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Abstract
Background There is a need to develop quantitative, high-resolution hydrogen gas (H2) permeation techniques to provide a
better understanding of hydrogen-material interactions, from hydrogen uptake and diffusion to embrittlement.
Objective This study aims to develop and validate a high-sensitivity H2 permeation system, which is then leveraged to
systematically quantify the influence of surface condition and key testing variables (surface oxides, residual gas impurities,
pressure, and temperature) on hydrogen permeation.
Methods A gas permeation system capable of operating at pressures up to 50 bar and temperatures up to 250 ◦C was devel-
oped, incorporating high-sensitivity mass spectrometric detection and controlled surface preparation protocols. Permeation
transients were analysed in a model material (annealed pure Fe) to determine hydrogen diffusivity and permeability under
systematically varied surface states, oxygen contents, pressures and temperatures.
Results Surface oxides are shown to play a dominant role in controlling hydrogen permeation at room temperature. The
presence of oxide layers can severely hinder or completely suppress hydrogen uptake, with measurable permeation requiring
oxide removal via pickling and Pd coating on both surfaces, or activation through hydrogen-assisted reduction at elevated
temperature. Residual oxygen present prior to hydrogen exposure further reduces permeability bymodifying surface boundary
conditions, indicating strongly surface-controlled kinetics. Under optimised surface conditions, hydrogen transport follows
bulk diffusion-controlled behaviour, with steady-state flux obeying Sieverts’ law at 25 ◦C (1-5 bar) and diffusivity and
permeability exhibiting Arrhenius behaviour between 25 and 150 ◦C at 5 bar, indicating bulk diffusion-controlled transport.
Conclusions The developed high-sensitivity permeation system resolves hydrogen fluxes as low as 1.98 × 10−9 mol/(m2·s)
and provides a robust platform for investigating surface, mechanical and environmental effects on hydrogen permeation under
realistic service conditions.
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Introduction

Hydrogen is central to decarbonising hard-to-electrify sec-
tors and enabling long-term, large-scale energy storage.
Therefore, the use of hydrogen – already prominent in pro-
cesses such as refining, ammonia production and steelmaking
– is expected to significantly broaden over the next decade
[1]. As a result, a vast number of structural components, con-
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tainment systems (e.g. pressure vessels, storage tanks), and
pipelines will be in contact with hydrogen, typically in its
gaseous form (H2). However, the deployment of a large-scale
hydrogen infrastructure is challenged by the phenomenon
of hydrogen embrittlement, whereby metals exposed to H2

experience a significant reduction in ductility, fracture tough-
ness and fatigue crack growth resistance [2–5].

Hydrogen ingress and transport kinetics, together with
bulk trapping mechanisms, control the local hydrogen sup-
ply available to participate in fracture processes proximate
to a crack tip, thereby having a critical effect on fracture
behaviour [6, 7]. As such, preventing and mitigating hydro-
gen embrittlement requires accurate quantification of hydro-
gen availability in susceptible regions of the microstructure
under relevant environments. Hydrogen gas permeation is
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one of the most suitable techniques for this purpose, as
it provides a direct and quantitative link between a given
hydrogen-containing environment and the resulting hydro-
genflux through themetal.By analysing transient permeation
responses under controlled boundary conditions, hydrogen-
metal interaction parameters such as permeability, solubility
and diffusivity can be obtained, which are necessary for engi-
neering design and the development of predictive models.
However, gas permeation data under service-relevant oper-
ating conditions for H2 infrastructure remain scarce, as the
technique is experimentally complex, involves safety con-
straints intrinsic to operating with gaseous hydrogen, has
not been widely implemented across laboratories, and lacks
standardisation and systematic understanding of how testing
variables influence the measured response.

Alternatively, electrochemical permeation has historically
been the most widely used method, due to its standard-
isation (ISO 17081, ASTM G148) [8, 9], relatively low
cost, and ease of implementation. However, it is not suited
to investigate H2-specific surface phenomena as measure-
ments are susceptible to electrochemistry-related artefacts
such as evolving surface conditions, bubble formation, and
pH/solution composition changes [10, 11], which hinder
reproducibility [12]. In addition, the evolution and stability
of surface oxides in an electrochemical environment dif-
fers significantly from that of the hydrogen gas counterpart.
Moreover, the use of electrochemical permeation is gener-
ally limited to relatively low temperatures (< 80 ◦C) due
to electrolyte stability. Despite these limitations, attempts
have been made to relate electrochemical and gas perme-
ation through reaction rate approaches [13, 14] or via the
concept of equivalent hydrogen fugacity [15, 16]; however,
extrapolation to real gas environments remains elusive and
largely confined to research applications. Hybrid gaseous-
electrochemical approaches have also been proposed, for
example by combining a hydrogen pressure charging side
with an electrochemical detection side [16–18]. Neverthe-
less, electrochemical detection remains constrained by the
aforementioned limitations, particularly temperature restric-
tions and the indirect nature of themeasurement, which relies
on hydrogen oxidation currents rather than direct flux quan-
tification. In addition, unlike electrochemical permeation,
gaseous permeation systems can be used to characterise
hydrogen uptake and transport in non-electrically conduc-
tive materials, such as polymers.

Consequently, there is a growing need for fully gaseous
hydrogen permeation systems that enable measurements
using pure hydrogen or controlled gas mixtures, avoid elec-
trochemical artefacts, replicate realistic service conditions,
and allow direct correlation between applied gas pressure,
hydrogen flux, and diffusivity over a wide range of tem-
peratures. This is particularly important for low-diffusivity
materials and complex systems such as coated steels or

bimetallic architectures. However, despite this need, there is
currently no standardised methodology for gaseous hydro-
gen permeation testing of metals, and existing systems differ
significantly in design, boundary conditions, detection strate-
gies, and surface preparation procedures [19, 20]. Accurate
interpretation of gaseous permeation data requires considera-
tion of the individual physical processes governing hydrogen
transport, including H2 adsorption and dissociation at the
surface, entry across surface films (e.g., oxides or coatings),
diffusion through the bulk microstructure, and recombina-
tion/desorption at the exit surface [21, 22].As these processes
also occur during hydrogen uptake in real components, their
relative contributionsmust be carefully controlled and under-
stood. However, isolating and quantifying these individual
contributions remains challenging due to the lack of well-
defined experimental protocols. Recent work has highlighted
the need for improved standardisation of gaseous permeation
methodologies, particularlywith respect to apparatus calibra-
tion, system conditioning, and specimen surface control [19,
22]. In addition, variability in detection techniques further
complicates data interpretation and comparison. Traditional
pressure-rise methods are relatively easier to set up but lack
sensitivity at low hydrogen fluxes (e.g., those associated with
room temperature conditions), whereas gas chromatography
(GC) and mass spectrometry (MS) offer improved sensitiv-
ity and selectivity at the expense of increased experimental
complexity, cost, and calibration requirements [23–26].

Among the experimental factors that remain poorly under-
stood, two phenomena are of particular interest from both
fundamental research and engineering practice perspectives
- how hydrogen permeation is affected by: (i) surface oxides,
and (ii) gas impurities. For example, a native oxide layer
readily forms on iron and steel surfaces under ambient condi-
tions. Although only a few nanometers thick, this oxide layer
has been reported to significantly impact hydrogen uptake
by altering surface-controlled processes such as adsorption,
dissociation, and recombination [27–31]. As a result, speci-
men preparation and pre-treatment practices (e.g., grinding,
polishing, cleaning, and coating deposition) are expected to
critically affect experimental results, yet these procedures
vary significantly between laboratories, and there is currently
no consensus on the best practices for ensuring a reproducible
and oxide-free surface. The influence of gas impurities, such
as oxygen contamination, can also be profound. Experiments
have shown that small oxygen concentrations (∼1000 vppm)
can suppress the effect of hydrogen in fatigue crack growth
[32, 33]. This has triggered significant interest in estab-
lishing hydrogen embrittlement test protocols that minimise
contamination and therefore deliver conservative estimates
of ductility, fracture toughness, and fatigue crack growth
rates [34]. In the context of gaseous permeation studies,
this highlights the importance of minimising the residual
gas background in the cell (particularly, water vapour and
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oxygen), an aspect that has received limited attention. Nev-
ertheless, impurities are likely to be present inmost hydrogen
storage and transport applications and, therefore, there is a
need to quantitatively resolve the role that they play in hydro-
gen uptake. The use of modern MS-based detection systems
enables simultaneous monitoring of multiple gas species and
provides a powerful tool to quantify such effects.

Based on the above, this work aims to establish a robust
gaseous hydrogen permeation methodology and system-
atically evaluate how surface condition and experimental
variables (oxygen, temperature, pressure, etc.) influence the
measured hydrogen permeation response. To this end, a ded-
icated permeation system combining high-sensitivity mass
spectrometry (MS) detection with highly controlled sample
preparation and environmental conditions is developed. The
downstreamMSdetection side enablesmeasurements of very
low hydrogen fluxes with high temporal resolution, enabling
accurate characterisation of transient permeation behaviour
and extraction of transport parameters over a wide range of
pressures and temperatures. Particular emphasis is placed on
identifying and quantifying the impact of testing variables
- including surface state and residual gas background - on
hydrogen permeation measurements. Annealed pure Fe is
employed as a model material for all experiments, enabling
a more direct interpretation of hydrogen uptake and trans-
port behaviour by reducing the influence of trapping effects
and microstructural complexity as well as the comparison
of results to a robust literature database [35, 36]. The work
presented here provides amethodological framework tomin-
imise experimental artefacts and improve the reproducibility
of gaseous hydrogen permeation measurements, establish-
ing a foundation for future systematic investigations of more
complex phenomena, including the role of surface oxides,
their interaction with mechanical loading, and the influence
of gas impurities (e.g., oxygen) on hydrogen uptake.

A High-sensitivity Gas Permeation System

We proceed to describe the characteristics of the high-
sensitivity H2 permeation system developed, beginning with
a general background of hydrogen permeation (Section
“Background: the Basics of Hydrogen Permeation”), then
proceeding to describe the specifics of the assembled system
(Section “System Description”), followed by addressing cal-
ibration and detection sensitivity (Section “Calibration and
Sensitivity”), and finally detailing the testing protocol itself
(Section “Testing Protocol and Data Analysis”).

Background: the Basics of Hydrogen Permeation

In H2 permeation setups, a thin membrane of material (i.e.,
the specimen) separates twochambers: anupstreamsideexposed

to hydrogen gas at a known pressure, and a downstream side
where hydrogen emerging from the material is detected - see
Fig. 2.Thegoal is tomeasure how readily hydrogenmolecules
dissociate, diffuse through the material as atoms, and recom-
bine on the opposite surface. The recorded hydrogen flux J as
a function of time typically shows an initial transient regime
that eventually reaches a steady-state permeation rate. Anal-
ysis of this behaviour allows determination of key transport
parameters, including the diffusivity, solubility, and perme-
ability of hydrogen in the material.

The problem is effectively one-dimensional, with the
hydrogen concentration being fixed by the hydrogen pres-
sure on the entry side (also known as the high-pressure side,
HPS) and maintained close to zero on the exit side (low-
pressure side, LPS), generating a unidirectional hydrogen
flux. Hydrogen atoms move from the entry side to the exit
side via interstitial diffusion, with defects within the sample,
such as dislocations and grain boundaries, acting as sinks that
trap hydrogen atoms and thus slow down diffusion [37]. As
such, the total hydrogen concentration C can be additively
decomposed into a lattice hydrogen concentration CL and a
trapped hydrogen concentration CT . Since hydrogen trans-
port is assumed to occur purely through interstitial lattice
sites (i.e., traps are not interconnected), the hydrogen flux is
defined as,

J = −DL
∂CL

∂x
(1)

with DL being the lattice hydrogen diffusion coefficient and
x the spatial coordinate. For the case of pureH2 and relatively
low pressures, the lattice hydrogen concentration at the entry
side (C0

L ) can be related to the H2 pressure (pH2 ) through
Sieverts’ law:

C0
L = SL

√
fH2 ≈ SL

√
pH2 (2)

where fH2 is the hydrogen fugacity and SL is the hydro-
gen lattice solubility. For gas mixtures C0

L = SL
√
pH2 =

SL
√
xH2 p, with xH2 being the mole fraction of hydrogen gas

in the gas mixture and p the total pressure of the mixture. For
pressures high enough to sufficiently deviate from the ideal
gas behaviour (pH2 > 100 bar), the H2 fugacity is no longer
approximately equal to the H2 pressure, and thus C0

L is esti-
mated from fH2 , using its relationship to the H2 pressure, as
per the Abel-Noble equation [38].

The hydrogen concentration in the sample evolves with
time, as shown in Fig. 1, until the steady-state condition is
reached. At steady-state, the concentration profile across the
membrane is described by a constant gradient; accordingly,
considering equation (1), the steady-state flux reads,

Jss = DLC0
L

L
(3)
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Fig. 1 Schematic illustration of
hydrogen permeation through a
metal. Molecular hydrogen (H2)
at the entry side dissociates into
atomic hydrogen, which is
absorbed into the metal and
diffuses across the sample of
thickness L driven by the
concentration gradient. At the
exit side (vacuum), hydrogen
atoms recombine to form H2
and desorb, giving rise to a
measurable permeation flux J .
The lower-left plot shows the
evolution of the lattice hydrogen
concentration CL (x, t) within
the sample at different times (t1,
t2, t3). The lower-right plot
shows the corresponding
transient permeation flux J (t),
which increases with time and
eventually approaches a
steady-state (Jss )

where L is themembrane thickness. Equation (3) emphasises
the fact that trapping does not influence the magnitude of the
steady-state flux (only the time at which it is achieved). The
permeability is defined as the product of the diffusion coef-
ficient and the solubility; accordingly, considering equations
(2) and (3), the permeability coefficient can be expressed as

P = DLSL = Jss L√
pH2

(4)

In practice, due to the role of trapping, it is difficult to
experimentallymeasure lattice quantities.However, as elabo-
rated inAppendixA, under conditions of low trap occupancy,
the concentration of trapped hydrogen is proportional to CL

and therefore the following equivalent relationships can be
established,

J = −Dapp
∂C

∂x
, C0 = Sapp

√
pH2 , Jss = DappC0

L
(5)

in terms of the total hydrogen concentration C = CL +
CT , and apparent diffusivity (Dapp) and solubility (Sapp)
variables, which account for both trapping and lattice con-
tributions. For the case of the permeability coefficient, its
magnitude does not distinguish between lattice and appar-
ent conditions since Papp = DappSapp = DLSL = P (see
AppendixA). It is important to emphasise that the relation-
ships in Eq. (5) only hold for the particular case where the
trap occupancy is very small (θT << 1) - this assumption
can be verified by assessing whether the permeation transient
conforms to Fick’s law [39, 40]; if the permeation transient
is steeper than projected by Fick’s law, then numerical analy-

sis using a diffusion-trapping model is needed [41]. If Fick’s
law provides a good fit to the data, a common protocol is
to obtain the apparent diffusion coefficient from the tran-
sient flux response. For example, using the so-called time-lag
method:

Dapp = L2

6tlag
(6)

where tlag corresponds with the time at which the measured
flux equals J (t) = 0.63Jss . Or, as done in this work, by
fitting Fick’s law to the transient flux versus time response;

J (t) = Jss

[

1 + 2
∞∑

n=1

(−1)n exp

(

−n2π2Dapp

L2 t

)]

(7)

Then, the measured steady-state flux can be used to deter-
mine the permeability, as per equation (4), and subsequently,
the apparent solubility is calculated as Sapp = P/Dapp.

System Description

The high-sensitivity hydrogen gas permeation system devel-
oped in this work is comprised of: (i) a high-purity hydrogen
source, (ii) a custom stainless steel permeation cell, (iii) an
ultra-high vacuum (UHV) downstream detection line cou-
pled to a quadrupole mass spectrometer (MS), and (iv)
associated gas delivery and vacuum pumping systems. A
schematic of the hydrogen permeation setup is shown in
Fig. 2(a), and the three-dimensional layout of the permeation
cell is presented in Fig. 2(b).
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Fig. 2 A high-resolution H2 permeation system: (a) Schematic representation of the system, including the hydrogen generator, high-pressure side
(HPS), low-pressure side (LPS), mass spectrometer (MS), roughing and turbomolecular pumps, and calibration leak line. Valves controlling gas
admission, evacuation and isolation of the LPS during testing are indicated. (b) Three-dimensional layout of the permeation cell and its main
components, including rupture discs, pressure transducers, cartridge heaters, thermocouples, and connections to the roughing pump and MS. The
inset shows a cross-sectional view of the cell assembly, highlighting the sample position and O-ring sealing configuration
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Hydrogen is supplied from on-site electrolysed water
using an LNI SWISSGAS HG PRO 1100 hydrogen gener-
ator, capable of producing ultrapure hydrogen (99.99999%)
at pressures up to 16 bar. Alternatively, pure hydrogen or
hydrogen mixtures containing purposeful impurities such as
O2, CO2, and CH4 can be supplied at pressures up to 50 bar
directly from certified gas cylinders. Upstream pressure is
monitored using a transducer rated for up to 69 bar. Note
that, in this work, hydrogen pressure is expressed as gauge
pressure unless otherwise explicitly stated. For example, a
hydrogen pressure of 5 bar refers to 5 bar gauge pressure,
which corresponds to approximately 6 bar absolute pressure
(1 bar atmospheric pressure + 5bar gauge pressure).Gas lines
consist of 1/4′′ and 1/8′′ 316L stainless steel tubing, valve and
fitting components, arranged compactly to minimise dead
volume and ensure leak-tight operation. Gas charging and
evacuation are controlled using Swagelok valves, enabling
evacuation, venting, and accurate pressurisation.

The permeation cell, shown in Fig. 2(b), consists of a cus-
tomised Parr A2000G design constructed from 316 stainless
steel, rated for a pressure of 50 bar at 275 ◦C. The cell is
equipped with rupture discs on both sides for overpressure
protection and is heated using four embedded 200 W car-
tridge heaters. Temperature is regulated by a Parr 4848B PID
controller using a type-K thermocouple embeddedwithin the
assembly. The specimen is placed at the centre of the cell and
sealed using M10 bolts. Sealing is achieved using MBMS
perfluoroelastomer (FFKM)O-rings, selected for their chem-
ical inertness and high-temperature resistance (up to 330 ◦C).
New O-rings are used for each experiment to ensure repro-
ducible sealing. Viton O-rings were also tested and showed
similar behaviour at low temperatures but signs of degrada-
tion at higher temperatures (> 100 ◦C).

The entry side (HPS) volume is ≈20 cm3, and the effec-
tive permeation area is ≈10 cm2. The downstream LPS
serves as the hydrogen detection volume and is maintained
under UHV conditions (≈ 10−9 mbar at room temperature)
throughout the experiment, using a turbomolecular pump.
An auxiliary pressure transducer rated to 0.34 bar (with pre-
cision of 0.00085 bar) is installed on the LPS for redundancy
and for potential operation in manometric mode when fluxes
exceed the MS detection range (a scenario not considered
in this study). In this work, hydrogen detection is performed
using a HAL/3F RC PIC quadrupole MS (Hiden Analyti-
cal Ltd.), operating under the same UHV conditions. The
instrument employs a triple-filter quadrupole analyser cou-
pled with a pulse ion counting detector, providing a detection
limit of 5×10−16 mbar in termsof equivalent partial pressure.
The system exhibits a linear dynamic range exceeding seven
orders of magnitude in ion count rate (counts/s), which is the
quantity used for hydrogen quantification in this work. Fast
data acquisition rates (up to 1000 Hz) enable accurate moni-
toring of rapid transient events. Finally, while not relevant for

the low pressures considered in this study, a backing plate can
be installed in the LPS to mitigate mechanical deformation
of samples exposed to high pressures.

Calibration and Sensitivity

In order to provide an accurate quantification of the hydro-
genfluxmeasured by theMSduring a permeation experiment
(which is detected as a counts/s raw signal), it is necessary to
calibrate the instrument using a knownhydrogen flux.Hence,
calibrationwas conducted at room temperature bymeasuring
a known flux of pure hydrogen gas (m/z = 2) provided by a
certified calibration leak cylinder supplied by LACO Tech-
nologies. The quadrupole MS allows adjustment of the ion
source emission current between 1 and 2000 µA, which con-
trols the electron flux available for ionising the gas species
and thus determines the detection sensitivity. Based on pre-
vious experience, a 20 µA emission current was selected as
optimal in order to obtain a high count rate gain at small
fluxes and thus high sensitivity, without risking exceeding
the count threshold of the detector and introducing excessive
noise.

During calibration, conducted prior to the experimental
program, the certified leak cylinder is connected to the MS,
as illustrated inFig. 2(a), and the isolating valve is opened and
closed alternatively to obtain signal plateaus corresponding
to the equipment background (closed valve) and the cali-
bration leak (open valve), as shown in Fig. 3(a). The stable
cycle segments were then used to determine the calibration
factor (Kcal = 4.64 × 10−15 mol H/count) by establishing
an equivalence between the molar flow rate of hydrogen
atoms provided by the certified leak cylinder (ṅleak = 7.82
×10−10 mol H/s) and the background-subtracted hydrogen
signal measured by the MS at a 20 µA emission current (I calH
= 168758 counts/s). Once Kcal is determined, representing
the number of moles of hydrogen atoms corresponding to
one count recorded by the MS, conversion of the raw signal
intensity during a permeation test (IH ) into hydrogen flux, J
(mol/(m2 s)), is straightforward:

J = IH Kcal

Asample
(8)

where Asample is the cross-sectional area of the sample being
permeated by hydrogen. Throughout this work, the hydrogen
flux J always corresponds to the atomic hydrogen (e.g., H) flux.

To quantify the detection sensitivity of the gas permeation
system, the statistical properties of the background signal
were analysed after the system reached the steady-state con-
dition. Figure 3(b) shows the hydrogen signal measured by
the MS on the LPS side of the permeation cell during a 1000
s period prior to the start of the permeation experiment. At
this stage, the system has been fully pumped down and sta-
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Fig. 3 Calibration and sensitivity assessment of the quadrupole mass spectrometer (MS) used in the permeation system. (a) Calibration signal
recorded at an ion source emission current of 20 μA. The raw signal (blue) and smoothed trace (orange) are shown, together with the background
level and the response obtained upon opening the certified hydrogen calibration leak. (b) Background hydrogen flux measured at room temperature
under UHV conditions prior to permeation testing. The statistical limit of detection (LOD = 3σ ) and the practical detection threshold (τ=μ+3σ )
are indicated. Data were acquired with the MS directly connected to the permeation cell and shared vacuum line

bilised, thus no hydrogen pressure has yet been applied on
theHPS, and both compartments are at the base vacuum level
(≈ 10−9 mbar at room temperature).

The limit of detection (LOD) and the raw-signal detection
threshold (τ ) were determined from the background noise
measurements according to:

LOD = 3σ, τ = μ + 3σ (9)

where μ and σ are the mean value and standard deviation
of the background signal, respectively. The LOD charac-

terises the noise-limited sensitivity of the system, quantifying
the smallest signal that can be distinguished from random
background fluctuations, independent of any baseline offset.
In contrast, τ defines a practical detection threshold, corre-
sponding to the signal level that must be exceeded in the raw
data to be confidently interpreted as a real hydrogen perme-
ation signal above the background. From these background
statistics, a flux LOD of 3σ = 1.98× 10−9 mol H/(m2 s) was
obtained, together with a corresponding detection threshold
of τ = 1.10 × 10−8 mol H/(m2 s). It should be noted that
the signal-to-noise ratio depends strongly on the magnitude

Fig. 4 Flow chart of the measurement protocol used for gas permeation testing. After cleaning and mounting the specimen, the system undergoes
evacuation, bake-out and vacuum verification prior to temperature stabilisation and background acquisition. Permeation is initiated by hydrogen
pressurisation of the HPS (rise transient), followed by steady-state monitoring and subsequent venting and evacuation (decay transient). The
rise–decay sequence may be repeated under different testing conditions before final completion of the experiment
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of the permeation flux. For experiments conducted at room
temperature and low hydrogen pressures, such as the 1–5
bar tests reported here, the measured fluxes can approach
the detection limit of the system, leading to comparatively
larger relative noise. In contrast, when the flux is increased,
for example by testing at a higher temperature or pressure, the
signal-to-noise ratio improves substantially. The methodol-
ogy can also be adapted to improve the signal-to-noise ratio
by reducing the sample thickness, increasing the exposed
area, extending the acquisition time, and applying suitable
MS signal averaging.

Testing Protocol and Data Analysis

Due to the lack of standardisation in gas permeation testing,
a measurement protocol was established based on previous
literature [16, 42–45] and on extensive preliminary trials, to
ensure maximum repeatability and reliable baseline conditions.
Each experiment follows the procedure illustrated in Fig. 4.

After sample preparation and cleaning - a critical factor
influencing gas permeation results, as discussed in detail in
Section “Impact of Surface Condition and Testing Variables
on Hydrogen Permeation in Pure Iron” - the specimen is
mounted in the permeation cell using fresh O-rings for each
test (except for room-temperature tests, where O-rings may
be reused). Both the LPS and HPS compartments are then
evacuated using the roughing pump to ≈ 10−7 mbar. An
initial vacuum integrity check is performed by monitoring
pressure stability before bake-out. The assembly is subse-
quently baked at 150 ◦C for approximately 15 h to minimise
residual hydrogen and other desorbable species (e.g., water
and oxygen) released from the cell, O-rings or sample [23,
43, 46]. This temperature corresponds to the maximum test-
ing temperature used in this study, ensuring that the lowest
attainable baseline for residual gases is achieved. After bake-
out, the system is cooled under continuous pumping. Once
room temperature is reached, both compartments are opened
to the turbomolecular pumpof theMS system, allowing high-
vacuum conditions of approximately 10−9 mbar. A second
vacuum integrity check is then conducted under UHV con-
ditions.

The cell is subsequently brought to the desired testing
temperature (or maintained at room temperature), and the
pressure is allowed to stabilise. Residual gas levels, including
oxygen, water and nitrogen, are measured in both compart-
ments to verify acceptable background conditions. The LPS
is then isolated from the rest of the equipment (valve 3 in
Fig. 2(a)), MS acquisition is initiated, and a background sig-
nal is recorded for 1-2 hours. Once a stable minimum H2

background is achieved in the LPS, the permeation test is
initiated by pressurising the upstream side with H2, mark-
ing the beginning of the rise transient. Potential H2 leaks are

monitored at this stage using a gas sniffer (Panther Pro, ION
Science Ltd., resolution of 1 ppmH2). After steady-state flux
is reached, the H2 supply is interrupted, and the HPS cham-
ber is evacuated through the roughing pump, initiating the
decay transient. The rise-decay sequence may be repeated as
required.

Prior to analysis, permeation data are processed to
improve the signal-to-noise ratio while preserving transient
features. Baseline correction, smoothing and downsampling
are performed using a Savitzky-Golay algorithm imple-
mented via Matlab. To ensure convergence, n = 40 Fourier
terms are considered when fitting the flux transient, as per
equation (7). Parameter optimisation was performed using
a gradient-based multi-start nonlinear least-squares proce-
dure (Levenberg-Marquardt algorithm,Matlab). The optimal
value of Dapp was obtained by minimising the residual error,
andgoodness offitwas assessedusing the coefficient of deter-
mination (R2).

Impact of Surface Condition and Testing
Variables on Hydrogen Permeation in Pure
Iron

Methods

Material and sample dimensions

All experiments were conducted on ARMCO® iron sam-
ples with a reported purity of 99.98 wt.% Fe, supplied by
Goodfellow Ltd. as 1 mm-thick sheets in the annealed condi-
tion. Thismaterial was selected due to the extensive literature
available on hydrogen gas permeation in pure Fe [35, 36], as
well as its intrinsically low trapping density. Additionally, the
single-phase ferritic structure, uniformgrain distribution, and
minimal impurity content reduce the influence ofmicrostruc-
tural trapping, thereby enabling isolation of surface effects
and testing variables. For the gas permeation experiments,
70 mm diameter discs were extracted from the sheet using
electrical discharge machining (EDM). The initial sample
thickness, prior to grinding, was 1 mm.

Sample surface preparation

There is no consensus in the community on the optimal sur-
face preparation for gas permeation samples, which is needed
to ensure reliable and reproducible resultswithminimal influ-
ence of surface oxides or other artefacts. Therefore, surface
preparationwas systematically varied herein on both theHPS
and LPS of the Armco iron samples; Table 1 summarises
the surface preparation combinations investigated. Surface
preparation on the HPS included mechanical grinding (Fe),
acid pickling (p), and electrodeposition of a nominally 100
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Table 1 Surface preparation matrix used to investigate the influence of
surface condition on hydrogen permeation. “Fe” denotes a ground iron
surface, “p” indicates acid pickling in HCl, and “Pd” corresponds to
electrodeposition of an approximately 100 nm-thick Pd layer. Sample
IDs describe the sequence of surface treatments applied from the high-
pressure side (HPS) to the low-pressure side (LPS)

Sample ID High pressure side Low pressure side

Fe/Pd Fe Pd

Fe/p/Pd Fe pickling + Pd

Pd/Fe/Pd Pd Pd

Pd/p/Fe/p/Pd pickling + Pd pickling + Pd

nm-thick Pd layer (Pd). For example, a sample with ID
Pd/p/Fe/p/Pd corresponds to a sample with Pd coatings on
both the HPS and LPS, with the Fe substrate previously
ground and acid pickled. Pd is an excellent catalyst, min-
imising surface effects, while acid pickling is done to remove
any oxide layers present. In our experimental campaign, we
chose to Pd coat the LPS, where hydrogen detection takes
place, whereas the raw Fe surface on the HPS was, in some
cases, directly exposed to H2. However, an additional exper-
iment, reported in Appendix B, was conducted to investigate
the condition in which a Pd layer is absent in the LPS. For
the results reported in the main text, gas permeation exper-
iments were conducted at 25 ◦C and 5 bar H2 for the four
surface conditions shown in Table 1. If no permeation sig-
nal was detected within the first hour, measurement times
were extended to between 16 and 22 h. Duplicate tests were
performed to assess repeatability.

Grindingwas performed on both surfaces of all samples as
a baseline treatment, using successive SiC papers up to 2500
grit, resulting in a final thickness of approximately 0.7 mm.
Because freshly exposed Fe oxidises rapidly in air [30, 47],
with native oxide formation initiatingwithin very short ambi-
ent exposures and potentially reaching thicknesses of the
order of 1–5 nmoverminutes to hours depending on the envi-
ronment [48–50], a strict protocol was followed to remove
residues and limit reoxidation.This involves ultrasonic clean-
ing in acetone for 5 min, rinsing in deionised (DI) water for
2–3 seconds, and immediate drying with N2. For Pd coating,
samples were transferred immediately into the electroplating
solution after grinding, with the time between surface prepa-
ration and immersion in the plating bath kept below 5 s. Pd
was deposited froma commercial plating solution (Palladium
Bath JE42D, Jentner, 2 g/L Pd) at a constant current density
of ∼2 mA/cm2 for 15-20 min, yielding a thickness of ∼100
nm [12]. After coating, samples were rinsed in DI water,
dried with N2, and stored in a desiccator until testing. In
some cases, acid pickling in HCl was applied between grind-
ing and Pd coating to further remove surface oxides [43, 45]
via immersion in an 18% HCl solution at room temperature

for 10-–20 s, followed by immediately rinsing with DI water
for 5–10 seconds to remove any residual acid, and direct
transfer to the Pd electroplating solution within less than 5
s. Control experiments confirmed that, provided exposure to
air between preparation steps was minimised, surface prepa-
ration conducted in air yielded permeation results consistent
with those obtained under inert atmosphere conditions, i.e.,
preparation inside a nitrogen-filled glovebox, indicating that
the adopted protocol was effective in preventing measurable
reoxidation before Pd deposition/testing.

Temperature and hydrogen reduction treatment

In addition to the tests outlined above, the influence of
hydrogen reduction treatment on permeation behaviour was
investigated via experiments conducted on samples with dif-
ferent surface conditions (Fe/Pd, Fe/p/Pd, Pd/Fe/Pd, and
Pd/p/Fe/p/Pd). The temperature was sequentially increased
from 25 ◦C to 150 ◦C in 10-25 ◦C increments while main-
taining a constant hydrogen pressure of 5 bar on the HPS.
At each temperature, the background signal in the LPS was
allowed to stabilise before introducing H2 at 5 bar, which
wasmaintained for at least 30minutes. If no signal exceeding
the defined LOD was observed within this period, hydrogen
permeation was considered undetectable at that temperature.
After each step, hydrogen was vented, and both sides of the
cell were evacuated before increasing the temperature. This
procedure was repeated until a measurable permeation sig-
nal was obtained, enabling identification of the temperature
at which hydrogen permeation becomes detectable due to
progressive reduction of surface oxides formed during spec-
imen preparation. After reaching 150 ◦C, three consecutive
rise-decay transients were performed at 5 bar. This approach
enabled direct evaluation of the evolution of Dapp across suc-
cessive transients, thereby capturing the progressive changes
in hydrogen transport associated with oxide reduction. At
this temperature, trapping effects are expected to be negli-
gible [2]; therefore, variations in Dapp between consecutive
transients can be primarily attributed to surface activation
resulting from the gradual reduction of oxide layers. This
protocol differs from conventional approaches, where oxide
reduction is typically performed at constant temperature for
a fixed duration prior to permeation testing [23]. In contrast,
the present method allows in-situ monitoring of the evolu-
tion of transport parameters during the reduction process,
providing additional insight into the kinetics of surface acti-
vation. Subsequently, the system was cooled stepwise in 25
◦C intervals until room temperature was reached. At each
temperature, two rise-decay cycles were conducted. This
procedure enabled assessment of whether hydrogen-reduced
surface conditions were retained upon cooling and whether
measurable permeation persisted at room temperature.
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Residual gas background

To investigate the influence of residual gas background on
hydrogen permeation, experiments were performed at 25 ◦C
and 5 bar H2 using different sealing configurations on 0.7
mm-thick samples of Armco iron with identical surface con-
dition (Pd/p/Fe/p/Pd), thereby minimising the influence of
surface oxide variations. Three configurations were inves-
tigated: new seals under ambient conditions, conditioned
seals under ambient conditions, and conditioned seals in a
N2-purged environment. Conditioned O-rings correspond to
seals previously exposed to high-temperature experiments
(150 ◦C), while the inert purge condition was achieved by
placing the cell inside a glovebox continuously flushed with
high-purity N2. These configurations were selected to inten-
tionally vary the level of residual gas contamination (O2,
H2O, and N2) before hydrogen exposure. Each experiment
consisted of four consecutive rise-decay permeation tran-
sients conducted under identical conditions. The residual gas
background in the HPS was characterised using MS imme-
diately before hydrogen admission for each transient. The
reported background corresponds to the average signal of
H2O (m/z = 18), N2 (m/z = 28), and O2 (m/z = 32) measured
over the 1–2 h period preceding each transient. As the MS
was not calibrated for these species, values are reported in
counts/s. No oxygen or other gases were intentionally added
to the hydrogen stream; all experiments were conducted
using high-purity (99.99999%) H2 supplied by an electrol-
yser. This approach enables systematic evaluation of how
sealing conditions and environmental control during evacu-
ation influence residual gas background and, consequently,
the measured permeation response.

Varying pressure and temperature

To assess the influence of H2 pressure on the permeation
response (Jss and Dapp) and verify bulk-controlled diffusion
(i.e., Jss following Sieverts’ law), permeation transients were
obtained at 25 ◦C over a pressure range from 1 to 5 bar using
samples with the optimised Pd/p/Fe/p/Pd surface condition,
where surfaces effects are minimised. A single permeation
experiment was conducted in which consecutive rise-decay
cycles were performed at 1 bar (two transients), followed by
2, 3, 4, and 5 bar. Subsequent transients at the same H2 pres-
sure are often used to reduce the influence of trapping through
non-equilibrium phenomena such as slow detrapping (‘irre-
versible trapping’) [51]. In addition to pressure, temperature
is a key variable governing hydrogen transport in metals, as
it influences both hydrogen mobility within the lattice and its
equilibrium solubility. Permeation experiments were there-
fore conducted at a pressure of 5 bar and temperatures of 25,
50, 100 and 150 ◦C using the same optimised surface condi-
tion (Pd/p/Fe/p/Pd).At each temperature, several consecutive

rise-decay transients were recorded, after which the sam-
ple was cooled, removed from the cell, cleaned, and reused
for subsequent experiments at higher temperatures. Analysis
of the temperature dependence of the permeation response
enables the determination of activation energies associated
with hydrogen transport (via Arrhenius relationships) and
facilitates comparison with literature values.

Results

Influence of surface preparation

The hydrogen permeation transients measured at 25 ◦C and
5 bar for four different surface treatments (Fe/Pd, Fe/p/Pd,
Pd/Fe/Pd, and Pd/p/Fe/p/Pd) are shown in Fig. 5. A clear
distinction in permeation response is observed, with three
regimes depending on surface preparation. For the Fe/Pd
(Fig. 5(a)) and Pd/Fe/Pd (Fig. 5(c)) configurations, the mea-
sured signal remained well below the instrumental LOD
(1.98×10−9 mol/(m2s)) throughout the experiment, even for
durations up to 18 h, indicating negligible hydrogen perme-
ation under these conditions.

In contrast, the Pd/p/Fe/p/Pd condition (Fig. 5(d)) exhibits
a well-defined permeation transient, initiating after approxi-
mately 500 s of hydrogen exposure in the HPS and reaching a
steady-state flux of approximately 3×10−8 mol/(m2s) within
less than 1 h, i.e., more than an order of magnitude above
the LOD. This behaviour was reproducible across dupli-
cate experiments and enabled determination of an apparent
hydrogen diffusivity of ∼7.4×10−11 m2/s. Comparatively,
the Fe/p/Pd configuration (Fig. 5(b)) shows intermediate
behaviour, characterised by a delayed and low permeation
response. In this case, a measurable signal is only observed
after prolonged exposure (≈8 h), with the steady-state flux
remaining close to the detection limit. The corresponding
average values (Dapp = 5.46 × 10−12 m2/s and Jss =
2.84×10−9 mol/(m2s), Table 2) are significantly lower than
those obtained for the fully conditioned Pd/p/Fe/p/Pd condi-
tion. Similar behaviour has been reported byMendibide et al.
[45] for X65 pipeline steel with comparable surface prepara-
tion (polished, pickled, and Pd-coated only on the detection
side), where very low permeation signals and noticeable scat-
ter between replicates were observed under both dry and wet
H2 conditions. The observed variability was attributed to dif-
ferences in the thickness and/or integrity of the surface oxide
layer,whichpredominantly affect hydrogen entry and steady-
state flux.

These results demonstrate that hydrogen permeation at
room temperature is strongly governed by the surface con-
dition. When only one surface is covered by an oxide layer,
hydrogen can still permeate, although the process is signifi-
cantly hindered and controlled by surface reaction kinetics.
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Fig. 5 Hydrogen permeation
transients measured at 25 ◦C
and 5 bar for different sample
surface preparations: (a) Fe/Pd,
(b) Fe/p/Pd, (c) Pd/Fe/Pd, and
(d) Pd/p/Fe/p/Pd. No detectable
permeation is observed for
Fe/Pd and Pd/Fe/Pd (oxide
present on both sides), whereas
Fe/p/Pd exhibits a delayed,
low-intensity response (single
oxide layer) and Pd/p/Fe/p/Pd
shows a clear transient and
steady-state flux (oxide removed
on both sides)

This behaviour is further supported by the additional exper-
iment presented in Appendix B, in which only the entry
surface was pickled and Pd-coated while the detection side
remained oxidised. In this case, hydrogen permeation is
observed due to the catalytic activity of Pd and the apparently
limited resistance of the oxide to bulk diffusion; however, the
signal does not reach steady state even after more than 25 h,
indicating that hydrogen recombination at the oxidised exit
surface is severely hindered. In contrast, when oxide lay-
ers are present on both sides of the Fe membrane (Fe/Pd
and Pd/Fe/Pd), hydrogen permeation is effectively sup-
pressed, demonstrating that the combined effect of two oxide
interfaces constitutes a strong kinetic barrier to hydrogen
transport. Consequently, reliable and measurable hydrogen
permeation requires both oxide removal and Pd coating on
the entry and exit surfaces. While the Pd layer limits further
oxidation and promotes hydrogen dissociation at the entry
surface and recombination at the exit surface [52, 53], its
effectiveness depends critically on the underlying surface
state of the Fe membrane. In practice, even brief exposure to
ambient conditions leads to the rapid formation of a native
oxide layer. Although only a few nanometres thick, this oxide
is persistent and can dominate hydrogen uptake by affecting
adsorption, dissociation, and recombination processes [27,

28, 30, 31], thereby distorting the permeation response from
ideal Fickian behaviour. Themagnitude of this effect depends
strongly on oxide chemistry and defect structure, with fea-
tures such as porosity, cracking, and variations in Fe2+/Fe3+
ratio introducing additional transport pathways or trapping
sites [54, 55].

From a thermodynamic perspective, iron oxidation is
strongly favoured under ambient conditions. As shown in
the Ellingham diagram (Fig. 6(a)), the position of the H-
O equilibrium line (dashed line) above two Fe-O lines at
room temperature (∼300 K), indicates that oxide formation
is thermodynamically preferred over hydrogen reduction.
Furthermore, the phase stability diagram (Fig. 6(b)) shows
that, at ambient oxygen partial pressure (∼0.21 atm), iron
is stable as Fe2O3 (hematite). Consequently, oxide layers
formed during sample preparation are expected to persist
during permeation testing and act as barriers to hydrogen
adsorption and dissociation. This explains why the Fe/Pd
and Pd/Fe/Pd configurations do not exhibit measurable per-
meation despite the presence of a Pd layer. While a single
oxide layer (as in Fe/p/Pd) may still allow limited hydrogen
transport, potentially through defects exposing the underly-
ing Fe, the presence of oxide layers on both sides introduces
a much stronger kinetic barrier that effectively suppresses
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Fig. 6 Thermodynamics of oxide formation in the Fe-O system. (a) Ellingham diagram showing the standard Gibbs free energy change (�G◦)
for Fe–O and H–O reactions as a function of temperature. (b) Equilibrium oxygen partial pressure (pO2 ) diagram indicating the stability domains
of Fe, FeO, Fe3O4, and Fe2O3. Shaded regions denote thermodynamically stable phases. The dashed line represents the temperature range over
which FeO is thermodynamically unstable. Thermodynamic data are taken from the NIST database [56, 57]. FeO corresponds to wüstite, Fe3O4 to
magnetite, and Fe2O3 to hematite

permeation. In particular, the oxide layer at the Pd/Fe inter-
face limits hydrogen transfer into the substrate, decoupling
the enhanced catalytic activity of Pd from the bulk metal.

In contrast, acid pickling removes the native oxide layer
and enables the attainment of a clean metallic interface prior
to Pd deposition, allowing the Pd coating to function effec-
tively as both a catalytic and protective layer. Under these
conditions, the surface boundary condition approaches the
ideal case assumed in classical permeation analysis, enabling
the measurement of intrinsic transport properties. Although
complete oxide removal cannot be conclusively confirmed
without detailed surface characterisation (e.g., TEMorXPS),

which is beyond the scope of this study, the present results
demonstrate that minimising surface-controlled limitations
requires both oxide removal and catalytic activation. The
Pd/p/Fe/p/Pd configuration is therefore identified as the most
suitable condition for isolating bulk transport behaviour
under the present experimental conditions.

Influence of hydrogen reduction treatment

Figure 7 shows the measured hydrogen flux as a function
of time for a representative hydrogen reduction experiment

Fig. 7 Representative hydrogen
reduction experiment for a
Pd/Fe/Pd specimen subjected to
stepwise heating from 25 to 150
◦C followed by cooling under 5
bar H2. The signal is
background-subtracted; data
during heating/cooling ramps
and background stabilisation
periods are omitted for clarity
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Fig. 8 Hydrogen permeation
rise transients for a Pd/Fe/Pd
sample under 5 bar H2: (a) at
150 ◦C during hydrogen
reduction and (b) at 25 ◦C after
prior exposure to 150 ◦C. The
apparent diffusion coefficients
(Dapp) were determined by
fitting the transient permeation
curves (dashed lines) to the
analytical solution of Fick’s law,
equation (7)

performed on a sample with the Pd/Fe/Pd surface condition,
in which the temperature was progressively increased from
25 to 150 ◦C followed by stepwise cooling back to room
temperature under a constant hydrogen pressure of 5 bar.

Consistent with the negligible permeation previously
observed for this surface condition (Fig. 5(c)), nomeasurable
permeation signal was detected during the initial room tem-
perature exposure, even after 6 h. This contrasts sharply with

oxide-free conditions (Pd/p/Fe/p/Pd), where permeation is
generally detected within minutes (Fig. 5(d)). Upon increas-
ing temperature, no detectable permeationwas observed until
reaching 150 ◦C, at which point a strong permeation transient
appeared, enabling acquisition of two additional consecutive
transients at this temperature. During subsequent cooling,
measurable permeationwas observed at all evaluated temper-
atures, including 25 ◦C under identical pressure conditions.

Fig. 9 Hydrogen permeation
transients measured at 25 ◦C
and 5 bar for different sample
surface preparations following
hydrogen reduction treatment at
150 ◦C: (a) Fe/Pd, (b) Fe/p/Pd,
(c) Pd/Fe/Pd, and (d)
Pd/p/Fe/p/Pd. Only the first
transient is shown
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This behaviour indicates that hydrogen exposure at 150 ◦C
promotes partial reduction of surface and interfacial oxides,
thereby restoring hydrogen entry.

Further insight is provided by the transient behaviour
shown in Fig. 8, where the rise transients at 150 ◦C and
25 ◦C are compared. At 150 ◦C, the first transient is signifi-
cantly delayed relative to subsequent transients, resulting in
an approximately one order of magnitude lower Dapp. The
subsequent transients exhibit similar responses and compara-
ble Dapp values, indicating that most of the oxide reduction
occurs during the first transient. Since trapping effects are
expected to be negligible at this temperature [2], this evo-
lution reflects progressive surface activation associated with
oxide reduction during initial hydrogen exposure. Follow-
ing this first transient, the permeation response stabilises and
reflects intrinsic transport behaviour. Critically, after cool-
ing to 25 ◦C, clear hydrogen permeation transients can be
observed, in contrast to the behaviour noted prior to hydrogen
reduction. The corresponding Dapp values are comparable
to those obtained for oxide-free Pd/p/Fe/p/Pd samples, with
minor variations likely attributable to experimental scatter
and limited trapping effects [36, 58].

The permeation transients obtained at 25 ◦C and 5 bar
after temperature-enabled hydrogen reduction for each sur-
face condition are shown in Fig. 9, with the corresponding
Dapp and Jss values summarised in Table 2. Similar to the
results in Fig. 8(b) for Pd/Fe/Pd (repeated in Fig. 9(c)), clear
permeation transients are also obtained for the Fe/p/Pd and
Pd/p/Fe/p/Pd configurations (Figs. 9(b) and (d)). In contrast,
the Fe/Pd condition exhibits no measurable permeation at 25
◦C after the reduction treatment, consistent with the absence
of detectable flux during the reduction stage at 150 ◦C. This
behaviour, although not generally expected, suggests that
hydrogen reduction at 150 ◦Cmay not always be sufficient to
reduce oxide-covered surfaces completely. Likely, variations
in oxide thickness, stoichiometry, and defect structure will
significantly influence the reduction treatment efficacy, such
that certain oxide layers remain stable under these relatively
mild reducing conditions [59]. Evaluation of Dapp before and
after reduction reveals two key trends. First, the reduction
treatment leads to an order of magnitude increase in Dapp

for the Fe/p/Pd and Pd/p/Fe/p/Pd configurations, indicating
enhanced hydrogen entry following partial oxide removal.
Second, configurations with Pd present on both entry and
exit surfaces (Pd/Fe/Pd and Pd/p/Fe/p/Pd) exhibit higher
Dapp values than Fe/p/Pd, reflecting the beneficial role of Pd
in facilitating both hydrogen uptake and subsequent oxide
reduction.

These results are consistent with the presence of inter-
facial oxide barriers in unpickled configurations (Fe/Pd,
Pd/Fe/Pd), which strongly affect hydrogen permeation at
room temperature [60]. Upon exposure to hydrogen at ele-
vated temperature, these oxide layers can be progressively
reduced, restoring hydrogen entry and enabling permeation.
The propensity for hydrogen-enabled oxide reduction can
be rationalised from a thermodynamic perspective using
the equilibrium oxygen potential diagram shown in Fig.
6(b). While hydrogen does not readily reduce iron oxides
at room temperature, the effective oxygen partial pressure
(pO2 ) in the system is governed by the H2/H2O equilibrium.
Increasing temperature and/or lowering the oxygen poten-
tial, progressively destabilising iron oxides and favouring
metallic Fe. Consequently, oxide layers that are stable at
room temperature can become reducible at even moderately
elevated temperatures. However, the efficacy of reduction
is expected to increase with higher temperatures (∼200-
900 ◦C) and depends strongly on oxide morphology and
experimental conditions [59]. Partial reduction at lower tem-
peratures is therefore limited to thin or defective oxide
layers [61]. In addition, the presence of Pd promotes oxide
reduction by catalysing hydrogen dissociation and supply-
ing atomic hydrogen, which can diffuse across the Pd/oxide
interface and facilitate oxygen removal [62–64]. As a result,
the effective reduction temperature for thin oxide layers is
shifted to the ∼50-150 ◦C range, although the extent of
reduction remains strongly dependent on oxide properties,
including oxide thickness, stoichiometry, and defect struc-
ture. The present results therefore suggest that this reduction
process occurs progressively during hydrogen exposure and
is reflected in the evolution of the permeation transients.
However, it should be borne in mind that the proposed reduc-
tion mechanism is interpreted from the permeation response

Table 2 Summary of apparent
diffusivity (Dapp) and
steady-state flux (Jss ) measured
in pure iron at 25 ◦C and 5 bar
for different surface conditions,
before and after hydrogen
reduction treatment at 150 ◦C.
Values correspond to the first
permeation transient. "NM"
indicates that no measurable
permeation signal was detected

Surface condition Before reduction After reduction
Dapp (m2/s) Jss mol/(m2s) Dapp (m2/s) Jss mol/(m2s)

Fe/Pd NM NM NM NM

Fe/p/Pd 5.46±0.35×10−12 2.84±2.33×10−9 5.39×10−11 4.06×10−8

Pd/Fe/Pd NM NM 2.84×10−10 2.16×10−8

Pd/p/Fe/p/Pd 7.38±0.53×10−11 3.01±0.40×10−8 5.19×10−10 3.17×10−8
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and thermodynamic considerations, rather than from direct
post-test surface-chemical evidence, which would require
dedicated surface characterisation.

Influence of residual gas background

Figure 10 presents the hydrogen permeation rise transients
for four consecutive cycles obtained under the three configu-
rations considered to investigate the influence of residual gas:
new seals – ambient, conditioned seals – ambient, and condi-
tioned seals – N2-purged. A consistent ranking in hydrogen
flux is observed across all transients. The highest flux is sys-
tematically obtained under inert purge conditions, despite
the use of conditioned seals, followed by the configuration
with new seals under ambient conditions, while the lowest
flux corresponds to conditioned seals operated under ambi-
ent atmosphere. This trend is already apparent in the first
transient (Fig. 10(a)), although the differences between con-
figurations are relatively small at this stage due to the strong
influence of hydrogen trapping during the initial charging.
As the number of transients increases (Fig. 10(b)-(d)), the

influence of trapping diminishes as trapping sites become
progressively occupied [65], allowing the effect of resid-
ual gas background and sealing configuration on hydrogen
entry conditions to bemore clearly resolved.Accordingly, the
separation between the curves becomes more pronounced,
particularly between the N2-purged and ambient conditions.
In addition, the characteristic time required to reach steady-
state flux (Jss) remains similar across all configurations,
suggesting that sealing and environmental conditions do not
significantly affect the overall timescale of hydrogen trans-
port.

To quantify these trends, Jss and Dapp were determined
for each transient and are summarised in Fig. 11 as a func-
tion of the transient number (T1–T4). The evolution of Jss
(Fig. 11(a)) is shown to be dependent on sealing and environ-
mental conditions. The highest flux is consistently obtained
under inert purge conditions, increasing from approximately
3.4 × 10−8 to 4.7 × 10−8 mol/(m2s) between the first
and fourth transient. In contrast, the lowest flux values are
observed for conditioned seals under ambient atmosphere,
decreasing slightly from2.7×10−8 to 2.1×10−8 mol/(m2s).
The configuration with new seals under ambient conditions

Fig. 10 Representative
hydrogen permeation rise
transients (hydrogen flux vs.
time) obtained at 25 ◦C and 5
bar H2 for different sealing and
environmental configurations:
(a) first transient, (b) second
transient, (c) third transient, and
(d) fourth transient. “Ambient”
denotes operation under
laboratory atmosphere, while
“N2-purged” refers to the use of
a local inert chamber
continuously flushed with
high-purity nitrogen.
“Conditioned seals” correspond
to previously used O-rings in
high-temperature experiments,
whereas “new seals” were used
without prior conditioning
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Fig. 11 Parameters derived
from hydrogen permeation
transients obtained at 25 ◦C and
5 bar H2 for different sealing
and environmental
configurations. (a) Steady-state
flux (Jss ) and (b) apparent
diffusivity (Dapp) as a function
of transient number (T1-T4). (c)
Average intensity of residual gas
species (N2, H2O, and O2)
measured during the background
period preceding each transient.
(d) Representative hydrogen
permeation transients (second
transient) illustrating the effect
of residual O2 levels. “Ambient”
refers to operation under
laboratory atmosphere, while
“N2-purged” denotes the use of
a local inert chamber
continuously flushed with
high-purity nitrogen.
“Conditioned seals” correspond
to previously used O-rings,
whereas “new seals” were used
without prior conditioning

exhibits intermediate behaviour, remaining relatively stable
around 3.3 × 10−8 mol/(m2s). For both ambient configu-
rations, the steady-state flux remains nearly constant across
successive transients. Since steady-state flux is, by definition,
independent of trapping (see equation (3)), this suggests that
gas impurities do not change significantly across transients
(i.e., C0

L is relatively independent of the transient number).
However, this is not the case for the conditioned seals N2

purged condition, where Jss increases with transient number,
likely due to the drop in O2 with transient number, shown in
Fig. 11(c). This also highlights the relatively higher impor-
tance of O2 relative to other impurities.

The evolution of Dapp (Fig. 11(b)) reflects the influence
of trapping in addition to sealing and environmental effects.
For all configurations, Dapp increases significantly from the
first to the second transient, which is attributed to the ini-
tial presence of empty trapping sites that reduce the effective
hydrogen mobility during the first charging step. As these
traps become progressively occupied, their influence dimin-
ishes, and from the second transient onwards, Dapp stabilises
around 2-3 × 10−10 m2/s. Differences between configura-
tions are comparatively small, confirming that bulk hydrogen

transport is only weakly affected by the residual gas back-
ground.

The different flux behaviours observed across configura-
tions can be rationalised by inspecting the evolution of the
residual gas background, as shown in Fig. 11(c). The high-
est O2 levels are consistently measured for conditioned seals
under ambient atmosphere, whereas the lowest O2 levels are
obtained under inert purge conditions andwhen new seals are
used in ambient conditions. In contrast, N2 levels are high-
est under inert purge conditions and for conditioned seals
exposed to ambient atmospheres, while H2O shows compar-
atively smaller variations between configurations. Elevated
O2 signals for the conditioned, ambient atmosphere case
are consistent with minor air ingress through degraded elas-
tomeric O-ring seals during evacuation [66], as supported
by the significant reductions in O2 levels when operating
under inert purge conditions andwhen using new seals.When
considered in terms of average residual gas background, a
direct correspondence can be observed between O2 level and
steady-state flux: lower O2 background is associated with
higher Jss , whereas higher O2 background leads to reduced
flux. This behaviour is consistent across all configurations
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and transients and indicates that the residual gas background
primarily affects hydrogen entry conditions rather than bulk
transport, as further supported by the comparatively weak
variation in Dapp.

The dependence of Jss on O2 level suggests that oxygen-
containing species present before hydrogen admission mod-
ify the effective surface boundary condition for hydrogen
entry, most likely through adsorption or partial poisoning
of the Pd surface, thereby reducing the efficiency of hydro-
gen dissociation and absorption. Conversely, under lower
residual gas background conditions, the Pd surface remains
more catalytically active, facilitating hydrogen uptake and
resulting in higher steady-state flux. This effect is further
illustrated in Fig. 11(d), where a direct comparison between
two configurations with comparable N2 levels and similar
H2O content but distinct O2 background shows that lower
O2 levels lead to a significantly higher permeation flux. The
progressive increase in flux observed under inert purge con-
ditions, despite a measured O2 background comparable to
that obtained using new seals under ambient conditions,
further indicates that improved environmental control dur-
ing evacuation leads to a progressively cleaner and more
favourable surface state for hydrogen uptake between tran-
sients. This is consistent with the similar Jss valuesmeasured
during the first transient for both configurations, and suggests
that N2 purging may improve hydrogen uptake beyond what
can be inferred from the measured O2 signal alone, analo-
gous to purgingprocedures commonly employed in hydrogen
mechanical testing. However, the progressive increase in Jss
also indicates that the effective boundary condition is still
evolving under the N2-purged configuration. Therefore, this
condition is mainly useful for identifying the influence of
environmental control and residual gas background, whereas
the new-seal ambient configuration provides a more stable
and reproducible condition for diffusion characterisation in
the present study. If N2 purgingwere continued for additional
cycles, the fluxwould be expected to eventually stabilise once
the surface/environmental state reaches a steady condition,
although the precise mechanisms responsible for this effect
will be the subject of future work.

Overall, these results demonstrate that relatively small
variations in residual gas background – particularly O2 –
governed by sealing condition and environmental exposure
during evacuation, can lead to systematic and reproducible
differences in measured hydrogen permeation behaviour –
especially steady-state hydrogen flux – even when all other
experimental parameters and surface conditions are nomi-
nally identical. Notably, the magnitude of these variations is
comparable to the experimental scatter commonly reported
in hydrogen permeation studies, suggesting that uncon-
trolled residual gas background may represent a significant
and often overlooked source of variability across different
setups. It is important to emphasise that these experiments

do not correspond to controlled H2/O2 gas mixtures, but
rather to variations in residual O2 background prior to H2

admission. Once the HPS is pressurised with high-purity
hydrogen, the system operates under positive pressure, pre-
venting further air ingress, and any residual gas present
under vacuum is expected to be strongly diluted. There-
fore, the observed effect cannot be systematically attributed
to a sustained oxygen partial pressure in the hydrogen gas
phase, but instead arises from pre-existing surface conditions
established during evacuation. This distinction highlights the
difference between pre-adsorbed oxygen effects and those
arising from intentionally introduced H2/O2 gas mixtures.
Under an initially high O2 background, the Pd-coated entry
surface is likely modified by the adsorption of oxygen-
containing species prior to hydrogen exposure. Although the
Pd layer prevents oxidation of the underlying iron substrate,
it remains susceptible to surface poisoning or modification,
which can reduce the efficiency of hydrogen dissociation
and absorption. This introduces an additional activation step
for hydrogen uptake, leading to a reduced effective hydro-
gen flux. In contrast, under a lower residual O2 background,
the Pd surface remains more catalytically active, resulting in
enhanced hydrogen entry and higher steady-state flux.

These findings are directly relevant to the broader discus-
sion on the role of gas impurities in hydrogen permeation.
Recent studies on controlled H2/impurity mixtures report
contrasting behaviours: while Röthig et al. [23] observed
minimal and mostly transient effects of O2 (100 ppm-12000
ppm), Zhou et al. [67] reported a strong inhibitory effect,
including significant reductions in steady-state permeation
and diffusivity at relatively lowO2 concentrations (350 ppm).
Although the present results are qualitative in this context,
they demonstrate that even trace residual contamination prior
to hydrogen charging can substantially influence steady-state
flux, while diffusivity remains comparatively unaffected.
This highlights the strong sensitivity of hydrogen entry to sur-
face condition and system cleanliness, and underscores the
importance of monitoring background and controlling back-
groundgas levels in permeation experiments. The residualO2

signal therefore provides a practical metric of experimental
quality and a key parameter for reliable interpretation and
comparison of hydrogen permeation data.

Influence of pressure and temperature

After establishing an optimised surface condition that min-
imises the influence of surface oxides and associated artefacts
(Pd/p/Fe/p/Pd), the effect of applied hydrogen pressure on
permeation behaviour at 25 ◦Cwas investigated. Figure 12(a)
shows the evolution of hydrogen flux during a stepwise
pressurisation experiment, in which successive rise-decay
transients were performed between 1 and 5 bar. Two tran-
sients were conducted at 1 bar to minimise the influence
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Fig. 12 Pressure dependence of
hydrogen permeation in pure
iron at 25 ◦C for the
Pd/p/Fe/p/Pd surface condition
(membrane thickness L=0.8
mm). (a) Evolution of hydrogen
flux during a stepwise
pressurisation experiment (1-5
bar), including repeated
transients at 1 bar. (b)
Comparison of the
corresponding rise transients for
each pressure. (c) Steady-state
flux (Jss ) as a function of

√
pH2 ,

showing a linear dependence
consistent with Sieverts’ law.
(d) Apparent diffusivity (Dapp)
as a function of pressure,
illustrating the strong effect of
trapping during the first
transient and the stabilisation of
diffusivity at higher pressures

of trapping. For clarity, the corresponding rise transients
are compared in Fig. 12(b), where a systematic increase in
steady-state fluxwith increasing hydrogen pressure is clearly
observed. Although the first transient at 1 bar exhibits a
delayed response due to the presence of initially empty trap-
ping sites, it ultimately converges to a Jss value comparable
to that of the second transient at 1 bar, where trapping effects
are significantly reduced, and steady-state is reached more
rapidly. This result confirms the theoretical deduction that
Jss is independent of trapping.

The relationship between steady-state flux and hydrogen
pressure is further analysed in Fig. 12(c), which shows Jss as
a function of

√
pH2 . A strong linear correlation (R2=0.997)

is obtained, demonstrating that the permeation behaviour fol-
lows Sieverts’ law; i.e., that, considering equations (2) and
(3), the steady-state flux can be related to the H2 pressure as,

Jss = DLSL
L

√
pH2 (10)

and, for low trap occupancy,

Jss = DappSapp
L

√
pH2 (11)

as per equation (5). The linear dependence observed confirms
that hydrogen transport is governed by bulk lattice diffusion
under the present experimental conditions, with negligible
influence from surface kinetic limitations. This is consis-
tent with the optimised surface preparation, whichminimises
oxide-related barriers and enables near-ideal boundary con-
ditions for hydrogen entry. The linear fit exhibits a small
positive intercept of 1.65 × 10−9 mol H/(m2 s) at zero
pressure, which closely matches the independently deter-
mined instrumental LOD of 1.98 × 10−9 mol H/(m2 s). This
agreement provides additional confidence in the quantita-
tive reliability of the measurements and confirms that the
observed permeation signals are well above the detection
threshold.

The evolution of Dapp with pressure is shown in Fig. 12(d).
A pronounced increase is observed between the first and sec-
ond transients at 1 bar, from 4.5 × 10−11 to 1.8 × 10−10

m2/s, which is attributed to the progressive filling of trap-
ping sites during the initial charging step. Beyond this initial
transient, Dapp exhibits only a slight increase with pressure
and rapidly stabilises around 2.4 × 10−10 m2/s, consistent
with the values obtained in previous experiments at 5 bar.
This weak pressure dependence suggests that in pure iron
with low trap density, the influence of pressure on trapping is
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minimal once traps are saturated. Within experimental scat-
ter, a consistent diffusivity is therefore obtained for pressures
above 1 bar, confirming that the measured transport parame-
ters are representative of intrinsic bulk diffusion.

In addition to pressure, temperature is a key thermo-
dynamic variable governing hydrogen transport in metals.
Figures 13(a) and (b) show the temperature dependence of
the apparent diffusivity (Dapp) and permeability (P), respec-
tively, presented as Arrhenius plots (log-linear scale) as a
function of inverse temperature. The data were obtained for
samples with the optimised surface condition (Pd/p/Fe/p/Pd)
and correspond to the average values of the last three perme-
ation transients conducted at each temperature (25, 50, 100
and 150 ◦C), with the first transient excluded to minimise
the influence of hydrogen trapping. Error bars represent the
standard deviation at each temperature.

Both Dapp and P (which is determined from Jss using
equation (4)) increase with temperature, revealing the expec-
ted influence of temperature on the diffusion and solubility of
hydrogen. The associated activation energies can be obtained
by fitting the data to an Arrhenius law; e.g., for the perme-
ability:

P = P0 exp

(
− EP

RT

)
(12)

where P0 is the pre-exponential factor, EP is the activation
energy, R is the universal gas constant, and T is the absolute
temperature. It should be noted that, in theory, the apparent
diffusivity should not follow an Arrhenius law; only the lat-
tice diffusivity does.However, when themeasured diffusivity
approaches DL , its variation with respect to temperature can
be well approximated by an Arrhenius law. This is indicated
by the dashed line in Fig. 13(a); it can be seen that the agree-
ment is satisfactory at high temperatures, where trapping
effects are negligible. The fit to the Dapp vs T data deliv-
ers a pre-exponential factor of D0 = 1.8 × 10−8 m2/s, close

to the values associated with lattice diffusivity [68], and an
activation energy of ED = 10.05 kJ/mol. For the case of
permeability, the Arrhenius fit delivers values of P0 = 1.65
× 10−6 mol/(m s Pa0.5) and EP = 43.71 kJ/mol, which are
within the range of values reported in the literature [44], and
reflect the combined contributions of diffusion and hydro-
gen dissolution, as permeability inherently incorporates both
mobility and solubility effects. The variation with tempera-
ture of the permeability, an inherently lattice quantity, is very
accurately described by anArrhenius law, demonstrating that
our measurements can successfully remove surface effects
and operate in the bulk-controlled regime.

Discussion

Summary of the results

The apparent diffusivity (Dapp) and steady-state flux (Jss)
obtained for the different experimental conditions inves-
tigated in this work, which spanned variations in surface
preparation, residual gas background (oxygen level), and
hydrogen reduction treatment, are summarised in Figs. 14
and 15. Results are shown for both 25 ◦C and 150 ◦C,
enabling direct comparison of the relative contributions of
surface-controlled and bulk-controlled processes, respec-
tively. Furthermore, a distinction is made between the first
permeation transient and subsequent transients for each con-
dition, as the initial measurement is influenced by transient
effects (e.g., surface activation and trapping), whereas sub-
sequent transients are more representative of steady-state
transport behaviour.

At 25 ◦C (Fig. 14), considerable differences in Dapp

(∼100-fold, when measurable) and Jss (∼50-fold) are
observed depending on the surface condition and testing
environment. The lowest values correspond to configurations
where a native oxide layer is present on the HPS at either the
metal surface or the Pd/metal interface (e.g., Fe/Pd, Fe/p/Pd

Fig. 13 Temperature sensitivity
of hydrogen transport
parameters in pure iron for the
Pd/p/Fe/p/Pd surface condition:
(a) measured (apparent)
diffusivity (Dapp), and (b)
permeability (P). Data
correspond to the mean of the
last three permeation transients
at each temperature (25 - 150
◦C), with the first transient
excluded to minimise trapping
effects. Error bars indicate
standard deviation. Dashed lines
show linear Arrhenius fits used
to extract pre-exponential
factors and activation energies
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Fig. 14 Summary of (a)
apparent diffusivity (Dapp) and
(b) steady-state flux (Jss )
obtained under the different
experimental conditions
investigated in this work.
Results are shown for 25 ◦C.
Each point corresponds to either
a single permeation transient or
an average value obtained from
repeated or consecutive
transients, as appropriate, with
the first transient indicated
separately. The data highlight
the influence of surface
preparation, residual gas
background (low/high O2), and
hydrogen reduction treatment on
the measured permeation
response

and Pd/Fe/Pd before reduction). In such cases, measurable
permeation is either not detected (Fe/Pd and Pd/Fe/Pd, indi-
cated by the downward black arrows in Fig. 14) or only

observed after prolonged exposure times (Fe/p/Pd). This
results in concomitant reductions in both Dapp and Jss com-
pared to the nominally oxide-free Pd/p/Fe/p/Pd condition as

Fig. 15 Summary of (a) apparent diffusivity (Dapp) and (b) steady-state flux (Jss ) obtained under the different experimental conditions investigated
in this work. Results are shown for 150 ◦C. Each point corresponds to either a single permeation transient or an average value obtained from repeated
or consecutive transients, as appropriate, with the first transient indicated separately. The data highlight the influence of surface preparation and
hydrogen reduction treatment on the measured permeation response
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well as traditional electrochemical permeation data, which
is included for reference in Fig. 14(a). Closer evaluation
of these pre-reduction treatment results provides important
mechanistic insights into the role of native oxides on hydro-
gen uptake and diffusion. For example, both Fe/Pd and
Fe/p/Pd are expected to have a native oxide present on the
HPS, while only Fe/Pd would have an oxide layer on the
LPS. Critically, the delayed, but clear permeation transient
for Fe/p/Pd indicates that the HPS oxide layer was unable to
completely mitigate hydrogen uptake. Such a result implies
that the oxide layer either is sufficiently defected to enable
slow, but tangible hydrogen uptake directly at the Fe substrate
or only provides a moderate barrier to hydrogen adsorp-
tion, dissociation, and diffusion. The absence of measurable
permeation for the Pd/Fe/Pd and Fe/Pd conditions further
suggests that the additional impedance of a second native
oxide at the LPS, when combined with the effects of the HPS
oxide, is sufficient to effectively prevent hydrogen transport
over the evaluated test durations. Conversely, the nominal
absence of an oxide layer on both the HPS and LPS of the
Pd/p/Fe/p/Pd condition results in rapid permeation.

Intermediate Dapp values are obtained for partially condi-
tioned systems, including configurations exposed to a high
residual gas background (labelled as “high O2”), where
surface contamination or partial oxidation of the Pd layer
reduces the effective hydrogen entry rate. The Fe/p/Pd
configuration after hydrogen reduction treatment also falls
within this intermediate range, suggesting only partial reduc-
tion of surface oxides and, consequently, partial recovery of
hydrogen transport relative to nominally oxide-free condi-
tions. This postulated incomplete reduction is likely due to
insufficient time at 150 ◦C [61]. In contrast, higher Dapp val-
ues at 25 ◦C are consistently obtained for the Pd/p/Fe/p/Pd
condition under low residual gas background (excluding
first transient), where surface and trapping effects are min-
imised. The highest Dapp values correspond to Pd/Fe/Pd and
Pd/p/Fe/p/Pd configurations after reduction treatment, indi-
cating that the presence of Pd promotes more effective oxide
reduction [62–64]. This is attributed to the catalytic role of
Pd in dissociating molecular hydrogen and supplying atomic
hydrogen at the surface, which enhances hydrogen uptake
and thus facilitates the reduction of oxide species at the
metal interface. As a result, this activation step remains ben-
eficial even in systems where oxides are expected to have
been largely removed (Pd/p/Fe/p/Pd). Although the trends
observed for Dapp are broadly similar to those obtained
for Jss , with the highest fluxes corresponding to well-
conditioned systems, an important exception is observed for
Fe/p/Pd, for which Jss lies within the upper range despite
the comparatively low Dapp. This suggests that oxide lay-
ers have a stronger influence on transient behaviour than on
steady-state flux. Overall, excluding configurations where
oxide layers remain unmodified (i.e., without pickling or

reduction), the variability in both Dapp and Jss is limited
and falls within the scatter commonly reported in the litera-
ture for hydrogen transport in bcc iron [58]. For example,
the diffusivity obtained from electrochemical permeation
measurements (first transient) on the same material is also
included and shows good agreement with the present gas
permeation results under conditions where oxide effects are
minimised. This is consistent with the use of cathodic polar-
isation during the electrochemical testing, which suppresses
oxide formation on the analogue of the HPS for gas perme-
ation and thus facilitates hydrogen uptake [15].

The trends observed at 25 ◦C can be rationalised by con-
sidering the behaviour at 150 ◦C, where hydrogen-induced
reduction of surface oxides becomes significant. As shown in
Figs. 15(a) and (b), except for Fe/Pd (whichwas undetectable
and hence not plotted in the figure), all surface configurations
exhibit measurable hydrogen permeation at this tempera-
ture, including those that were inactive at room temperature
(e.g., Fe/p/Pd and Pd/Fe/Pd), as hydrogen-enabled reduc-
tion/activation of surface and interfacial oxides at elevated
temperature weakens the kinetic barrier for hydrogen entry
[61]. The absence of measurable permeation for the Fe/Pd
condition suggests that hydrogen reduction at 150 ◦C may
not always be sufficient to activate oxide-covered surfaces,
likely due to variations in oxide thickness, stoichiometry, and
defect structure, which can significantly influence reducibil-
ity. A distinctive feature at 150 ◦C is the behaviour of the
first transient, which exhibits significantly lower Dapp values
(by up to two orders of magnitude) compared to subsequent
transients. Unlike at room temperature, where this effect is
partly associated with hydrogen trapping, the negligible trap-
ping expected at elevated temperatures [2] instead suggests
that permeation is being affected by surface activation pro-
cesses, likely related to the progressive reduction of residual
surface oxide during initial hydrogen exposure. Following
this initial transient, the permeation response stabilises and
reflects the intrinsic transport properties of thematerial. Con-
sequently, from the second transient onwards, both Dapp and
Jss converge towards a narrow range characteristic of bulk
diffusion control, largely independent of the initial surface
condition. Consistent with this, Jss remains comparatively
less affected by surface oxides and interfacial effects, as it
is determined under steady-state conditions after sufficient
time for surface processes to stabilise and, by definition, is
independent of trapping (see equation (3)); accordingly, vari-
ations in Jss are primarily governed by surface phenomena
that influence the effective lattice hydrogen concentration at
the subsurface (C0

L ), whereas Dapp – derived from the tran-
sient response – remainsmore sensitive to early-stage surface
limitations.

In summary, these results establish the significant influ-
ence that native oxides have on the hydrogen permeation
behaviour of pure iron. For example, changes in surface
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preparation, the use of elevated temperature hydrogen reduc-
tion treatments, and the presence of different residual gas
backgrounds were capable of inducing order-of-magnitude
differences in observed hydrogen diffusivity. Such findings
emphasise the importance of controlling and reporting sur-
face preparation and environmental conditions when inter-
preting and comparing hydrogen permeation data. However,
what remains unclear is how these native oxides mechanis-
tically alter hydrogen permeation, particularly with respect
to understanding the relative contribution of the oxide as a
diffusion barrier versus its effects on hydrogen uptake pro-
cesses. Future efforts should focus on executing carefully
controlled experiments with different oxide thicknesses and
types of oxides to deconvolute these two possible contribu-
tions. Such understanding could then enable the development
of thermal pretreatments to induce preferred oxides to hinder
hydrogen permeation in critical applications.

Comparison with the literature

The results of this study provide an opportunity to com-
ment on potential mechanistic contributors to previously
reported trends and observations regarding hydrogen-metal
interactions in pure iron from the literature. Towards this
end, a compilation of gas permeation-based measurements
of hydrogen diffusivity and permeability data as a function
of temperature (spanning 0 to 1000 ◦C) from both litera-
ture and the current study is presented in Fig. 16(a) and (b),
respectively.

As has been broadly discussed in the literature [36, 69],
the hydrogen diffusivity exhibits (1) substantial variation
amongst authors, particularly at lower temperatures, and (2) a
notable inflection to a steeper slope occurs as the temperature
is reduced below 200 ◦C. Conversely, the hydrogen perme-
ability data for pure iron exhibits significantly reduced scatter
compared to the diffusivity, as well as a generally linear rela-
tionship between inverse temperature and the logarithm of
the permeability over all evaluated temperatures.

Considering first the hydrogen permeability, Fig. 16(b),
its variation as a function of temperature is consistent with
the literature on pure iron. For example, fitting the data
from the present study to an Arrhenius relationship (equa-
tion (12)) yields an activation energy of permeation (EP ) of
43.7 kJ/mol, which lies within the range of values reported in
the literature (30-50 kJ/mol) [44, 51, 70]. This reduced scatter
relative to the hydrogen diffusivity of iron can be attributed
to the fact that permeability is evaluated under steady-state
conditions. As such, hydrogen permeability measurements
are expected to be less sensitive to surface influences or
other transient effects than the hydrogen diffusivity, which
is explicitly evaluated using transient data. Critically, this
intrinsic difference in variability implies that the uncertainty
in hydrogen solubility measurements (derived by the ratio of

permeability to diffusivity) will be strongly influenced by the
accuracy of the measured diffusivity [71].

Similar to the hydrogen permeability, all hydrogen diffu-
sivities measured in the current study are contained within
the envelope of the compiled literature data as a function
of temperature, as demonstrated in Fig. 16(a). Critically, the
differences in surface conditions used in the current study
can be leveraged to understand the respective contributions
of hydrogen trapping and surface effects to the observed
variability in literature diffusivity data. For example, consid-
ering the optimal Pd/p/Fe/p/Pd configuration, comparison of
the diffusivity determined from sequential transients at 25
◦C provides information on the influence of trapping. As
shown in Fig. 14, variations in diffusivity were observed
between the first and later transients for the Pd/p/Fe/p/Pd
condition, but such differences were generally within a fac-
tor of three. Such a 3-fold difference strongly suggests that
trapping effects cannot explain the substantial scatter – span-
ning nearly five orders ofmagnitude – in hydrogen diffusivity
observed for pure iron at 25 ◦C. This postulation is consistent
with the findings of Hagi et al. [78], who performed electro-
chemical permeation experiments on both single-crystal and
polycrystalline iron. Critically, these authors reported that
the hydrogen diffusivity was only weakly affected by the
presence of grain boundaries, which are expected to be the
dominant trap in well-annealed, pure Fe, similarly indicating
that bulk trapping alone is insufficient to explain the observed
variability in literature data.

However, the surface condition used during the testing
and, by extension, the presence of native oxides appear to
have a significant influence on the measured hydrogen dif-
fusivity. For example, a nearly 30-fold difference in Dapp

was observed between the first and later transients conducted
on the Fe/p/Pd condition at 150 ◦C (Fig. 15). Similar differ-
ences between first and subsequent transientswere also noted
for the Pd/Fe/Pd condition. Given the expectation that oxide
reduction will occur during the first transient and thus not
be present (or at least significantly degraded) for subsequent
permeation transients, these results imply that the initially
reduced diffusivity is likely due to kinetic limitations from
the native oxide. In other words, the current results indicate
that surface effects, particularly oxides, strongly contribute to
the observed permeation behaviour, with the effect expected
to increase in magnitude as temperature decreases. This
inference provides a possible mechanistic explanation for
the well-documented ’knee’ in hydrogen diffusivity for
pure iron, which is typically characterised by a break in
slope between approximately 150 and 200 ◦C (as shown in
Fig. 16(a)). Moreover, such surface and oxide effects may
also explain the observed scatter in hydrogen diffusivity,
particularly at low temperatures. For example, differences
in sample preparation methods (e.g., use of pickling) or test-
ing methodologies (e.g., performing pre-treatments at higher
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Fig. 16 (a) Hydrogen diffusivity (Dapp) and (b) permeability (P) in pure Fe as a function of inverse temperature. Literature data for diffusivity
were taken from Refs. [44, 46, 51, 72–76], while permeability data were taken from Refs. [46, 51, 72–74, 77]. The datasets compiled in Refs [35,
36] are reviews, and the reader is referred to the original sources therein. Results from the present work are included for comparison. The shaded
regions indicate the overall scatter of reported values in the literature. Error bars are omitted, as the associated uncertainty is smaller than the symbol
size
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temperature) would be expected to induce order of magni-
tude changes in measured diffusivity, as shown in Table 2. It
should be noted that the present study is limited to tempera-
tures up to 150 ◦C, and that higher-temperature experiments,
which are currently ongoing and will be the subject of future
work, are required to draw definitive conclusions on this
point.

Critical examination of the literature generally supports
a governing contribution of surface effects to the observed
scatter and ’knee’ in hydrogen diffusivity for pure iron as
a function of temperature. Considering the influence on the
observed scatter in measurements, Miller et al. [46] reported
that untreated specimens or Pd-coated samples without
appropriate activation exhibited strongly surface-controlled
behaviour, particularly at low temperature, thereby prevent-
ing reliable measurements below 342 K. In contrast, studies
employing aggressive pre-treatments, such as prolonged
hydrogen exposure at high temperature, tend to report higher
and more consistent diffusivity values. Gonzalez [69], for
instance, exposed membranes to hydrogen for 72 h at 615
◦C before testing, while Nelson and Stein [51] demonstrated
that reproducible results required pre-exposure to hydrogen
at 500–600 ◦C to reduce surface oxides. Similarly, Kumnick
and Johnson [75] showed using a gas permeation systemwith
electrochemical detection that reliable measurements could
only be obtained using Pd-coated specimens on both entry
and exit surfaces, effectively eliminating surface impedance
effects. Even studies that report apparently linear Arrhenius
behaviour can still exhibit subtle curvature when examined
closely. For example, Quick and Johnson [74] reported a
single Arrhenius relationship for diffusivity, even though a
noticeable inflection occurs in their data at approximately
200 ◦C. This distinction is important when comparing these
literature datasets with the present results, since the diffusiv-
ity values reported here correspond to specimens subjected
only to controlled surface preparation, without any prior
high-temperature hydrogen reduction or thermal activation
treatment. Therefore, the relative position of the present data
within the literature envelope should be interpreted in the
context of differences in pre-treatment history, Fe purity,
membrane thickness, gas pressure and other methodologi-
cal variables that vary between studies.

The potential for modifications in hydrogen-surface inter-
actions to significantly alter hydrogen permeation is fully
consistent with the broader literature on iron and steels.
For example, permeation experiments by Bruzzoni and Gar-
avaglia [29] demonstrated that anodically formed oxide films
introduce an additional resistance to hydrogen transport. This
‘barrier’ effect was also observed in recent studies show-
ing that compact oxide layers can act as effective barriers to
hydrogen permeation [79]. Similarly, atom probe tomogra-
phy revealed that oxide layers on steel can act as hydrogen
trapping sites, delaying but not completely suppressing

hydrogen ingress [80]. Moreover, Kiuchi and McLellan [81]
explicitly highlighted that uncontrolled surface conditions
have historically compromised hydrogen transport measure-
ments in pure iron due to this ’barrier’ effect, advocating
rigorous surface preparation as a prerequisite for reliable
data. Considering these observations in the context of the
observed ’knee’ in diffusivity, it appears likely that this inflec-
tion is due to surface effects introducing a kinetic barrier
to hydrogen entry and thus a reduced diffusivity at lower
temperatures. Such an interpretation is supported by lit-
erature observations and the present results. For example,
Bryan and Dodge [44] did not observe an inflection in dif-
fusivity during testing on pure iron. This is likely due to
their employed minimum testing temperature (∼126 ◦C),
which was sufficiently elevated to avoid the low-temperature
regime where surface effects become dominant. Specifically,
as temperature increases, hydrogen-assisted oxide reduction
progressively removes this barrier, resulting in a transition to
bulk-controlled diffusion and recovery of the intrinsic Arrhe-
nius behaviour. This effect is consistent with the result shown
in Fig. 7, where permeation was not observed until a tem-
perature of 150 ◦C was reached. Interestingly, this ‘onset’
temperature is closely aligned with the temperature where
the inflection in diffusivity is generally observed (∼150–200
◦C). Such strong correlation further suggests that the diffusiv-
ity ‘knee’ is likely an artefact arising from surface-controlled
transport.

In summary, the present results indicate that the observed
scatter and associated ’knee’ in hydrogen diffusivity for pure
iron, particularly at low temperatures, likely originates from
uncontrolled variations in surface condition and oxide state,
rather than from intrinsic bulk phenomena such as trapping.
As such, surface-controlled effects can significantly affect
the permeation response, even under nominally identical test-
ing conditions, leading to order-of-magnitude discrepancies
between studies. These findings emphasise the critical impor-
tance of carefully controlling, characterising, and reporting
surface preparation and environmental conditions in hydro-
gen permeation experiments. While the influence of surface
condition has been recognised for decades, the present
study advances this understanding by systematically sepa-
rating the contributions of pickling, Pd coating, residual gas
background and hydrogen reduction/activation treatment to
the measured gaseous permeation response. In doing so, it
provides a practical framework for distinguishing surface-
controlled artefacts from bulk transport behaviour. More
broadly, these results highlight the need to decouple surface
and bulk contributions in order to establish reliable intrinsic
hydrogen transport properties, an issue that remains insuffi-
ciently resolved in the literature despite its fundamental and
technological relevance. We note in passing that the opti-
mised surface conditions used in this work are not intended
to reproduce a specific service environment, but to provide a
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controlled reference state in which oxide-related surface lim-
itations are minimised and the intrinsic hydrogen transport
response of the metal can be isolated. More realistic service
conditions, including native oxides, coatings, mechanical
loading, gas impurities and hydrogen flow, can then be sys-
tematically introduced in future gaseous permeation studies.

Conclusions

In thiswork, ahigh-sensitivitymass spectrometry-based gaseous
hydrogen permeation system has been developed and vali-
dated. The system operates at pressures up to 50 bar and
temperatures up to 250 ◦ C, with straightforward scalability to
more extreme conditions. A key feature is its high detec-
tion sensitivity, achieving a hydrogen flux limit of 1.98 ×
10−9 mol/(m2 s), which enables reliable quantification of
very low permeation fluxes and accurate resolution of tran-
sient permeation behaviour. In addition, a comprehensive
framework for the analysis of hydrogen permeation, includ-
ing the governing transport equations and their practical
interpretation, is presented. The application of this system
to a model material (annealed pure Fe) enabled a system-
atic investigation of the influence of surface preparation and
key testing variables. The main findings are summarised as
follows:

• Hydrogen permeation at room temperature is strongly
governed by surface-controlled processes. The presence
of native oxide layers can severely limit or completely
suppress hydrogen uptake, even when Pd coatings are
applied. When oxide layers are present on both entry and
exit surfaces, permeation is effectively blocked, whereas
the presence of a single oxide layer allows limited perme-
ation, albeit with strongly hindered kinetics. Reliable and
reproducible permeation measurements require removal
of surface oxides through pickling and catalytic acti-
vation via Pd coating on both sides of the membrane.
Under these conditions, the surface boundary approaches
the ideal case assumed in classical permeation theory,
enabling measurement of intrinsic transport properties.

• Hydrogen exposure at elevated temperature promotes
progressive reduction of surface and interfacial oxides,
restoring hydrogen entry and enabling permeation in pre-
viously inactive configurations. This process is captured
directly through the evolution of successive perme-
ation transients, with the first transient reflecting surface
activation. However, oxide reduction at 150 ◦C is not
universally effective, as demonstrated by the Fe/Pd con-

dition, indicating that oxide reducibility depends strongly
on oxide thickness, stoichiometry, and defect structure.
These results highlight that oxide layers are not equiv-
alent and that surface activation is inherently system-
dependent.

• Residual gas contamination, even at trace levels, has a
measurable and systematic effect on hydrogen perme-
ation. In particular,O2 present prior to hydrogen exposure
modifies the effective surface boundary condition, most
likely through adsorption or poisoning of the Pd surface,
thereby reducing hydrogen dissociation efficiency and
steady-state flux. In contrast, bulk transport, as reflected
by the apparent diffusivity, is comparatively insensitive
to residual gas background. These findings demonstrate
that variations in sealing condition and environmental
control can lead to reproducible differences in perme-
ation behaviour and may constitute a significant source
of variability across experimental studies.

• Under optimised surface conditions, hydrogen perme-
ation in pure iron follows bulk diffusion-controlled
behaviour. The steady-state flux exhibits a linear depen-
dence on the square root of hydrogen pressure, consistent
with Sieverts’ law, confirming that hydrogen transport is
governed by lattice diffusion. The apparent diffusivity
shows minimal dependence on pressure once trapping
sites are saturated. Both diffusivity and permeability
exhibit Arrhenius behaviour with temperature, yield-
ing activation energies consistent with literature values.
These results validate the accuracy of the developed sys-
tem and confirm that intrinsic transport properties can be
reliably measured when surface effects are minimised.

• The results demonstrate that variations in surface con-
dition, residual gas background, and thermal history
can lead to order-of-magnitude differences in mea-
sured hydrogen permeation behaviour, even for the
same material. In particular, surface effects – especially
oxide-related barriers – are shown to be a dominant
source of variability at low temperatures. This provides
a mechanistic explanation for the large scatter and the
commonly reported “knee” in hydrogen diffusivity for
pure Fe, suggesting that these features arise primarily
from surface-controlled phenomena rather than intrin-
sic bulk properties. Consequently, many discrepancies in
the literature can be rationalised by differences in surface
preparation and experimental protocols.

Overall, the developed high-sensitivity gas permeation
system provides a robust and versatile platform for quan-
titative investigation of hydrogen transport under service-
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relevant conditions. The present results demonstrate that
accurate and reproducible permeation measurements require
stringent control of surface state and environmental con-
ditions, particularly with respect to oxide formation and
residual gas contamination. Beyond pure Fe, the method-
ology established in this work provides a foundation for
systematic studies of more complex materials and environ-
ments, including alloys, coatings, multi-material systems,
and controlled impurity effects. Future work will focus on
quantitatively decoupling surface and bulk contributions,
with particular emphasis on the role of oxide layers and
their evolution under realistic service conditions, as well as
on advanced surface characterisation to better resolve their
impact on hydrogen uptake and permeation behaviour.

Appendix A: Derivation of Apparent
Variables in Hydrogen Permeation

We proceed to show that, under conditions of low trap and
lattice occupancy, the trapped hydrogen concentration is pro-
portional to the lattice one, and consequently, an apparent
diffusion coefficient can be defined, and measured, which
is independent of concentration and incorporates lattice and
trapping contributions. As in the main text, we define a
concentration of hydrogen in lattice sites CL and a concen-
tration of hydrogen in trapping sites CT , which are related
to the site density and coverage, such that CL = NLθL and
CT = NT θT . Oriani’s equilibrium [39] establishes a rela-
tionship between the coverage of lattice (θL ) and trapping
(θT ) sites,

θT

1 − θT
= θL

1 − θL
K with K = exp

(
Eb

RT

)
(A.1)

where K is an equilibrium constant, defined in terms of the
binding energy Eb, taking here as a positive constant, the
absolute temperature T , and the gas constant R. Assuming
a low occupancy of trapping and lattice sites, θT << 1 and
θL << 1, Oriani’s equilibrium can be formulated as,

CT = NT

NL
KCL (A.2)

Accordingly, the total hydrogen content reads,

C = CL + CT =
(
1 + NT

NL
K

)
CL (A.3)

Hence, the flux equation, equation (1), can be rewritten as,

J = −DL
∂CL

∂x
= −DL

∂

∂x

(
C

1 + NT
NL

K

)

= − DL

1 + NT
NL

K

∂C

∂x
= −Dapp

∂C

∂x
(A.4)

such that hydrogen transport can be expressed as a function of
the total hydrogen concentration, through an apparent diffu-
sivity Dapp = DL/(1+ NT K/NL). Similarly, Sieverts’ law,
equation (2), can be reformulated in terms of an apparent
solubility Sapp,

SL
√
pH2 = C0

L = C0

1 + NT
NL

K
�⇒ C0

=
(
1 + NT

NL
K

)
SL

√
pH2 = Sapp

√
pH2 (A.5)

The steady-state flux can also be reformulated in terms of
apparent quantities,

Jss = DLC
0
L

L
=

(
1 + NT

NL
K

)
Dapp

C0

1 + NT
NL

K
= DappC0

L
(A.6)

Finally, by definition, the permeability does not distinguish
between apparent and lattice:

Papp = DappSapp = DL

1 + NT
NL

K
SL

(
1 + NT

NL
K

)
= DL SL = P (A.7)

One should note that,while less relevant to permeation, the
hydrogen experimental literature often refers to a diffusible
or apparent hydrogen concentration, which is not covered by
the reduction to apparent variables above. This is, for exam-
ple, relevant to isothermal TDS experiments [12, 58], where
the hydrogen released at room temperature is integrated over
a fixed time, such that,

Cdiff =
∫ texp

0
Jout(t) dt (A.8)

where Jout is the measured egress flux in the isothermal TDS
experiment and texp the duration of the experiment. While
hydrogen can only leave the sample via lattice transport, this
measured hydrogen concentration encompasses not only the
hydrogen residing in lattice sites at the beginningof the exper-
iment but also the hydrogen atoms sequestered in weak traps
that have ‘detrapped’ over the time scale of the experiment.
Under the assumption of Oriani’s equilibrium, detrapping is
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much faster than diffusion, and the measured hydrogen con-
tent should be the total one (assuming CL ≈ 0 in vacuum).
However,Oriani’s equilibriumassumption can break down in
the presence of strong traps, which can bring the detrapping
time scale to be on the order (or larger) than the diffusion
time scale of a given experiment. Under this scenario, the
measured hydrogen content is not the total one (as Oriani or
the low trap occupancy assumption considered above would
assume) but a ‘diffusible’ quantity encompassing the lat-
tice hydrogen and that trapped in traps that are sufficiently
weak to detrap for the temperature and time of the experi-
ment. Traps with sufficiently slow detrapping kinetics do not
contribute to the measured signal and therefore fall outside
this experimentally accessible population. In such cases, the
assumption of local equilibrium underpinning Oriani-type
formulations is no longer valid, and analysis requires a full
diffusion–trapping kinetic framework, such as those based
on McNabb and Foster’s model [82].

Appendix B: Additional Experiments

This Appendix presents permeation results from two dupli-
cate experiments conducted at 25 ◦C and 5 bar H2 for a
surface preparation consisting of Pd/p/Fe. In this config-
uration, the pickled and Pd-coated surface is exposed to
hydrogen on the charging side, while hydrogen is detected on
the opposite uncoated Fe surface. A very rapid breakthrough
is observed, occurring within a few minutes, together with a
comparatively high hydrogenflux that is reached shortly after
hydrogen exposure. However, a well-defined steady-state
flux (Jss) is not established over the duration of the experi-

ments. This indicates that the presence of a native oxide layer
on the detection side does not significantly limit hydrogen
entry or bulk transport, but instead affects the recombination
kinetics of hydrogen at the exit surface, thereby preventing
stabilisation of the permeation flux.
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