrations of the oxidized and reduced species

Therefore, during the negative sweep (from 0.6 V to -0.8V), two main reduction peaks can be observed
[90]:

• (b) Reduction of the Palladium Oxide layer between -0.3 V and -0.6 V:

PdO +H2O+ 2 e− −−→ Pd + 2OH− (3.13)

• (c) Reduction of water into ad/absorbed hydrogen from -0.6 to lower limit:

H2O+ e− +M −−→ MHads +OH− (3.14)

On the other hand, during the positive sweep (from -0.8 V to 0.6 V), two oxidation processes can be
observed [90]:

• (d) Hydrogen oxidation/desorption from -0.8 V to 0 V:

MHads +OH− −−→ H2O+ e− +M (3.15)

• (a) Palladium Oxide formation starting at 0.2 V:

Pd + 2OH− −−→ PdO +H2O+ 2 e− (3.16)
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As the applied potential becomes more negative, the Nernst equation predicts that the equilibrium
shifts toward the reduction of molecular species in the system (such as water and PdO), resulting in
reduction peaks corresponding to hydrogen adsorption and PdO reduction. Conversely, during the
positive sweep, the equilibrium shifts toward oxidation, leading to peaks associated with hydrogen
desorption and palladium oxidation.

From the cyclic voltammogram, it was determined that the potential range required to induce the oxida-
tion of incoming hydrogen lies between -0.2 V and 0.2 V vs. the Ag/AgCl electrode. Within this range,
increasing the potential enhances the kinetics of the hydrogen oxidation reaction, accelerating the rate
at which hydrogen is oxidized.

Figure 3.5: Cyclic Voltammetry of Palladium coated polymer sample in 0.1
M NaOH solution. Scan rate = 10 mV/s.

Pourbaix Diagram

The Pourbaix diagram of Palladium is shown in figure 3.6. Figure 3.6b zooms in on the region of inter-
est, which is around the pH of the 0.1 M NaOH solution used on the detection side.
The Pourbaix diagram is a plot of the possible thermodinamically stable phases of an aqueous electro-
chemical system over a certain pH range. The sloping black lines on the diagram are equilibrium lines
between different phases of palladium and its oxides [2]. Therefore it is possible to discern between
three main phases:

• Below - 0.4 V vs Ag/AgCl Palladium remains stable in its solid metallic form.
• Between -0.4 V and 0.2 V vs Ag/AgCl, palladium exists in the form of Palladium Oxide. This indi-
cates that under more oxidizing conditions, palladium forms an oxide layer on its surface. While
PdO may passivate the surface to some extent, the hydrogen will still permeate through the layer
and its oxidation is still possible. Also, it has been shown that the presence of occluded hydro-
gen may prevent the formation of palladium oxide at the electrode surface due to the following
chemical reaction at the PdO interface [90]:

2H◦ + PdO −−→ Pd + H2O (3.17)

where H◦ represents the occluded hydrogen.

• At potentials higher than 0.2 V vs Ag/AgCl, palladium forms palladium dioxide (PdO2). This region
represents even more oxidizing conditions, where palladium is in a higher oxidation state (+4).
The formation of PdO2 leads to complete surface passivation, and the thick oxide layer prevents
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hydrogen permeation and oxidation. When this happens, the hydrogen concentration at the exit
side does not stabilize but keeps rising as more and more H atoms accumulate at the oxide layer.
Stationary conditions cannot be obtained and the results is a decay of the hydrogen flux at the
end of the permeation transient [54].

The dotted lines delimit the water stability region. For applied potentials above the upper dotted line,
water is oxidized (Oxygen evolution reaction) at the Palladium surface. In the alkaline environment, the
following reaction occurs at the Palladium surface:

4OH− −−→ O2 +H2O+ 4 e− (3.18)

For applied potentials below the lower dotted line, water is reduced (Hydrogen evolution reaction). In
the alkaline environment, the following reactions occurs at the Palladium surface:

2H2O+ 2 e− −−→ H2(g) + OH− (3.19)

To sum up, the analysis of the Pourbaix diagram confirms what had been already observed with the
cyclic voltammogram. In order to avoid any unwanted side reaction (oxygen evolution) and passivation
of the Palladium surface (formation of thick impermeable PdO2 layer) themaximum potential that should
be applied to the system is 0.2 V vs Ag/AgCl.

(a)

(b)

Figure 3.6: (a) Pourbaix Diagram for Palladium and (b) Zoom into the region of interest for the detection side

Effect of Anodic Potential on Permeation Transient

Considering the previous analyses, the effect of the applied anodic potential on the hydrogen perme-
ation behavior of HDPE was investigated to determine the optimal potential for obtaining a representa-
tive permeation curve. The goal was to identify the best anodic potential for hydrogen oxidation at the
detection side, ensuring a reliable measurement of hydrogen permeation through the polymer.
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Based on findings from the literature (Table B.2), the decision was made to begin by applying a slight
anodic overpotential relative to the open circuit potential (OCP) of the system. The OCP was measured
to be -50 mV vs Ag/AgCl. In Figure 3.7a, the permeation transient is shown for an overpotential of 50
mV above the OCP. It is evident that no significant increase in current occurs, indicating that the applied
anodic potential is insufficient to drive the hydrogen oxidation reaction effectively. The observed noise
in the data suggests that hydrogen bubbles are forming on the palladium surface at the detection
side. This occurs because the Tafel recombination reaction, where hydrogen atoms recombine to form
molecular hydrogen (H2), is predominant at this potential.

The situation improves when an overpotential of 150 mV is applied, as shown in Figure 3.7b. Here, the
increase in current indicates that hydrogen oxidation is starting to occur. However, Tafel recombination
remains the predominant reaction, leading to an accumulation of hydrogen on the exit side. This results
in an initial rise in the transient, followed by a decay due to the hydrogen concentration build-up on the
exit side.

Finally, with an applied potential of 0.2 V vs Ag/AgCl (an overpotential of 250 mV), a stable permeation
transient is observed (Figure 3.7c). The current remains steady throughout the experiment, indicating
that the hydrogen oxidation reaction is consistently favored. While some hydrogen bubbles due to Tafel
recombination are still present, further increasing the potential is not feasible. Any higher potential
would lead to the formation of a thick, impermeable PdO2 layer, which would block hydrogen transport.
Also, oxygen evolution on the palladium surface would eventually be initiated, as demonstrated by the
cyclic voltammetry (CV) and Pourbaix diagram studies.

For these reasons, an anodic potential of 0.2 V vs Ag/AgCl was selected as the optimal condition for
the electrochemical hydrogen permeation experiments on all polymer samples.

(a) Applied Potential E = 0 V vs Ag/AgCl (b) Applied Potential E = 0.1 V vs Ag/AgCl (c) Applied Potential E = 0.2 V vs Ag/AgCl

Figure 3.7: Hydrogen permeation transient for HDPE at different applied potentials

3.1.4. Selection of Charging Side Electrolyte and Current

The initial selection of the applied cathodic current and electrolyte on the charging side was informed
by a review of relevant literature (see Table B.3 in Appendix B). A key challenge, however, was that
unlike the detection side, in typical Devanathan-Stachurski experiments with metals, the charging side
is not coated with palladium. Hydrogen is evolved directly on the bare metal surface. This introduced
an additional consideration, as the choice of charging conditions and electrolyte is affected by the
presence of different metal species at the charging electrode.

Most Devanathan-Stachurski experiments are performed on iron or steel, where NaOH is often selected
as the electrolyte to avoid the corrosive effects of H2SO4 on iron. However, it has been reported
that using H2SO4 on the charging side can lead to higher hydrogen permeation at the input surface,
resulting in a stronger signal at the exit side. The reason for this is that the presence of H+ ions in the
acidic solution enhances the kinetics of the hydrogen evolution reaction (HER) [30]. A comparison of
permeation transients using acid versus alkaline electrolytes on the charging side is shown in Figure
3.8.
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Figure 3.8: Permeation transient obtained with either a 0.1 M H2SO4 or a
0.1 M NaOH solution on the input cell. Membrane material: Iron. Charging
current: 10 mA/cm2. The noise in the acid electrolyte permeation transient

is due to the corrosive effect of H2SO4 on the bare metal surface

Given that the working electrode in the Devanathan-Stachurski setup for this project is palladium, a
much more noble metal that is resistant to acid corrosion, a 0.05 M H2SO4 solution was chosen for
the charging side. Unfortunately, there is no comprehensive study in the literature investigating the
effect of different acid concentrations on the permeation transient in the Devanathan-Stachurski setup.
It was therefore assumed that, similar to the detection side, the electrolyte concentration would have a
negligible effect compared to the applied cathodic current, which drives the hydrogen evolution reaction.

Initially, a cathodic current of -5 mA/cm2 was selected based on the literature review. While this current
was sufficient to produce permeation transients for the PEEK samples, it was later reduced to -0.5
mA/cm2 after the failure of tests on the HDPE samples. The reasoning behind this adjustment and the
steps taken are detailed in the following paragraphs.

The extent of the damage caused by the initial charging current is shown in Figure 3.9. While the
coating on PEEK exhibited minimal damage (Figure 3.9a), the palladium coating on the HDPE surface
completely peeled off (Figure 3.9b). This discrepancy is attributed to the differences in surface adhesion
between the two polymers. Untreated PEEK has a higher surface energy compared to HDPE, which
allows the palladium coating to adhere much more easily to the PEEK surface before any treatment is
applied.

(a) PEEK, area exposed to electrolyte is circled in white (b) HDPE

Figure 3.9: Extend of damage to the entry side Palladium coating on PEEK and HDPE samples
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The peeling or damage of the palladium coating is primarily caused by hydrogen absorption in palladium.
As discussed in Section 1.3.2 of Chapter 1, when palladium absorbs hydrogen, it undergoes a phase
transition to the β-phase, characterized by an increased lattice parameter. This swelling creates internal
stress in the coating. This swelling creates internal stress in the coating. Additionally, as palladium
absorbs hydrogen, hydrogen embrittlement occurs, which further degrades the metal, causing it to
crack and peel off the surface.

The first solution explored to mitigate this issue was to enhance the surface adhesion of the coating
through corona arc treatment. This surface treatment involves applying a high voltage (typically in the
range of 10-20 kV) between an electrode and a grounded surface (or another electrode). The high volt-
age creates an electric field that ionizes the surrounding air or gas, forming a corona discharge. The
corona discharge breaks down the molecules in the surrounding air, creating reactive species such
as ozone (O3), atomic oxygen (O), nitrogen oxides (NOx), and various free radicals. These reactive
species are highly energetic and can interact with the polymer chains at the surface, breaking them up
and introducing polar oxygen- or nitrogen-containing groups [63].

Following the treatment, the increase in surface energy of the polymers was confirmed by measuring
the change in water contact angles. In both PEEK and HDPE, the water contact angle was nearly
halved, indicating a significant improvement in surface wettability. The results are shown in Figures
A.6 and A.7 in Appendix A. While this treatment improved the palladium coating’s resistance to peeling
during hydrogen charging, some issues still persisted.

Figure 3.10 shows the permeation transient of a PEEK sample treated with corona arc discharge, using
a charging current of -5 mA/cm2. As indicated by the blue rectangle, the permeation transient exhibits a
decay after initially stabilizing. A study on hydrogen absorption in pure palladium membranes suggests
that at cathodic charging currents above 2 mA/cm2, the Tafel and Heyrovsky recombination reactions
become so fast that they significantly reduce the amount of hydrogen absorbed into the palladium [29].
Another study [54] recommends applying a lower cathodic current (around 0.05 mA/cm2) to prevent
saturation of the palladium membrane. Based on this study, the following explanation for the decay
in the transient curve was proposed: when the charging current is too high, not all of the permeating
hydrogen can be oxidized at the exit side, due to the limited overpotential applied at the detection side
(as discussed in the previous section). As a result, hydrogen accumulates at the exit side, causing
the palladium coating to become saturated. This leads to a buildup of hydrogen at the exit side and
a subsequent decrease in the concentration gradient, which is the primary driving force behind the
permeation process. The reduction in concentration gradient is what causes the observed decay in the
rising transient, as illustrated in Figure 3.11.

Figure 3.10: Permeation transient on PEEK sample after
corona arc surface treatment - decay of the permeation curve.

Charging current: - 5 mA/cm2
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Figure 3.11: Effect of hydrogen accumulation on the exit side: Left -
concentration gradient decreases over time (orange to red). Right - Effect of

a lower concentration gradient on the permeation transient.

To address this, permeation tests were conducted with cathodic currents starting from 0.1 mA, increas-
ing by 0.1 mA increments. A stable and reproducible hydrogen permeation signal was not achieved
until a current of 0.5 mA was applied. This current was considered optimal, as it allowed sufficient
hydrogen evolution at the surface of the palladium coating while also enabling the absorbed hydrogen
to diffuse away from the input side and be oxidized, thus avoiding saturation of the palladium coating.

As a result, a cathodic current of 0.5 mA was selected as the optimal value for the charging side.
However, it is possible that higher currents (up to approximately 3.5 mA, according to [29]) could also
yield reproducible results across all polymer samples.

3.1.5. Obtaining Quantifiable Data from Experiments: Calculations for P and D

Once the testing protocol is established, the next step is to extract the necessary information from
the resulting permeation curves. As outlined in chapter 1, diffusion through polymers is characterized
by three primary parameters: solubility (S), diffusivity (D), and permeability (P). According to equation
1.10, these parameters are interdependent, and thus this study focuses on evaluating diffusivity (D)
and permeability (P) for each polymer sample; the third parameter (S) can then be derived.

Diffusivity (D), expressed in cm2

s , indicates the speed at which hydrogen molecules move through the
polymer in response to a concentration (or pressure) gradient. Permeability (P), expressed in mol

cm·s ,
reflects the overall transport rate of H2 through the polymer, representing the polymer’s total hydrogen
uptake.

To illustrate the practical implications of diffusivity and permeability, consider a metal hydrogen storage
tank with an internal polymer liner. This liner is intended to prevent (or at least delay) embrittlement
caused by permeating hydrogen, as well as reduce the amount of hydrogen that will be lost to the
environment. A polymer with high diffusivity will result in faster mechanical failure of the tank because
hydrogen molecules permeate the liner and reach the metal walls sooner. This accelerates embrittle-
ment within the metal lattice. Meanwhile, permeability represents the total quantity of H2 that will leak
from the liner and reaching the metal walls under operating conditions.

To extrapolate D and P values from the experimental curves for each polymer sample, it is essential
first to set up the boundary conditions and equations describing the diffusion process. In our setup,
the hydrogen gas pressure is 1 atm, and the temperature is well above hydrogen’s liquefaction point
(-252.86 °C at standard pressure). Under these conditions, we can assume (1) no specific interactions
among hydrogen molecules and (2) no strong interactions between hydrogen molecules and polymer
chains, therefore sorption is governed by Henry’s law (uniform dispersion of sorbed penetrant molcules
within the polymer), and diffusion is governed by Fick’s laws (D is independent of the sorbed penetrant’s
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concentration) [85].

Under these assumptions, the diffusion of hydrogen through the polymer sample during electrochemical
permeation testing is governed by the following equations and boundary conditions:

∂c(x, t)

∂t
= D

∂2c(x, t)

∂x2
Fick’s Second Law (3.20)

c(x, t) = 0 for 0 ≤ x ≤ L for t < 0 (3.21)
c(x, t) = c for x = 0 for t ≥ 0 (3.22)
c(x, t) = 0 for x = L for t ≥ 0 (3.23)

Here, c(x, t) represents the concentration of H2 at position x along the sample thickness at time t. A
visual representation of these boundary conditions is provided in figure 3.12/

Figure 3.12: Visual representation of boundary conditions

In 1961, Bockris and Devanathan [12] introduced two graphical methods to determine diffusivity (D)
from a current-vs-time curve based on Fick’s law. The first method estimates D from the breakthrough
time tb, yielding a diffusivity value, Dtb . The second method uses time lag tL extrapolation to provide a
diffusivity value, DtL . This DtL approach is widely used in techniques like TDA and HPHP to calculate
D (see 1.2.1 and 1.2.2).

While Bockris and Devanathan’s approach provided amethod for calculating diffusivity, it did not include
a way to determine hydrogen permeability (P) in electrochemical testing. This gap was addressed by
Fan et al. [23] and later by Sethuraman et al. [73]. They introduced a solution for boundary condi-
tions and Fick’s laws specific to electrochemical testing, providing an equation for i(t) containing both
diffusivity D and solubility c (referred to from here on as Ds and cs). By fitting this equation to their
experimental data, they obtained all necessary parameters..
Moreover, they included an equation for permeability based on the steady-state current, that is demon-
strated in section C.1.3 of Appendix C).

To evaluate the validity and significance of these methods, we applied all of them to calculate P and D
for each polymer sample:

• For diffusivity, three values were calculated: Dtb , DtL , and the diffusivity from Sethuraman’s
equation, Ds.

• For permeability, two values were obtained: one by extrapolating i∞ and applying equation C.20,
and the other by multiplying Ds and cs from Sethuraman’s equation.



3.1. Development of the Devanathan Stachurski Setup 38

The next section presents examples to demonstrate the calculation of these three diffusivity and two
permeability values.

For details on the derivations of Dtb , DtL , P, and Sethuraman’s solution, refer to Appendix C.

Breakthrough Time Method

As the name suggests, the breakthrough time is defined as the time it takes a detectable amount of
hydrogen to diffuse through the thickness of the polymer sample, as can be visualized in figure 3.13.

Figure 3.13: Left: Concentration gradient established at the start of the test.
Right: Visualization of the breakthrough time. The black patches represent the crystalline regions

through which the hydrogen molecule (red) cannot diffuse

According to Boes et al. [13], the breakthrough time is determined by extending the tangent at the
inflection point of the permeation curve until it intersects the time axis. Once the value of tb has been
established, the diffusivity Dtb can be calculated as reported by Bockris and Devanathan [12]:

Dtb =
L2

15.3 · tb
(3.24)

Figure 3.14 illustrates an example of breakthrough time calculation from a permeation transient ob-
tained using the setup in this project. A sigmoid curve was fitted to the experimental data, allowing for
the identification of the inflection point and, consequently, the breakthrough time.
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Figure 3.14: Example of the evaluation of tb from experimental data

Time Lag Method

The time lag method, widely used in literature to determine diffusivity, has been previously discussed
in the context of high-pressure permeation test methods and TDA (see section 1.2.2). The time lag
represents the period required to establish a steady-state concentration gradient across the sample
following a sudden change in boundary conditions at the input side [13]. To help the understanding of
the time lag, the evolution of the concentration gradient over time, from 0 to tb and up to tL, is illustrated
in Figure 3.15.

Figure 3.15: Establishment of the steady state
concentration gradient throughout the sample’s

thickness in the Devanathan Stachurski
experiment

The establishment of a steady-state concentration gradient implies that the concentration at every point
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throughout the sample thickness remains constant over time (illustrated by the red line in Figure 3.15).
At this stage, the quantity of oxidized hydrogen will increase linearly with time.

When examining the permeation transient (hydrogen flux vs. time), the area under the curve represents
the total oxidized hydrogen. Once the steady-state concentration gradient is achieved, the slope of the
integral of the permeation transient becomes constant. The time lag, tL, can then be determined as
the intercept of the linear portion of the integral with the time axis (see Figure 3.16).

Figure 3.16: Left: evaluation of total amount of oxidated H2 from the flux (current) vs time curve.
Right: calculation of the time lag from the integral of the flux (current) vs time curve.

The diffusivity DtL can be calculated as follows, in accordance with [12]:

DtL =
L2

6 · tL
(3.25)

Permeability: Calculation from i∞

As demonstrated in section C.1.3 of appendix C, the permeability can be evaluated from the steady
state current i∞. The current is obtained by determining the plateau value of the sigmoid curve fit to
the experimental data, as shown below in figure 3.17.

Figure 3.17: Evaluation of the steady state current i∞ from the experimental data
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From i∞ the permeability can be evaluated from equation C.20:

P =
i∞L

2FA
(3.26)

where:

• L is the thickness of the sample
• A is the area exposed to the electrolyte (permeation area)

Diffusivity and Permeability: Fitting Sethuraman's Solution to the Data

The solution of Fick’s laws and boundary condition from Fan and Sethuraman [23, 73] is reported in
appendix C. The equation, which includes the terms of solubility and diffusivity (cs and Ds), was fitted
to the experimental data, so that the unknown parameters cs and Ds could be found. From these, the
permeability follows in accordance with equation 1.10. An example of the fitting process is shown in
figure 3.18 below.

Figure 3.18: Experimental data and fit of Sethuraman’s equation for i(t)
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3.2. Experimental Data

The next three sections will be structured in the following way: for each material, two representative
figures will be shown. The first will contain the experimental data, the fitted sigmoid curve, the integral
of the sigmoid and the graphical extrapolation of the tb and tL. The second one will display the experi-
mental data and the fitted curve acccording to Sethuraman’s solution. Then, a table that summarizes
all relevant data will be displayed. Finally, bar graphs comparing the three different diffusivity values
with literature as well as the two different permeability values with literature will be displayed. All the
permeation curves that are reported in the tables below are displayes in appendix D.

3.2.1. Polyether Ether Ketone

(a) Breakthrough time and time lag

(b) Sethuraman’s curve fit

Figure 3.19: Example experimental data for PEEK
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Table 3.1: Diffusivity values for PEEK from tests and literature.

Test Cristallinity of tested samples: 34 % (DSC measurement)
Dtb (cm2/s) DtL (cm2/s) Ds (cm2/s)

#1 6.82E-08 1.25E-07 -
#2 1.70E-07 2.57E-07 1.89E-07
#3 8.91E-08 1.98E-07 1.23E-07
#4 4.18E-08 9.12E-08 -
#5 1.21E-07 2.43E-07 1.55E-07
#6-1 1.09E-07 2.20E-07 -
#6-2 4.63E-07 4.20E-07 3.48E-07

#7-1 2.89E-07 1.34E-07 1.19E-07
#7-2 3.93E-07 3.58E-07 3.37E-07

Literature HPHP Test - DtL(cm
2/s) Reference

15% C (DSC) 5.32E-07 [59]
30% C #1 (DSC) 2.96E-07 [59]
30% C #2 (DSC) 5.16E-07 [59]
38% C (DSC) 2.42E-07 [59]

Table 3.2: Permeability values for PEEK from tests and literature

Test Cristallinity of tested samples: 34 % (DSC measurement)
P (mol/(cm s))

Sigmoid fit Sethuraman’s fit
#1 1.18E-12 -
#2 3.38E-13 4.20E-13
#3 1.19E-13 1.63E-13
#4 1.03E-12 -
#5 2.06E-13 2.98E-13
#6-1 5.42E-14 -
#6-2 9.40E-14 1.02E-13

#7-1 6.24E-14 6.38E-14
#7-2 1.04E-13 1.05E-13

Literature HPHP Test - P (mol/(cm s)) Reference
15% C (DSC) 1.22E-12 [59]

30% C #1 (DSC) 6.14E-13 [59]
30% C #2 (DSC) 6.82E-13 [59]
38% C (DSC) 3.94E-13 [59]
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(a) Diffusivity values

(b) Permeability values

Figure 3.20: Comparison between Diffusivity and Permeability values obtained through different methods
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3.2.2. High Density Polyethylene

(a) Breakthrough time and time lag

(b) Sethuraman’s curve fit

Figure 3.21: Example experimental data for HDPE



3.2. Experimental Data 46

Table 3.3: Diffusivity values for HDPE from tests and literature

Test Cristallinity: 54 % (DSC measurement) or 78 % (density measurement)

Dtb (cm2/s) DtL (cm2/s) Ds (cm2/s)
#1 1.88E-07 1.92E-07 1.50E-07
#2-1 9.95E-07 1.50E-06 1.41E-06
#2-2 1.78E-06 9.54E-07 9.19E-07
#2-3 2.04E-06 8.90E-07 8.49E-07

Literature HPHP Test - DtL (cm2/s) Reference
92% C (density) 3.30E-08 [35]
78% C (density) 1.35E-06 [27]
80% C (density) - [27]
58% C (DSC) 2.20E-06 [93]
54% C (DSC) 1.96E-06 [93]
57% C (DSC) 1.54E-06 [93]
61% C (DSC) 1.30E-06 [93]

- 1.90E-06 [93]
Literature TDA - fitting to diffusion equation

78% C (density) 2.09E-06 [28]
80% C (density) 2.11E-06 [28]

Table 3.4: Permeability values for HDPE from tests and literature

Test Cristallinity: 54 % (DSC measurement) or 78 % (density measurement)
P (mol/(cm s))

Sigmoid fit Sethuraman’s fit
#1 2.66E-13 2.78E-13
#2-1 1.11E-13 9.14E-14
#2-2 1.36E-13 1.38E-13
#2-3 1.61E-13 1.61E-13

Literature HPHP Test - P (mol/(cm s)) Reference
92% C (density) - [35]
78% C (density) 9.25E-11 [27]
80% C (density) - [27]
58% C (DSC) 6.85E-13 [93]
54% C (DSC) 7.89E-13 [93]
57% C (DSC) 6.85E-13 [93]
61% C (DSC) 5.95E-13 [93]

- 8.93E-13 [40]
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(a) Diffusivity values

(b) Permeability values

Figure 3.22: Comparison between Diffusivity and Permeability values obtained through different methods
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3.2.3. Polypropylene

(a) Breakthrough time and time lag

(b) Sethuraman’s curve fit

Figure 3.23: Example experimental data for PP
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Table 3.5: Diffusivity values for PP from tests and literature

Test Sample Cristallinity: 39 % (DSC) or 65 % (density)

Dtb (cm2/s) DtL (cm2/s) Sethuraman’s fit (cm2/s)
#1 3.72E-07 5.81E-07 -
#2-1 3.19E-07 7.49E-07 6.42E-07
#2-2 2.70E-06 2.45E-06 2.30E-06
#3-1 3.72E-07 7.90E-07 6.74E-07
#3-2 4.59E-06 1.72E-06 -
#4-1 3.36E-07 6.05E-07 -
#4-2 4.82E-06 2.10E-06 2.00E-06
#4-3 2.22E-06 3.47E-06 -

Literature HPHP Test - DtL (cm2/s) Reference
Amorphous 6.60E-06 [42]
Crystalline 3.00E-06 [42]

60% C (DSC) 3.70E-07 [60]
50% C (DSC) - [50]

Table 3.6: Permeability values for PP from tests and literature

Test Sample Cristallinity: 39 % (DSC) or 65 % (density)
P (mol/(cm s))

Sigmoid fit Sethuraman’s fit
#1 6.20E-13 -
#2-1 4.20E-13 4.60E-13
#2-2 2.38E-13 2.44E-13
#3-1 3.44E-13 3.72E-13
#3-2 3.18E-13 -
#4-1 1.65E-13 -
#4-2 1.57E-13 1.57E-13
#4-3 7.94E-14 -

Literature HPHP Test - P (mol/(cm s)) Reference
Amorphous 1.83E-12 [42]
Crystalline 6.25E-13 [42]

60% C (DSC) 2.86E-12 [60]
50% C (DSC) 2.03E-12 [50]
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(a) Diffusivity values

(b) Permeability values

Figure 3.24: Comparison between Diffusivity and Permeability values obtained through different methods

3.2.4. Comparison Between Samples

This section aims to compare the permeation parameters (diffusivity, solubility, and permeability) for
the three polymer samples based on their material properties. The parameters calculated through the
three different methods are illustrated in figures 3.25, 3.26 and 3.27. Further details on the definitions
and interpretations of the various diffusivity and permeability values are available in Section 3.1.5. The
three solubility values (denoted as C) are calculated using Equation 1.10 and defined as follows:

• Ctb (Breakthrough): Calculated by dividing the permeability value obtained from the sigmoid curve
fit by Dtb .

• CtL (Time Lag): Derived by dividing the permeability value from the sigmoid fit by DtL .
• CS (Sethuraman’s Fit): Determined by fitting Sethuraman’s solution to the experimental data,
which allows extraction of diffusion parameters.
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Figure 3.25: Comparison between Diffusivity values calculated with the three methods for the tested polymer samples

Figure 3.26: Comparison between Solubility values calculated with the three methods for the tested polymer samples
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Figure 3.27: Comparison between Permeability values calculated with the two methods for the tested polymer samples

Comparison of Diffusivity and Solubility Values for the Three Methods

The breakthrough time method yields results with significant scatter, especially for polypropylene (PP).
This may be because breakthrough time reflects the initial, non-steady state diffusion of gas molecules
through the polymer, which is likely to happen through the fastest path for the molecules, Therefore,
this diffusivity value may be influenced by the presence small voids or manufacturing defects within the
polymer. Additionally, the samples, which were manually ground to achieve the desired thickness, may
exhibit non-uniform thickness, causing faster permeation in thinner areas. This explains why the time
lag method is more consistent and widely preferred in literature.

The time lag method and Sethuraman’s fit generally show better agreement, suggesting that these
methods more accurately capture steady-state diffusion. The comparison across methods shows that
Sethuraman’s solution provides a reliable fit for both diffusivity and permeability, as it aligns well with
time lag results.

Comparison of Permeability value results for the two methods

Sethuraman’s solution better captures the permeability trends across the polymer samples than the
sigmoid fit. Although the permeability values derived from Sethuraman’s solution do not match those
found in literature—possibly due to the difference in the driving force for diffusion (a concentration
gradient in the electrochemical test versus a pressure gradient in high-pressure hydrogen permeation
tests)—the expected trend is still observed. Specifically, HDPE shows the lowest permeability, followed
by PEEK, with PP exhibiting the highest permeability. In contrast, the permeability values obtained from
the sigmoid fit do not consistently reflect this expected trend. A key difference here is that Sethuraman’s
solution could not be fitted to all the permeation curves, so certain “outlier” curves were excluded from
the calculations for Sethuraman’s permeability values. The sigmoid fit, however, was applied to all
experiments, potentially including samples that exhibit behavior not fully aligned with Sethuraman’s
model assumptions. The discrepancy between the twomethodsmay thus arise from these outlier cases.
This also suggests that Sethuraman’s solution’s might be effective in filtering out non-representative
data and capture a trend that aligns better with the material properties and expected behavior. Overall,
all the solubility and diffusivity values calculated with the three methods capture the same trend. These
results will be justified below by evaluating the chemical structure and cristallinity of the three polymers,
which are reported in appendix A, as well as the Tg which from literature is reportedly - 125 °C for HDPE
[26], - 20 °C for PP [36] and was evaluated at 147 °C for PEEK from DSC (appendix A).
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Solubility

According to the literature, solubility in polymers is primarily influenced by two factors: crystallinity and
glass transition temperature (Tg), rather than the chemical composition of the polymer itself. The most
pronounced difference in solubility behavior is observed between glassy and rubbery polymers [67, 85,
84].

In glassy polymers, solubility is often higher due to the dual-sorption model. This model suggests two
distinct contributions to gas sorption: (1) Langmuir-type sorption in unrelaxed free volumes, which act
as ”traps” for gas molecules, increasing solubility, and (2) Henry’s mode of sorption, representing the
uniform dissolution of gas molecules in the polymer matrix. As explained in sections 1.1.1 and 1.1.1.
The unrelaxed free volume in glassy polymers creates frozen ”voids” that preferentially capture gas
molecules, thus increasing solubility by effectively trapping them within these sites. As a result, glassy
polymers like PEEK, with rigid molecular structures below Tg exhibit significantly higher solubility than
their rubbery counterparts under standard conditions [67, 85].

Crystallinity also impacts solubility, as crystalline regions in polymers are essentially impermeable to
gas molecules. This makes crystallinity inversely proportional to solubility: higher crystallinity reduces
the polymer’s capacity to absorb gas, as crystallites act as impermeable barriers. Therefore, polymers
with high crystallinity, such as HDPE and PP, exhibit low solubility due to the limited available amorphous
regions where gas molecules can dissolve [84].

The results in figure 3.26 align with these theoretical expectations. PEEK shows the highest solubility
among the tested polymers, primarily due to its glassy nature, even though it has the lowest crystallinity
of the three. In contrast, HDPE and PP, both rubbery and highly crystalline, display solubility values
close to zero.

Regarding chemical composition, studies indicate that non-polar gases like hydrogen are more easily
absorbed by non-polar polymers. In this case, all three polymers are classified as non-polar. HDPE and
PP are the least polar, while PEEK has slightly higher polarity due to the presence of polar oxygen bonds.
However, PEEK remains largely non-polar due to its symmetrical structure, and the solubility differences
observed seem to be much more influenced by Tg and crystallinity than by polarity distinctions.

Diffusivity

In contrast to solubility, diffusivity is influenced by the nature of the polymer itself. As detailed in sec-
tion 1.1.2, diffusivity is a thermally activated process governed by the activation energy (ED), which
represents the energy needed for a gas molecule to make a ”jump” from one free volume element to
an adjacent one. For this jump to occur, a neighboring free volume element must be available, allow-
ing the gas molecule to move through the polymer matrix. These nanovoids or free volume elements
are dynamically created and destroyed within the amorphous regions of the polymer due to thermal
fluctuations, which result from the motion of polymer chains [69, 85, 67].

Due to the restricted mobility of molecular chains in glassy polymers, such as PEEK, these polymers
are expected to have the lowest diffusivity values. This is consistent with my results, as shown in Figure
3.25, where PEEK exhibits the lowest diffusivity (D) across all three calculation methods. The chemical
structure of PEEK—with longer, bulkier chains due to the presence of aromatic groups—contributes
to its high Tg relative to HDPE and PP. This structural rigidity significantly limits the mobility of PEEK’s
amorphous chains at room temperature, which in turn restricts gas diffusion.

Crystallinity also plays a critical role in determining diffusivity. Similar to solubility, diffusivity (D) is
inversely proportional to crystallinity. Crystalline regions within polymers act as impermeable barriers
to gas molecules, which cannot penetrate these densely packed areas. Therefore, as crystallinity
increases, the available pathways for diffusion decrease, reducing the overall diffusivity. This explains
why HDPE has a lower diffusivity than PP, despite both being rubbery at room temperature. HDPE’s
higher crystallinity presents more barriers to diffusion, limiting the effective diffusivity compared to the
less crystalline PP.

In conclusion, while both crystallinity and Tg play essential roles in defining diffusivity, the transition from
glassy to rubbery behavior (dictated by Tg) is the most impactful. Although PEEK is the least crystalline
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of the three polymers, it still exhibits the lowest diffusivity because it remains in a glassy state at room
temperature, severely limiting molecular chain mobility and thus reducing diffusion rates.

Permeability

Finally, permeability arises from the combined effects of solubility and diffusivity, as shown in Figure
3.27. Among the three polymers, HDPE exhibits the lowest permeability. This result aligns with both
the Sethuraman’s equation findings and literature values. Although HDPE has a higher diffusivity than
PEEK, its overall permeability is much lower due to its extremely low solubility. HDPE’s low solubility
can be attributed to its rubbery nature, which follows Henry’s sorption behavior, and its high crystallinity,
which reduces available sites for hydrogen absorption.

PEEK shows a permeability value close to that of HDPE, but for different reasons. PEEK’s solubility is
relatively high due to its glassy state, which causes the presence of unrelaxed free volumes that trap
gas molecules. However, PEEK’s diffusivity is significantly lower than HDPE’s due to its rigid, glassy
molecular structure and high Tg, which restrict molecular chain mobility. This low diffusivity balances
out its high solubility, resulting in a permeability comparable to that of HDPE.

As expected, polypropylene (PP) has the highest permeability among the three polymers. PP’s molec-
ular structure and general properties are quite similar to those of HDPE, but with one key difference:
PP has lower crystallinity, which reduces impermeable regions and increases the availability of diffu-
sion pathways. As a result, PP has the highest diffusivity among the three materials. Its solubility is
also intermediate between the low values for HDPE and the higher values for glassy PEEK, further
enhancing its permeability relative to HDPE and PEEK.

3.2.5. Exposure to LN2

In this section, the permeation parameters of the three samples before and after exposure to a cryogenic
environment are analyzed. The LN2 cycling procedure was adapted from Flanagan’s study [25] and
was conducted by immersing the specimens in liquid nitrogen (LN2) for 6 minutes, followed by a 2-
minute exposure to room temperature outside the tank. This cycle was repeated a total of 10 times.

The LN2 cycling was applied to the polymer samples to simulate the temperature fluctuations these ma-
terials would experience in liquid hydrogen tanks during repeated filling and emptying cycles. Although
actual temperature gradients in service are likely to be less severe, this test offers a conservative ap-
proach to assess the durability of candidate materials under extreme conditions, helping to determine
their suitability for operational use and identify any potential safety risks. Thermal cycling can cause
microstructural changes in polymers, which may alter their diffusivity and permeability to hydrogen gas,
impacting overall performance and integrity [25] This test also could serve to evaluate the sensitivity
of the electrochemical cell setup in detecting subtle changes in diffusion and permeation behavior that
might result from cryogenic exposure.

The parameters analyzed include are DtL , CtL and the permeability value derived using Sethuraman’s
solution. As discussed in the previous section, these parameters have proven to be the most reliable
for capturing the diffusion characteristics of hydrogen in these samples.
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Figure 3.28: Comparison between Diffusivity values for uncycled and cycled specimens calculated with the time lag method.

Figure 3.29: Comparison between Solubility values for uncycled and cycled specimens calculated with the time lag method.
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Figure 3.30: Comparison between Permeability values for uncycled and cycled specimens calculated with the Sethuraman’s fit.

Overall, as shown in Figures 3.28, 3.29 and 3.30 the measured values for permeability, diffusivity,
and solubility remain somewhat unchanged before and after cryogenic cycling. This could indicate that
thermal cycling does not significantly impact the polymer samples. These findings align with Flanagan’s
study [25] on the effects of same thermal cycling on PEEK-CF composites. However, the results display
considerable skewness, likely due to the limited number of tests conducted because of time constraints.
To reach more definitive conclusions, additional testing of this type is recommended.



4
Conclusions

This thesis project set out to explore whether an electrochemical technique, typically used to study hy-
drogen permeation in metals, could be adapted for testing on polymer samples. The primary objective
was to create a reliable setup for evaluating the diffusion mechanism of hydrogen gas through polymers,
with the ultimate goal of relating fundamental physical (glassy or rubbery state), chemical (structure and
cristallinity) and thermodynamical (Tg) properties of polymers to their response to hydrogen permeation.
The findings from this study, along with future research using this testing method hold the potential to
address significant safety and performance challenges for polymer-based materials intended for liquid
hydrogen-powered commercial aviation applications.

The project began by examining the conventional Devanathan-Stachurski (DS) setup, identifying the es-
sential components and features required for measuring hydrogen permeation in metals. Through this
analysis, key equipment and modifications were identified to render the DS setup suitable for polymers.
This adaptation process included selecting appropriate permeation cells, identifying a suitable metallic
coating to promote hydrogen evolution, absorption, and oxidation, configuring the two potentiostats
accurately, and incorporating a nitrogen purge to establish controlled conditions.

Understanding the electrochemistry involved was essential to establishing optimal parameters for cur-
rent and potential on both the charging and detection sides. Once configured, the setup was validated
and yielded measurements that captured expected material trends. While specific numerical values
differed from those reported in the literature, this discrepancy is attributed to the testing conditions,
as this setup enforces permeation through a concentration gradient rather than a pressure gradient.
Overall, the results confirmed the setup’s capacity to reliably measure hydrogen permeation in polymer
samples, providing a comparative basis for evaluating their performance and response to hydrogen
permeation.

To interpret these measurements, different methods for calculating diffusivity and permeability were
examined. Diffusivity values were extrapolated from experimental data curves using either the break-
through time method or the time lag method. Although the breakthrough time method captures the
permeation of the first hydrogen molecules, providing information on the material’s initial response to
hydrogen exposure, it is highly sensitive to individual sample characteristics and defects. This sensitiv-
ity arises because the first gas molecules follow the fastest paths through the polymer, which can vary
greatly among samples, resulting in scattered and less comparable results. In contrast, the time lag
method evaluates diffusion under steady-state conditions, offering a more comprehensive view of the
overall diffusion process and minimizing the impact of sample-specific defects.

Additionally, observation of the permeation curves showed that steady-state conditions are reached
quickly due to the small size of hydrogen molecules, which are readily absorbed and rapidly diffuse
through all available paths. This rapid transition to steady-state suggests that the time lag method can
closely approximate diffusion behavior under operational conditions, as transient conditions are likely
to persist for a much shorter duration than steady-state conditions. Therefore, the time lag method
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is deemed more suitable for assessing diffusion properties reliably and comparably across different
polymer types.

Another approach employed was fitting the equation proposed by Sethuraman [73], which is derived as
a solution of Fick’s law and the boundary conditions of the setup under ideal conditions. This method
yielded highly consistent results for diffusivity and permeability in cases where ideal boundary condi-
tions were respected. However, the equation could not be applied successfully to all data sets, likely
because the ideal boundary conditions were not maintained across all experiments. With further re-
finements to the process of sample preparation, boundary conditions would be more consistently and
closely represented, this method could prove to be the most accurate approach for characterizing dif-
fusion properties.

Additionally, based on the same boundary conditions, an alternative equation was identified to estimate
permeability from steady-state current values. This steady-state approach was applied across all data
sets, including those where Sethuraman’s solution could not be fit, offering an approximate permeability
value even when ideal conditions were not fully realized.

The diffusivity, solubility, and permeability values for the three polymer samples were compared, yield-
ing plausible results that could be explained by the differing properties of each polymer. Analysis of
these results demonstrated that the glass transition temperature (Tg) and crystallinity are the primary
polymer properties influencing hydrogen permeation. Specifically, an increase in crystallinity showed
an approximately linear inverse relationship with both diffusivity and permeability. However, the most
pronounced effect was observed with the transition of polymers between glassy and rubbery states.
Glassy polymers exhibited distinct behavior from rubbery polymers; while their solubility tends to be
higher and diffusivity lower compared to rubbery polymers, the extent of these differences remains
challenging to quantify precisely, complicating the prediction of their overall impact on permeability.

Finally, cryogenic cycling was applied to simulate the temperature variations typical of real-world hydro-
gen storage conditions. The setup did not capture significant changes in the parameters, in accordance
with literature. However, the results were deemed inconclusive due to the low number of tests that were
performed.

Overall, the adaptation of the Devanathan-Stachurski (DS) cell for polymers presents a promising, com-
pact alternative for permeation testing. The primary advantages of this setup lie in its simplicity, ease of
construction, and faster results, all while avoiding the need for hydrogen gas compared to other meth-
ods such as Thermal Desorption Analysis (TDA) and High-Pressure Hydrogen Permeation (HPHP)
testing. TDA, for example, requires multiple steps, including the use of an oven and high-pressure
hydrogen gas, while HPHP testing demands complex, costly tubing to prevent upstream leakage and
maintain a vacuum on the detection side.

With further adjustments and additional studies (detailed in Chapter 5), there is potential to apply the
findings at temperatures near standard, to obtain data on the material behavior in cryogenic conditions.
This approach would bring the analysis closer to the actual operational environment of liquid hydrogen
(LH2) storage tanks.

However, the primary limitation of the DS setup is its inability to assess the effects of varying pressure
on diffusion parameters. Despite this limitation, DS testing under standard conditions can serve as
a conservative method for pre-screening polymers for hydrogen storage applications, providing quick,
comparable results across a range of materials. The best-performing polymers identified through DS
testing could then be subjected to more rigorous HPHP testing, including assessments at cryogenic
temperatures, to further discern the most suitable candidates for liquid hydrogen storage tank applica-
tions.



5
Recommendations for Future Work

This thesis has demonstrated the potential of the Devanathan-Stachurski cell as a method to study
hydrogen diffusion in polymer-based materials, yet several refinements and further investigations are
recommended.

One significant limitation currently is that, as the Devanathan-Stachurski setup relies on aqueous solu-
tions, it cannot be used for studies at temperatures below the freezing point or above the boiling point
of water. Nevertheless, permeability, diffusivity, and solubility of polymers have been widely shown to
depend on temperature in accordance with an Arrhenius relationship (Equations 1.14, 1.15, and 1.16),
, where the constants are the gas constant R, a value for the activation energy, and a pre-exponential
factor for each of the three parameters, respectively. Therefore, experiments across a controlled tem-
perature range (5°C to 40°C) could provide valuable data. The feasibility of such temperature-controlled
experiments has already been succesfully demonstrated in a Devanathan-Stachruski setup for pipeline
steel samples within a similar temperature range [89]. By conducting experiments to determine diffusiv-
ity (D), permeability (P), and solubility (S) over this temperature range for each polymer, the Arrhenius
relationship could be fit to the data, yielding the constants that would allow for estimation of these param-
eters at any temperature. Although the Arrheniusmodel does not account for phase transitions between
rubbery and glassy states—which, as this study has shown, greatly impact permeation behavior—it is
generally expected that permeation will slow at extremely low temperatures. This approach would
therefore provide an initial basis for predicting permeation rates in cryogenic conditions.

Optimization of the grinding, polishing (potentially experimenting with very fine grits), and cleaning
processes for sample surfaces is recommended to enhance coating quality. Given the limited docu-
mentation available, consulting with a representative of the manufacturer of the sputtering machine in
current use at the laboratory could be highly beneficial for determining optimal parameters for sputter-
ing palladium onto polymer samples. Improving surface quality and, particularly, the adherence of the
palladium coating to the polymer substrate would help achieve conditions closer to the ideal boundary
conditions required for accurate DS measurements.

Testing on Composite Materials: The DS setup should be extended to study composite materials. Non-
conductive composites, such as glass or flax fiber-reinforced polymers, are straightforward to test in
the same way polymer samples are currently tested. For conductive composites like CFRPs, minor
modifications are required, like earthing the sample and using potentiostats in floating mode to prevent
interference, as explained in detail in [6].

This study did not include thermoset polymers, and further research is recommended to explore the
effects of cross-linking in thermosets on permeation behavior, especially to observe whether cross-
linking exhibits a similar relationship with permeation as crystallinity does in thermoplastics. Additional
studies on thermoplastics, particularly those in their glassy phases, are also advised. Literature sug-
gests that the unfrozen free volumes in glassy polymers could act as ”traps” for hydrogen, allowing it
to accumulate until these microscopic voids are saturated [85, 69, 24].
At standard temperature and pressure conditions, this mechanism of hydrogen sorption does not pose
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significant issues; however, under the operating conditions of hydrogen storage tanks—where temper-
atures are extremely low—trapped hydrogen could potentially condense into a liquid state, causing
polymer swelling and structural degradation. Additionally, operational pressure increases could result
in the bursting of these hydrogen pockets, leading to sudden material failure. Understanding the trap
density across various glassy polymers would be valuable, as it could provide insight into the material’s
vulnerability to these effects.
Trap density estimation is already conducted in DS setups for metal materials by analyzing the current
signal after charging is halted. All the accumulated hydrogen into the bulk material is then allowed
diffuse to the detection side where it is oxidized, until the current returns to baseline. Charging is then
restarted and a second transient is developed. These two transients can then be fitted to mathematical
models that account for both trap density and the average amount of dissolved hydrogen in the traps
[70]. Adapting this approach for polymer analysis should be straightforward, providing an effective
means of determining the existence of traps in glassy polymers.
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A
Material Characterization and Surface

Treatment Effects

A.1. Chemical Structure

(a) HDPE (b) PEEK (c) Polypropylene

Figure A.1: Chemical structures of the tested polymer samples

A.2. DSC

The DSC curves for all three polymers are displayed below, and their melting enthalpy is specified as it
was utilized to determine the crystallinity. The Tg of PEEK was also evaluated through DSC, while for
PP and HDPE this was not possible.
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A.2.1. PEEK

Figure A.2: DSC curve for PEEK and melting enthalpy used for crystallinity evaluation

Figure A.3: Evaluation of glass transition temperature for PEEK
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A.2.2. HDPE

Figure A.4: DSC curve for PEEK and melting enthalpy used for crystallinity evaluation

A.2.3. PP

Figure A.5: DSC curve for PP and melting enthalpy used for crystallinity evaluation

A.3. Crystallinity

Cristallinity of the three polymers was evaluated both through the density method and the DSC method,
using the equation detailed in section 2.1, and are reported here.

A.3.1. DSC Method

Table A.1 below provides the calculated melting enthalpy, evaluated from DSC, and literature data for
the melting enthalpy of the fully crystalline polymer. These parameters were used to determine the
crystallinity of each sample.
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Table A.1: Crystallinity of polymers evaluated through DSC

Sample ∆Hf (J/g) ∆H0
f (J/g) Ref C (%)

HDPE-1 158 290 [11] 0.52887931
HDPE-2 155.9 290 [11] 0.537586207
HDPE-3(*) 134.2 290 [11] 0.462758621
PEEK-1 44.9 130 [10] 0.343076923
PEEK-2 42.6 130 [10] 0.327692308
PEEK-3 44.6 130 [10] 0.338717949
PP-1 64.7 170 [45] 0.380588235
PP-2 65.8 170 [45] 0.387058824
PP-3 65.6 170 [45] 0.385882353

A.3.2. Density Method

Table A.2 below provides the calculated density, using the water displacement method [4],as well as the
literature data for the density of the fully amorphous and fully crystalline polymer. These parameters
were used to determine the crystallinity of each sample.

Table A.2: Crystallinity of polymers evaluated through density method

Sample ρamorphous Ref ρcrystal Ref ρsample C
PP-1 0.853 [58] 0.949 [48] 0.913164587 0.65130867
PP-2 0.853 [58] 0.949 [48] 0.912858806 0.64821551

HDPE-1 0.824 [81] 0.985 [81] 0.94733281 0.796501138
HDPE-2 0.824 [81] 0.985 [81] 0.94500058 0.783367826
PEEK-1 1.263 [43] 1.4 [87] 1.29406851 0.245341279
PEEK-2 1.263 [43] 1.4 [87] 1.294434631 0.248162243

A.4. Surface Adhesion - Water Contact Angle Measurements

A.4.1. PEEK

(a) Untreated PEEK (b) Treated PEEK

Figure A.6: Water contact angle variation on untreated and corona arc treated PEEK surfaces
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A.4.2. HDPE

(a) Untreated HDPE (b) Treated HDPE

Figure A.7: Water contact angle variation on untreated and corona arc treated HDPE surfaces



B
Literature Surveys

B.1. Permeation Data

Table B.1: Literature values for diffusivities and permeabilities for PEEK, HDPE, and PP

Polymer Cryst. (%) DtL (cm2/s) P (mol/(cm s)) Reference

PEEK

15% (DSC) 5.32E-07 1.22E-12 [59]
30% C #1 (DSC) 2.96E-07 6.14E-13 [59]
30% C #2 (DSC) 5.16E-07 6.82E-13 [59]

38% (DSC) 2.42E-07 3.94E-13 [59]

HDPE

92% (density) 3.30E-08 - [35]
78% (density) 1.35E-06 9.25E-11 [27]
80% (density) - - [27]
58% (DSC) 2.20E-06 6.85E-13 [93]
54% (DSC) 1.96E-06 7.89E-13 [93]
57% (DSC) 1.54E-06 6.85E-13 [93]
61% (DSC) 1.30E-06 5.95E-13 [93]

- 1.90E-06 8.93E-13 [93]

PP

Amorphous 6.60E-06 1.83E-12 [42]
Crystalline 3.00E-06 6.25E-13 [42]
60% (DSC) 3.70E-07 2.86E-12 [60]
50% (DSC) - 2.03E-12 [50]
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B.2. Detection Side Potential and Electrolyte Choice

Table B.2: Literature survey on the potential and electrolyte choice of different Devanathan Stachurski setup - hydrogen
detection side

Specimen
Material

Coating Material
(Detection Side)

Electrolyte
Detection Side

Anodic Oxidation
Potential (mV vs
SHE)

Reference

Iron Palladium 0.1 M NaOH 204 [15]
Steel Palladium 0.1 M NaOH 50 [55]
Iron Nickel 0.1 M NaOH 108 [70]
Steel Palladium 0.2 M NaOH 542 [46]
Steel Palladium/Nickel 0.1 M NaOH 492 [3]
Steel Palladium 0.1 M NaOH 450 [53]
Steel Nickel 0.1 M NaOH 492 [96]
Iron Palladium 0.2 M NaOH 542 [62]
Iron Palladium 0.1 M NaOH 250-380 [51]
Palladium - 0.1 M NaOH -60 [82]
Palladium - 0.1 M NaOH 204-254 [52]
PET Palladium 0.05 M H2SO4 880-890 [65]
Steel Palladium/Nickel 0.1 M NaOH 400 [94]

B.3. Charging Side Current and Electrolyte Choice

Table B.3: Literature survey on the current and electrolyte choice of different Devanathan Stachurski setup - hydrogen
charging side

Specimen Material Electrolyte Charging
Side

Cathodic Charging
Current (mA/cm2)

Reference

Iron 0.1 M H2SO4 - 5 [55]
Steel 0.1 M NaOH + 5 · 10-3 M

As2O3

- 1 [70]

Iron 0.5 M NaCl + 0-3 g/l
NH4SCN

- 0.1 [3]

Steel Groundwater solution
(pH ≈ 6.7 - 7.2)

- 0.9 [53]

Steel 0.6 M NaCl + 3 g/L
NH4SCN

- 1 [62]

Steel 0.1 M NaOH - 5 [51]
Steel 0.1 M NaOH - 2 [82]
Steel 0.1 M NaOH + 1 g/l

Na2S2 –9H2O
- 10 [52]

Iron 0.2 M NaOH - 2 [95]
Iron 0.1 - 1 M NaOH +

SC(NH2)2 and 0.1 M
H2SO4

- 10 [30]

Palladium 0.1 M NaOH - 0.01 [19]
Palladium 0.1 M NaOH - 0.05 [54]
Palladium 0.1 M H2SO4 0 to -5 [29]



C
Calculations for D and P

The following appendix starts by presenting the demonstrations and calculations for the values of Dtb

and DtL (C.1). These values are evaluated from the permeation transient according to two distinct
methods, derived from solutions to Fick’s laws and the boundary conditions defined by Devanathan
and Bockris [12].

Following this, the calculation of the permeability value from the steady-state current is illustrated
(C.1.3). Finally, the solution to Fick’s laws and boundary conditions from Sethuraman [73] is presented
(C.1.4). This solution results in an equation for the permeation current as a function of the normalized
time τ , which was fitted to the experimental data to obtain values for D and P according to Sethuraman’s
approach.

Before detailing these demonstrations, Fick’s second law and the associated boundary conditions for
the electrochemical monitoring technique are provided below:

∂c(x, t)

∂t
= D

∂2c(x, t)

∂x2
(C.1)

c(x, t) = 0 for 0 ≤ x ≤ L for t < 0 (C.2)
c(x, t) = c for x = 0 for t ≥ 0 (C.3)
c(x, t) = 0 for x = L for t ≥ 0 (C.4)

C.1. Calculations for Dtb and DtL

The extrapolations of the time lag and breakthrough time from the experimental data curves are ob-
tained from a mathematical solution of the boundary conditions and Fick’s law for diffusion, proposed
by Bockris and Devanathan [12]. All the following reported equations can be found in that document.
The equation is:

D

(
dc

dx

) ∣∣∣
t
=

D(C2 − C1)

L
+

2D

L

∞∑
n=1

(C2 cos nπ − C1) cos
nπx

L
e−

Dn2π2t
L2 (C.5)

where:

• D
(
dc
dx

) ∣∣∣
t
= Pxt is the permeation rate at point x along the thickness of the sample at time t,

according to Fick’s first law (eq. 1.3
• C1 is the hydrogen concentration at x=0 for t ≥ 0
• C2 is the hydrogen concentration at x = L for t ≥ 0
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C.1.1. Time Lag

The time lag is obtained by evaluating the amount of permeated hydrogen in steady state conditions.
The total amount of permeated hydrogen at the charging side (Qt )is the area under the permeation
transient curve, therefore:

Qt =

∫ t

0

P (x = 0) dt (C.6)

integration of equation C.5 yields:

Qt =
D(C2 − C1)t

L
− 2L

π2

∞∑
n=1

(C2 cosnπ − C1)

n2

(
1− e−

Dn2π2t
L2

)
(C.7)

in steady-state conditions, t−− >∞ and by summating the second term, equation C.7 reduces to:

Qt =
D

L
(C2 − C1)t

[
1− L2

6D

(C2 + 2C1)

(C2 − C1)

]
(C.8)

thus the intercept Tlag on the time axis of a Qt vs t plot is given by:

Tlag =
L2

6D

(C2 + 2C1)

(C2 − C1)
(C.9)

if C2 ≫ C1 the final value of Tlag is obtained:

Tlag =
L2

6D
(C.10)

C.1.2. Breakthrough Time

From equation C.5 it is possible to obtain the normalized permeation rate at the charging side:

(
Pt − P∞

P∞
)x=0 =

2

c2 − c1

∞∑
n=1

(c2 cosnπ − c1)e
−Dn2π2t

L2 (C.11)

which, for C2 ≫ C1 equals to:

(
Pt − P∞

P∞
)x=0 = −2

∞∑
n=1

(−1)ne−
Dn2π2t

L2 (C.12)

substituting 1
t0
for Dπ2

L2 , and expanding the series, it is possible to write:

Pt − P∞

(P∞)x=0

= 2
[
1− e−

3t
t0 + e−

8t
t0 − · · ·

]
e−

t
t0 (C.13)

as t increases, the term within the brackets rapidly goes to 1. The resulting equation for the perme-
ation transient is a first order exponential. The authors argue that for a curve of this type the time
constant corresponds to a permeation rate of .6299 the steady state value. Also, they claim that for
a phenomenon descried by a first order exponential, the steady-state is achieved at a time equal the
sum between the time at which the permeation rate begins to rise from zero (breakthrough time) and
the time constant of the exponential equation. Therefore:

Tlag = tb + t0 (C.14)

substituting the previously found values for Tlag and t0:

t1 =
L2

D

(
1

6
− 1

π2

)
=

L2

D · 15.3
(C.15)
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C.1.3. Permeability

Permeability is defined as the flux of hydrogen under steady-state transport conditions normalized by
both the thickness of the sample and the potential difference driving the diffusion process (see equation
1.8 in section1.1.3). In this setup, this potential difference corresponds to the concentration gradient
between the charging and detection sides. In the Devanathan-Stachurski setup, the current (or electron
flow) is directly proportional to the amount of oxidized hydrogen, in accordance with Faraday’s first law
of electrolysis [37]:

nmolesH =
Q

nF
(C.16)

where:

• nmolesH is the number of moles of oxidized hydrogen atoms
• Q is the total charge passed ( Q = i·t)
• F is the Faraday constant
• n is the number of electrons involved in the oxidation process

At the working electrode surface on the detection side, hydrogen oxidation follows the reaction shown
in equation 3.8. Since each oxidized hydrogen atom releases one electron, then n = 1 in Farady’s
equation.

By definition, the flux of hydrogen atoms is the number of moles of hydrogen atoms flowing through the
area of analysis A:

JH =
nmolesH

A · t
(C.17)

Combining equations C.16 and C.17, the flux of hydrogen atoms can be expressed as a function of the
oxidation current i:

JH =
i

nFA
(C.18)

In the Devanathan-Stachurski setup, hydrogen initially diffuses through the polymer sample in the form
of H2 molecules. When these molecules reach the Pd-polymer interface, they dissociate into hydrogen
atoms before being oxidized. Therefore, after the oxidation process, each H2 molecule produces two
electrons, which are detected as the signal. Consequently, the flux of H2 molecules under steady-state
conditions is:

Jstc
H2

=
Jstc
H

2
=

i∞
2FA

(C.19)

combining this equation C.19 with 1.8:
P =

i∞L

2FA
(C.20)

C.1.4. Sethuraman's Equation for i(t)

The equation proposed by Sethuraman [73] is a combination between equation C.20 and the solution
of Fan to Fick’s second law and the boundary conditions for the Devanathan Stachurski experiment
[23]. Fan solved the system of equations using the Laplace transform technique, yielding the following
result:

i(t)

i∞
=

2√
πt

∞∑
n=0

exp

[
− (2n+ 1)2

4τ

]
(C.21)

where:
τ = tD

L2

substituting C.20 into i∞ and remembering that P =S·D:

i(t) =
2FADS

L

 2√
πt

∞∑
j=0

exp

[
− (2j + 1)2

4τ

] (C.22)

where:
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• A is the area of exposure to the electrolyte
• D is the diffusion coefficient
• F is the Faraday constant
• S is the solubility coefficient
• L is the sample thicnkess



D
Experimental Data

D.1. PEEK

Figure D.1: Sigmoid fit, Dtb and DtL for PEEK test 1

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.2: PEEK test 2
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(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.3: PEEK test 3

Figure D.4: Sigmoid fit, Dtb and DtL for test PEEK 4

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.5: PEEK test 5

Figure D.6: Sigmoid fit, Dtb and DtL for PEEK test 6/1



D.1. PEEK 80

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.7: PEEK test 6/2

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.8: PEEK test 7

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.9: PEEK test 7
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D.2. HDPE

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.10: HDPE test 1

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.11: HDPE test 2/1

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.12: HDPE test 2/2
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(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.13: HDPE test 2/3

D.3. PP

Figure D.14: Sigmoid fit, Dtb and DtL for PP test 1

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.15: PP test 2/1
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(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.16: PP test 2/2

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.17: PP test 3/1

Figure D.18: Sigmoid fit, Dtb and DtL for PP test 3/2

Figure D.19: Sigmoid fit, Dtb and DtL for PP test 4/1
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Figure D.20: Sigmoid fit, Dtb and DtL for PP test 4/2

(a) Sigmoid fit, Dtb
and DtL (b) Sethuraman’s fit

Figure D.21: PP test 4/3

Figure D.22: Sigmoid fit, Dtb and DtL for PP test 4/4
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