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A B S T R A C T

Hydrogen embrittlement (HE) threatens the structural integrity of industrial components exposed to hydrogen- 
rich environments. This review critically explores hydrogen barrier coatings (HBCs), polymeric, metallic, 
ceramic, and composite, their application and assessment, focusing on measured effectiveness in limiting 
hydrogen permeation and hydrogen embrittlement. Also, coating application methods and permeation assess
ment techniques are evaluated. Recent advances in nanostructured and hybrid coatings are emphasized, high
lighting the pressing need for durable, scalable, and environmentally sustainable hydrogen barrier coatings to 
ensure the reliability of emerging hydrogen-based energy solutions. This comprehensive critical review further 
distinguishes itself by linking coating deposition methods to defect-driven transport behaviour, critically 
assessing permeation test approaches. It also highlights the emerging role of polymeric and hybrid multilayer 
coatings with direct implications for advanced and reliable hydrogen production, storage, and transport 
infrastructure.

1. Introduction

Hydrogen embrittlement (HE) is a formidable challenge across 
various industrial sectors, particularly in applications involving expo
sure to hydrogen-rich environments. This phenomenon significantly 
compromises the mechanical integrity of metals, leading to catastrophic 
failures. Its critical impact on material performance is acutely felt in 
high-pressure hydrogen storage systems, natural gas pipelines, and in
dustries such as aerospace and automotive, where safety and reliability 
are paramount. Consequently, HE has been the focus of extensive 
research efforts [1–7].

The mechanisms governing hydrogen embrittlement (HE) are intri
cate and multifactorial, arising from the ingress of hydrogen into ma
terials, which subsequently compromises their mechanical integrity. 
Several theories have been proposed to elucidate the interaction be
tween hydrogen and material microstructures, including hydrogen- 
enhanced decohesion (HEDE), hydrogen-enhanced localized plasticity 
(HELP), and adsorption-induced dislocation emission (AIDE), among 

others [8–12]. These mechanisms often collectively and synergistically 
diminish the ductility and toughness of materials, heightening their 
HE-enhanced susceptibility to crack initiation and propagation [3]. 
High-strength steels and other high-strength alloys, in particular, are 
vulnerable to HE due to the diffusion of hydrogen atoms into their lattice 
structures, where they concentrate at dislocations and grain boundaries, 
significantly reducing fracture toughness [13–17]. These mechanisms 
have been widely investigated in the literature to interpret 
hydrogen-induced degradation phenomena; a detailed discussion falls 
beyond the scope of the present work and is therefore not elaborated 
here.

As the global transition towards hydrogen as a clean energy carrier 
accelerates, addressing HE has become increasingly critical. The 
hydrogen economy, aligned with initiatives like the UK’s Climate 
Change Act 2008 and the goal of achieving net-zero emissions by 2050, 
aims to revolutionize energy storage and transportation [18–22]. 
However, the susceptibility of materials in hydrogen infrastructure to 
HE, including pipelines and storage tanks, poses significant safety and 
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economic challenges. These challenges underscore the urgent need for 
the application of novel and effective HE mitigation strategies [19].

Efforts to combat HE encompass (i) material selection and altering 
material properties; (ii) microstructure design strategies; (iii) material 
design and processing optimization; (iv) environmental and stress con
trol; and (v) limiting hydrogen ingress into material using various 
hydrogen barrier coatings (HBCs). The first four approaches (i)-(iv) are 
based on minimizing the HE susceptibility and its adverse effects on the 
mechanical properties, ductility, and fracture toughness of metallic 
materials after hydrogen infiltration into the metal. Despite ample 
research and enormous efforts in HE mitigation and investigation of 
various hydrogen-materials interactions, they are still not completely 
resolved, provoking HE and other hydrogen damages in most metallic 
materials. This is due to the extreme complexity and multifaceted nature 
of hydrogen-materials interactions, and still not completely resolved HE 
mechanisms and their synergy. Only the last approach, i.e., (v) appli
cation of HBCs using various surface engineering techniques, could 
completely prevent or significantly reduce the intake of hydrogen into 
metallic materials, thereby preventing hydrogen-materials interactions 
and HE [23–26]. Surface engineering techniques, particularly the 
application of protective hydrogen barrier coatings, so-called HBCs, 
have emerged as a pivotal strategy [23–26]. These coatings act as bar
riers to hydrogen permeation, effectively shielding the underlying 
substrate-metallic materials prone to HE. Among the available options, 
ceramic, polymeric, and metallic coatings have shown considerable 
potential [27–33].

Ceramic coatings, such as TiAlN and SiN, are celebrated for their 
high hardness, chemical stability, and low hydrogen permeability [13,
34–36]. However, other coatings, such as polymeric coatings, offer 
distinct advantages, including ease of application and cost-effectiveness. 
Notably, polymeric coatings remain relatively underexplored despite 
their promising hydrogen barrier properties, warranting further inves
tigation [37–41]. The efficacy of these coatings depends on factors such 
as their thickness, adhesion, defect density, and deposition techniques 
like chemical vapour deposition (CVD) and physical vapour deposition 
(PVD) [42–46].

HBCs play a dual role in hydrogen infrastructure: they prevent HE 
while enhancing the durability and performance of components exposed 
to extreme conditions, such as high pressures and temperature fluctua
tions [47–49]. For example, automotive hydrogen storage tanks, 
designed to withstand pressures exceeding 700 bar and temperatures 
ranging from − 40 ◦C to +100 ◦C, rely on these coatings to enable the 
safe use of high-strength steels [50].

Beyond traditional coatings, innovative materials and designs 
continue to emerge. Composite coatings, which integrate multiple ma
terials, exhibit synergistic effects that enhance both mechanical and 
chemical resistance. Nanostructured coatings, characterized by their 
fine microstructure and high surface area, hold promise for achieving 
superior hydrogen barrier performance [51–56]. Despite these ad
vancements, scalability and environmental considerations remain crit
ical challenges. For instance, polymer coatings, while advantageous for 
their lightweight and versatile properties, raise concerns about 
long-term environmental impacts, including microplastic pollution and 
carbon emissions [57–61].

This paper provides a comprehensive review of current advance
ments in HBCs, with emphasis on their permeability characteristics, 
applied deposition techniques, and particularly the emerging role of 
polymer-based systems. This paper examines mechanisms of action, 
environmental implications, and the potential of coatings to transform 
hydrogen infrastructure by enabling safe and efficient operation of 
hydrogen technologies. Previous reviews have made valuable contri
butions by cataloguing barrier materials and summarising hydrogen 
embrittlement mechanisms; building on this foundation, this work de
velops a framework that links deposition techniques to the defect 
structures they generate and the resulting hydrogen transport behav
iour. This review paper also critically assesses the strengths and 

limitations of gaseous and electrochemical permeation tests, high
lighting the challenges of cross-comparison, and integrates the most 
recent advances in polymeric and hybrid multilayer coatings alongside 
metallic and ceramic systems. Through this approach, the review ex
tracts design principles and research directions that are directly relevant 
to HBCs for pipelines, storage vessels, and the broader hydrogen 
economy.

2. Fundamentals of hydrogen embrittlement

Hydrogen embrittlement (HE) is a critical issue that arises when 
hydrogen atoms diffuse into metals and interact with either externally 
applied or internally generated residual stresses, leading to an irre
versible significant reduction in metallic alloys’ ductility and toughness, 
ultimately resulting in catastrophic failures [62,63]. This phenomenon 
is particularly problematic in high-strength alloys utilized across various 
critical industries. HE occurs when three critical factors, material sus
ceptibility, stress, and environment, coincide [64–67], as illustrated in 
Fig. 1.

2.1. Types of hydrogen embrittlement

According to the literature, HE is generally categorized into two 
types: internal hydrogen embrittlement (IHE) and external hydrogen 
embrittlement (EHE) [68,69]. Many researchers compare results from 
IHE and EHE experimentally [70,71]. In the realm of experimental 
testing, internal hydrogen refers to specimens that have been pre
charged with hydrogen before testing, whereas external hydrogen in
volves testing specimens directly in a hydrogen gas environment. 
Typically, the susceptibility of materials to hydrogen-assisted fracture is 
assessed by evaluating their tensile ductility, such as elongation or 
reduction in area, under one or both of these conditions [70,71].

2.1.1. Internal hydrogen embrittlement (IHE)
Internal hydrogen embrittlement (IHE) occurs when hydrogen is 

introduced into the metal during manufacturing processes such as 
electroplating, welding, or forming. Pre-existing hydrogen atoms in the 
metal lattice tend to accumulate at internal defects such as dislocations 
and grain boundaries. This accumulation promotes the formation of 
localized plastic deformation zones, which subsequently facilitate the 
initiation and propagation of microcracks. The mechanism of IHE is 

Fig. 1. Primary contributors to HE, illustrating the interplay between material 
susceptibility, applied or residual stress, and environmental exposure. HE 
commonly manifests at the intersection where all three factors coincide.
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depicted in Fig. 2.

2.1.2. External hydrogen embrittlement (EHE)
External hydrogen embrittlement (EHE) takes place when hydrogen 

is absorbed from the external environment during service, such as in 
high-pressure hydrogen gas environments or acidic solutions. As shown 
in Fig. 3, unlike IHE, where hydrogen is already present in the material, 
EHE involves the ingress of hydrogen from the surrounding environ
ment, which diffuses into the metal and leads to embrittlement.

The underlying mechanisms of HE are complex and multifaceted, 
primarily involving the interaction of hydrogen with the material’s 
microstructure. Mitigating HE, whether internal or external, involves 
strategies aimed at reducing hydrogen ingress, controlling the envi
ronment, altering material properties, and employing surface engi
neering techniques.

2.2. Factors influencing hydrogen embrittlement

Hydrogen embrittlement is a multifaceted phenomenon driven by 
numerous factors that influence a material’s vulnerability to degrada
tion. Key factors include material properties, environmental conditions, 
and hydrogen concentration [1,8,64,72–78]. A thorough understanding 
of these factors is essential for developing effective mitigation strategies, 
especially for high-strength alloys that are more susceptible to HE [79,
80].

2.2.1. Material properties
The intrinsic properties of materials, including their chemical 

composition, microstructure, mechanical characteristics, and surface 
condition, are critical in assessing their susceptibility to HE. The way 
hydrogen interacts with these material attributes greatly influences 
crack initiation and propagation, which can ultimately result in pre
mature failure.

The chemical composition of a material, particularly the type and 
concentration of alloying elements, significantly influences its suscep
tibility to HE [81,82]. For instance, high-strength steels with high car
bon content and low alloying elements are generally more prone to 
embrittlement due to the formation of brittle phases like martensite, 
which can trap hydrogen and facilitate crack initiation. Alloying ele
ments such as chromium, nickel, and tungsten enhance resistance to HE 
by stabilizing the microstructure and reducing the solubility and diffu
sivity of hydrogen within the metal.

The microstructure of a material, including grain size, phase distri
bution, and the presence of precipitates or inclusions, is another critical 
factor that influences HE. Fine-grained structures, while generally 

improving mechanical strength, provide a higher density of grain 
boundaries, which serve as preferential sites for hydrogen segregation. 
This segregation can weaken grain boundaries, leading to intergranular 
cracking. Conversely, coarse-grained materials may exhibit reduced 
susceptibility to embrittlement due to the lower availability of grain 
boundary sites [83–85]. As shown by Khosravi et al. [86], this kinetic 
asymmetry leads to hydrogen accumulation at GBs, where detrapping is 
energetically less favourable. The presence of specific phases, such as 
martensite, bainite, or retained austenite, also affects a material’s 
response to hydrogen. Martensitic structures, for example, are typically 
more susceptible to embrittlement due to their high dislocation density 
and tendency to trap hydrogen. In contrast, austenitic steels with stable 
austenite phases are generally more resistant to HE due to the reduced 
diffusivity of hydrogen in austenite [85,87–91].

Mechanical properties, including yield strength, tensile strength, and 
hardness, are strongly associated with a material’s susceptibility to HE. 
While high-strength materials are valued for their mechanical perfor
mance, they are typically more prone to embrittlement because of their 
reduced ability to undergo plastic deformation. This susceptibility oc
curs because high-strength materials are more likely to experience strain 
localization, which can cause cracks to propagate quickly when 
hydrogen is present [15].

2.2.2. Surface condition
The condition of a material’s surface, including its roughness, pres

ence of coatings, and any surface treatments, plays a significant role in 
influencing hydrogen absorption and the subsequent risk of embrittle
ment [92]. Increased surface roughness can facilitate hydrogen entry by 
providing additional sites for adsorption and penetration into the metal 
lattice [93]. In contrast, coatings serve as protective barriers against 
hydrogen permeation, thereby shielding the underlying material from 
embrittlement. The effectiveness of these coatings is determined by 
factors such as their composition, thickness, and adhesion to the 
substrate.

2.2.3. Hydrogen concentration
The hydrogen concentration within a material plays a pivotal role in 

determining the severity of HE. The amount of hydrogen a material can 
absorb and retain depends on its solubility and diffusivity, which are 
affected by intrinsic material properties as well as environmental con
ditions [12,94].

2.2.4. Hydrogen solubility and diffusivity
Hydrogen solubility refers to the maximum amount of hydrogen that 

can dissolve in the metal matrix, while diffusivity describes the rate at 

Fig. 2. Crack propagation in the presence of IHE, showing pre-existing hydrogen atoms (green) diffusion toward an initial defect, accumulating, weakening atomic 
bonds, promoting plastic zone development (red curved line), and accelerating micro-crack formation and crack propagation in the metal lattice (blue). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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which hydrogen atoms move through the lattice. Materials with high 
hydrogen solubility and diffusivity are generally more prone to 
embrittlement because they can absorb and transport larger amounts of 
hydrogen. The solubility and diffusivity of hydrogen are affected by 
various factors, including the alloy’s composition, temperature, and the 
presence of microstructural traps such as dislocations, grain boundaries, 
and precipitates [8,95,96].

2.2.5. Hydrogen trapping
Hydrogen trapping refers to the capture of hydrogen atoms at spe

cific locations within the material, such as dislocations, grain bound
aries, or second-phase particles. Traps can either mitigate or exacerbate 
embrittlement, depending on their nature [97]. Beneficial traps immo
bilize hydrogen, preventing it from contributing to embrittlement pro
cesses, while detrimental traps accumulate hydrogen and promote 
localized embrittlement. The characteristics and distribution of these 
traps are crucial in determining a material’s overall susceptibility to HE.

2.2.6. Environmental conditions
The surrounding environment has a critical impact on the HE pro

cess. Variables such as temperature, pressure, and the presence of cor
rosive species can modify the behavior of hydrogen within metals, 
thereby affecting the severity of embrittlement [20,27,98,99]. In addi
tion, small quantities of certain gas species can either decrease, increase, 
or maintain the HE sensitivity at the same level [100–102].

2.2.6.1. Temperature. Temperature is a key factor that influences the 
solubility, diffusivity, and reactivity of hydrogen in metals. At lower 
temperatures, the mobility of hydrogen atoms decreases, leading to their 
accumulation at specific sites, such as dislocations or grain boundaries, 
which can increase the likelihood of crack initiation and propagation. 
Due to the higher diffusion barrier within grain boundaries compared to 
the bulk, hydrogen atoms exhibit slower mobility at these interfaces. 
Conversely, at higher temperatures, hydrogen atoms gain energy, 
enabling them to diffuse more rapidly. While this may reduce localized 
hydrogen concentrations, it can also elevate the risk of hydrogen attack 
and decarburization in steels [103–106]. Moreover, fluctuations in 
temperature can disrupt specific microstructural phases, resulting in the 
development of brittle phases like carbides or sigma phases. These 
brittle phases can serve as locations for hydrogen accumulation and the 
initiation of cracks.

2.2.6.2. Pressure. The partial pressure of hydrogen in the surrounding 
environment is a crucial factor influencing the degree of HE. In high- 

pressure settings, such as hydrogen storage and transportation sys
tems, the driving force for hydrogen penetration into the material is 
significantly heightened. Higher hydrogen partial pressures lead to 
greater hydrogen dissolution in the metal, thereby intensifying the risk 
of embrittlement. This effect is particularly significant in applications 
involving high-pressure hydrogen gas, where pressures reach 700 bar 
[107–109].

2.2.6.3. Corrosive species. The presence of corrosive species, such as 
sulfides, chlorides, or acids, can exacerbate HE by promoting hydrogen 
entry into the metal [110,111]. These species can cause localized 
corrosion or pitting, which act as stress concentrators, facilitating 
hydrogen ingress. For instance, the presence of hydrogen sulfide (H2S) in 
the environment can result in sulfide stress cracking (SSC), a form of HE 
marked by the development of brittle cracks under tensile stress and 
exposure to hydrogen sulfide.

2.3. Mitigation strategies

Various strategies can be implemented to reduce the impact of HE, 
such as applying protective coatings, utilizing specific alloying tech
niques, and managing environmental exposure. Coatings, including 
ceramic, metallic, and polymeric layers, act as barriers that prevent 
hydrogen from penetrating the material, thereby safeguarding the un
derlying metal from embrittlement. The incorporation of alloying ele
ments can improve a material’s resistance to HE by modifying its 
microstructure or forming stable hydrides that do not contribute to 
embrittlement [112,113].

Managing environmental exposure involves reducing potential 
sources of hydrogen, such as limiting the use of cathodic protection, 
avoiding acidic cleaning processes, and minimizing exposure to 
hydrogen-rich environments. Additionally, post-processing treatments 
can be used to remove hydrogen that has been absorbed into the metal 
lattice, thereby lowering the risk of embrittlement.

3. Permeability assessment

Evaluating permeability is likely to be highly important when 
studying HE. Insights into hydrogen diffusion within materials are key to 
assessing their vulnerability to embrittlement and guiding the devel
opment of protective coatings. On the steel surface, hydrogen molecules 
dissociate into atoms, which then diffuse through the steel.

When hydrogen penetrates a steel as atomic hydrogen (H) rather 
than as molecular hydrogen (H2), its concentration within the metal (CS) 

Fig. 3. Crack propagation in the presence of EHE, illustrating permeation of external hydrogen atoms (green) through initial surface defects, accumulating, 
weakening atomic bonds, promoting plastic zone development (red curved line), and accelerating micro-crack formation and crack propagation in the metal lattice 
(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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adheres to Sieverts’ Law, as described by Eq. (1) [114]. 

Cs = Ss
̅̅̅
p

√
Eq. 1 

Here, Ss denotes the solubility of hydrogen atoms in the steel, and p 
refers to the hydrogen molecule partial pressure at the measurement 
location. This law defines the correlation between the concentration of 
hydrogen dissolved in the metal and the square root of the hydrogen gas 
partial pressure. The hydrogen concentration in polymer film (Cf) is 
described by Eq. (2) [40]. 

Cf = Sf p Eq. 2 

Here, Sf represents the solubility coefficient of hydrogen within the 
polymer coating films. Unlike in steel, this law describes the relationship 
between the concentration of dissolved hydrogen in polymers and the 
hydrogen gas partial pressure, rather than its square root. It demon
strates that hydrogen solubility in polymers increases as the hydrogen 
gas pressure rises.

Understanding this principle is critical for analyzing hydrogen 
behavior in metallic materials, particularly in situations where HE or 
diffusion poses significant challenges.

On the other hand, the hydrogen permeability, Ƥf (through the ma
terial such as a polymer coating) is determined from the slope of the 

straight line (dp
dt

)

measured once steady-state diffusion is achieved by Eq. 

(3). 

Ƥf =
Vcd

RTAph
×

dp
dt

Eq. 3 

Where dp
dt is the rate of pressure change during steady-state diffusion 

(Pa⋅s− 1), Vc is the downstream chamber volume (m3), d is the thickness 
of the film (m), T is the temperature of the test (K), ph is the high gas 
pressure in the upstream (Pa), A equals to surface area of the specimen 
(m2) and R is universal gas constant (8.314 J mol− 1 K− 1).

The gas amount, q (mol), can be calculated by Eq. (4): 

q=
VcΔp
RT

Eq. 4 

where Δp represents the pressure difference in the downstream chamber 
measured over the duration of the test.

The diffusion coefficient D, is derived from the thickness (d) and the 
time lag, t′, which corresponds to the point where the steady-state 
diffusion curve intersects the time axis shown in Fig. 4 and can be 

calculated by Eq. (5) [115].
The time-lag relation used here follows the classical one-dimensional 

Fickian diffusion for a homogeneous coating of thickness d with constant 
diffusivity Df and Henry-law sorption, under a step change in upstream 
hydrogen pressure ph and a perfect sink on the downstream side. 

tʹ=
d2

6D
Eq. 5 

Evaluating the permeability of coatings is a fundamental component 
in determining their performance, particularly in safeguarding against 
HE [25]. The main goal of permeability assessment is to evaluate how 
effectively a coating acts as a barrier to hydrogen diffusion. Preventing 
hydrogen penetration is critical in scenarios where hydrogen exposure 
could cause embrittlement and subsequent failure. This section covers 
the underlying principles, methodologies, and importance of perme
ability assessment in evaluating coating performance.

3.1. Principles of permeability assessment

Permeability assessment involves quantifying the rate at which 
hydrogen can pass through a coating under defined conditions. Key 
factors in this evaluation include hydrogen partial pressure, tempera
ture, coating thickness, and any existing defects. A coating’s perme
ability is influenced by its inherent material properties, such as 
hydrogen solubility and diffusivity, as well as its microstructural char
acteristics, including density and porosity. The permeability coefficient 
(Ƥ) is a pivotal metric that quantifies hydrogen permeation [14].

Based on Fick’s first law of diffusion, the hydrogen flux (JS) passing 
through the steel sample can be determined using Eq. (6). 

JS =DS
dCS

dx
= DSSS

̅̅̅̅̅po
√ - ̅̅̅̅pi

√

dS
Eq. 6 

In this context, dS denotes the thickness of the steel specimen, while 
po and pi represent the hydrogen partial pressures on the high-pressure 
and low-pressure sides of the specimen, respectively. Hydrogen 
permeability through steel ƤS (mol.m− 1.s− 1.Pa− 1/2) is expressed in Eq. 
(7) as the product of hydrogen solubility (SS) and diffusivity (DS) within 
the material. 

Ƥs =DsSs Eq. 7 

Hydrogen passes through polymer coatings as hydrogen molecules, 
and the hydrogen flux through the film (Jf) can be described by Eq. (8). 

Jf =Df
dCf

dx
= Df Sf

po-pi

df
Eq. 8 

In this case, df represents the thickness of the polymer specimen, and 
po and pi refer to the hydrogen partial pressures on the high-pressure and 
low-pressure sides, respectively. The hydrogen permeability through 
polymers Ƥf (mol.m− 1.s− 1.Pa− 1) is described by Eq. (9) as the product of 
the hydrogen solubility (Sf) and the diffusivity coefficient (Df) within the 
coating material. 

Ƥf =Df Sf Eq. 9 

A lower permeability coefficient indicates greater resistance to 
hydrogen permeation, enhancing the coating’s effectiveness in pre
venting HE.

For a coated steel sample, the hydrogen flux must remain continuous 
across both the coating layer and the underlying steel. Since hydrogen 
exists as a diatomic species, the atomic flux corresponds to twice the 
molecular flux.

It should be noted that hydrogen transport in metals occurs as atomic 
hydrogen, with solubility proportional to the square root of pressure 
(Sieverts’ law). As a result, permeability is conventionally reported in 
units of mol.m− 1.s− 1.Pa− 1/2. In polymeric films, hydrogen remains 
molecular and obeys Henry’s law, giving permeability units of mol.m− 1. 

Fig. 4. Theoretical permeation curve, pink solid line, showing the total 
permeated amount (q) of gas over time and the time lag t′, where the extrap
olated steady-state line, dashed blue line, intersects the time axis, used to 
determine the diffusion coefficient. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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s− 1.Pa− 1. A direct comparison of permeabilities between the two ma
terial classes is invalid, since one is governed by a linear pressure 
dependence, Eq. (8), while the other follows a square-root pressure 
dependence, Eq. (6). Meaningful comparison is only possible through 
the flux values (Js and Jf) under identical upstream and downstream 
pressures, as expressed in Eq. (10) [40]. 

JS =2Jf Eq. 10 

3.2. Importance of permeability assessment

As mentioned, permeability assessment is critical for determining the 
effectiveness of coatings in preventing HE. The ability of the coating to 
block hydrogen ingress is vital in applications where hydrogen exposure 
could lead to catastrophic failures, such as in fuel cells and high-pressure 
hydrogen storage systems. By measuring the permeability coefficient, 
this assessment provides a quantitative evaluation of a coating’s barrier 
properties, facilitating the selection and optimization of coatings for 
specific uses.

Moreover, permeability assessment is instrumental in detecting po
tential defects or weaknesses within the coating that could compromise 
its performance. Defects such as pinholes, cracks, and porosity can 
significantly increase a coating’s permeability, diminishing its effec
tiveness in preventing hydrogen diffusion. Detecting and addressing 
these defects is crucial for maintaining the long-term durability and 
reliability of coatings in demanding environments.

3.3. Methods of permeability assessment

Various methods are employed to evaluate coating permeability, 
each with specific advantages and limitations. The method selection is 
influenced by factors such as the coating material, thickness, and 
application requirements. Common methods for permeability assess
ment include physical hydrogen permeation [30,116] and electro
chemical hydrogen permeation setups (i-iii), see also Table 1: 

i. Physical hydrogen gas permeation test using mass spectrometry

The hydrogen permeation test is a commonly employed method for 
evaluating the permeability of coatings. In this procedure, one side of 
the coated sample is exposed to a hydrogen-rich environment, while the 
opposite side is monitored for hydrogen permeation. As illustrated in 
Fig. 5, hydrogen detection is typically carried out using techniques such 
as mass spectrometry or electrochemical sensors. The hydrogen 

permeation rate is measured over time, and the permeability coefficient 
is calculated based on the steady-state hydrogen flux through the 
coating. 

ii. Physical hydrogen gas permeation test using pressure gauges

The gas diffusion cell method involves the use of a sealed cell con
taining a hydrogen gas atmosphere, with the coated sample serving as a 
barrier between the hydrogen source and a detection chamber. As 
depicted in Fig. 6, by monitoring the pressure or hydrogen concentration 
in the detection chamber over time, the hydrogen diffusion rate through 
the coating can be assessed. This technique is particularly well-suited for 
high-temperature environments where exposure to hydrogen gas is a 
significant concern. 

iii. Electrochemical hydrogen permeation test

Known as the Devanathan-Stachurski method [116], Fig. 7, the 
electrochemical permeation test involves a dual-cell arrangement with 
the coated sample serving as a membrane. Hydrogen is generated 
electrochemically in one cell and permeates through the coating. The 
permeated hydrogen is detected and oxidized in the second cell, pro
ducing a current proportional to the amount of hydrogen that has passed 
through the coating. This current allows for the calculation of the 
permeability coefficient.

Table 1 summarizes the main experimental techniques employed to 
evaluate hydrogen permeation through materials.

3.4. Challenges and future perspectives in permeability testing

While permeability testing is crucial for evaluating coatings, several 
challenges persist in obtaining accurate measurements and interpreting 
permeability data. A significant challenge lies in the sensitivity of cur
rent measurement techniques, especially for coatings with very low 
permeability.

To overcome this, researchers are deploying quadrupole online mass 
spectrometry to capture real-time H2 crossover and mixed-gas time-lag 
in polymer films [119,120], and electrochemical hydrogen probes, 
notably amperometric double-electrolyte sensors and solid-state poten
tiometric sensors, for in-situ hydrogen permeation monitoring [121,
122].

Environmental factors, including temperature and pressure, also 
pose challenges, as they can significantly influence a coating’s 

Table 1 
Comparison of hydrogen permeation measurement techniques.

Technique Principle Advantages Limitations

Physical hydrogen gas permeation test 
using mass spectrometry

Hydrogen permeating through a permeable sample 
is detected in a vacuum chamber by mass 
spectrometry

- Highest sensitivity among gas-based 
methods

- Quantitative permeability measurement
- Applicable to ultra-low-permeability 

barriers

- Requires high-vacuum systems 
and complex calibration

- High cost and limited 
accessibility

- Thin-film leakage/sealing 
problems reduce reproducibility

Physical hydrogen gas permeation test 
using pressure gauge/detection cell

Hydrogen is applied at pressure on one side of a 
permeable sample; downstream accumulation/ 
pressure rise is measured

- Established for polymers and films 
(ASTM D1434, ISO 15105 [117]), though 
not hydrogen-specific

- Applicable across a wide range of 
pressures and temperatures

- Straightforward permeability and 
diffusion evaluation via time-lag analysis

- Hydrogen-specific standards 
absent - Lower sensitivity than 
mass spectrometry 
- Long test times for low- 

permeability samples
- Thin-film sealing issues

Electrochemical permeation test 
(Devanathan–Stachurski method)

Hydrogen generated electrochemically on the 
charging side permeates through the specimen and 
is oxidized on the detection side

- Standardized by ASTM G148–97 [118] 
for metals to have reproducible and 
comparable results

- Widely validated for metallic substrates
- Enables real-time, in-situ monitoring
- Low equipment cost
- Can distinguish reversible vs. irreversible 

traps

- Requires conductive substrates
- Signal influenced by traps, 

oxides, and charging efficiency
- Not directly applicable to non- 

porous/non-conductive samples 
like polymers
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permeability. Variations in these conditions can lead to considerable 
changes in permeability, necessitating testing under conditions that 
closely mimic actual operating environments. Furthermore, the pres
ence of multiple gases or impurities during testing can complicate data 
interpretation, making it necessary to employ advanced analytical 
methods to differentiate between various permeating species.

Future directions in permeability testing focus on creating stan
dardized testing protocols and developing advanced analytical methods 
to enhance the precision and reliability of permeability measurements. 
The development of in-situ monitoring techniques, such as real-time 
electrochemical sensors and non-destructive evaluation methods, 
shows great potential for assessing coating permeability during opera
tion. These advancements will offer valuable insights into coating 

performance in practical applications, paving the way for more effective 
protective solutions against HE.

In summary, permeability testing is essential for evaluating the 
protective performance of coatings against hydrogen embrittlement 
(HE). Accurate measurement and quantification of hydrogen perme
ation through both bare and coated materials are critical for ensuring 
the long-term safety and reliability of components exposed to hydrogen- 
rich environments. Notably, techniques capable of reliably assessing 
hydrogen permeability under gaseous conditions, rather than solely 
electrochemical methods, are particularly valuable, especially when 
integrated with mechanical evaluation approaches. As technological 
capabilities advance, the development of highly sensitive and robust 
testing methodologies will be pivotal in optimizing next-generation 

Fig. 5. Schematic of hydrogen gas (purple spheres) permeation test using mass spectrometry, where hydrogen passes through a coated specimen (green layer) and is 
detected on the vacuum side to determine permeability. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)

Fig. 6. Schematic of hydrogen gas (purple spheres) permeation setup using pressure gauges, where hydrogen passes through a coated specimen (green layer) in a 
sealed cell, and the resulting pressure change in the detection chamber is monitored to evaluate permeability. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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hydrogen barrier coatings across a broad spectrum of industrial 
applications.

4. Coating methods

Numerous techniques are available for the application of HBCs. In 
this section, we briefly introduce several methods employed to inhibit 
hydrogen permeation, along with the underlying principles of their 
operation. A more detailed discussion of the materials compatible with 
each technique is provided in the following section, as the suitability of a 
given method often depends on the nature of the coating material.

4.1. Physical vapour deposition (PVD)

Physical vapour deposition (PVD) encompasses a suite of vacuum- 
based techniques, including magnetron sputtering, evapouration, arc 
vapour deposition, and electron beam deposition, each tailored for 
specific substrate geometries and coating compositions. These methods 
operate by vaporizing a solid target in a low-pressure environment, 
followed by condensation onto the substrate to form dense, uniform 
films. The vacuum atmosphere minimizes contamination and enables 
high-purity coatings with nanometre-scale precision [123].

Among PVD methods, magnetron sputtering has emerged as a 
particularly advantageous technique for hydrogen prevention applica
tions due to its ability to produce dense, defect-minimized films through 
energetic ion bombardment. This bombardment not only enhances 
adhesion but also refines grain structure, which in turn improves resis
tance to hydrogen diffusion and mechanical degradation [124]. One of 
the critical attributes of PVD coatings lies in their microstructural 
compactness, which impedes hydrogen ingress.

Despite their effectiveness, PVD coatings are not without limitations. 
Their application is often restricted to line-of-sight geometries, making 
uniform deposition on complex components or internal surfaces difficult 
[125,126]. Knowledge gaps persist in understanding the long-term 

degradation mechanisms of PVD coatings in operational hydrogen-rich 
environments. There is a need for systematic studies on crack initia
tion, grain boundary hydrogen diffusion pathways, and the role of 
interface integrity under cyclic loading and elevated temperatures.

As schematically illustrated in Fig. 8, a solid target material is 
vaporized via sputtering in a high-vacuum chamber and transported 
through an inert gas atmosphere to form a uniform thin film on an 
electrically conductive substrate [127,128].

Fig. 7. Experimental setup for measuring hydrogen permeability using the Devanathan-Stachurski method where hydrogen is generated on the charging side (NaCl 
solution) and diffuses through the metallic sample, where it is detected on the opposite side (NaOH solution) via oxidation current measured by a potentiostat 
connected to the working (WE), counter (CE), and reference (RE) electrodes.

Fig. 8. Schematic illustration of the PVD process, including vapour generation, 
transport, and condensation onto the substrate to form thin films.
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4.2. Chemical vapour deposition (CVD)

Chemical vapour deposition (CVD) is a technique where thin layers 
are produced through chemical reactions of vapour-phase precursors at 
the surface of a substrate. The process generally unfolds through four 
main stages: initially, reactive gases are delivered close to the substrate; 
next, these species attach to the surface; this is followed by surface- 
driven chemical transformations that lead to material deposition; and 
finally, volatile byproducts are released and evacuated from the surface 
region [129]. Unlike PVD, CVD enables the formation of conformal, 
pinhole-free films over complex geometries, making it a promising 
strategy for hydrogen barrier applications, particularly in environments 
where uniform coverage is critical, such as internal piping.

One of CVD’s limitations lies in the high processing temperatures, 
which may exceed 800–1000 ◦C [130,131]. This restricts CVD applica
tion on thermally sensitive alloys or materials that experience phase 
transformation or property degradation at elevated temperatures. High 
vacuum CVD (HVCVD), metal-organic CVD (MOCVD), and 
plasma-enhanced CVD (PECVD) have emerged as alternatives to lower 
the thermal budget, although they often compromise film crystallinity or 
require more complex precursor chemistry [132].

CVD, as shown in Fig. 9, ensures precise control over thickness and 
microstructure, yielding high-purity coatings. The resultant films are 
particularly efficient in mitigating HE by reducing hydrogen ingress and 
enhancing surface hardness, thereby reducing microcrack propagation 
[133].

4.3. Thermal spraying

Thermal spraying involves propelling molten or partially molten 
particles at high velocity onto a substrate to form a coating layer. A 
broad range of materials, such as metals, ceramics, composites, and al
loys, can be applied using thermal spray methods. While this method is 
effective in providing protective coatings, the rough finish can some
times hinder the flow efficiency in certain applications [134,135]. The 
primary mechanism underlying the enhanced performance of thermally 
sprayed films subjected to ultra-rapid cooling is attributed to their lower 
defect density compared to conventionally sprayed coatings, combined 
with the barrier effect of passivation layers and their capacity to trap 
hydrogen [136].

Techniques such as plasma spraying and high-velocity oxygen fuel 
(HVOF) spraying are notable for producing coatings with excellent 
thermal and mechanical properties [97,137]. Fig. 10 depicts the thermal 
spray coating process schematically.

4.4. Sol-gel processing

The sol-gel technique offers a low-temperature, solution-based route 
for fabricating ceramic coatings with tailored composition and micro
structure. It involves the hydrolysis and condensation of metal alkoxide 
or inorganic salts to form a gel, which is then deposited and thermally 
treated to yield an oxide layer. While often regarded as cost-effective 
and chemically versatile, the sol-gel method faces several limitations 
in the context of hydrogen permeation resistance. This method often 
requires long processing times, and the coexistence of alcohol salts and 
water in precursor solutions can lead to shrinkage or cracking during 
drying and heat treatment [138]. Such defects compromise the coating’s 
integrity and facilitate hydrogen ingress. In addition, researchers 
emphasize that a critical issue with sol-gel-derived coatings has been 
their poor adhesion to the metal surface, likely due to interfering oxide 
layers [139]. These inherent drawbacks highlight the need for careful 
optimization of processing parameters and substrate preparation when 
considering sol–gel coatings as hydrogen permeation barriers.

Sol-gel processing, as shown in Fig. 11, involves forming ceramic 
coatings from colloidal solutions through a chemical approach. This 
method enables the customization of coatings such as aluminum oxide 
(Al2O3), erbium oxide (Er2O3), and silicon dioxide (SiO2), tailored for 
specific wear and corrosion resistance applications [140–143]. The 

Fig. 9. Schematic of the CVD process, where vapour-phase precursors react on a heated substrate surface to form a thin film. The process involves precursor delivery, 
surface adsorption, chemical transformation, and byproduct removal, enabling precise control over film composition and thickness.

Fig. 10. Schematic representation of the thermal spray coating process, where 
molten or semi-molten particles are propelled onto a substrate using thermal 
energy and fuel gas.
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resulting films provide dense barriers against hydrogen diffusion, 
improving overall performance under aggressive environments [138,
144].

4.5. Pack cementation

Pack cementation is a diffusion-based technique in which aluminides 
and chromides are deposited onto metal substrates. This process is 
carried out through a three-phase mechanism. First, volatile metal ha
lides are produced by the reaction between a halogen-rich gas and a 
solid activator, and these halide vapors migrate to the substrate surface, 
where they undergo a chemical exchange to release reactive metal 
atoms. In the second phase, these atoms interact with the substrate and 
diffuse together, initiating the formation of a new alloy zone. Finally, a 
subsequent thermal treatment promotes the growth of the protective 
coating on top of this alloyed surface.

This method is advantageous for creating continuous and adherent 
protective layers, although the process can be time-consuming for 
complex geometries. Fig. 12 illustrates the process of pack cementation 
schematically.

4.6. Atomic layer deposition (ALD)

Atomic layer deposition (ALD) relies on the successive and separated 
introduction of two or more chemical vapours into a low-pressure 
environment (typically below 1 Torr). Each vapour interacts with the 
surface in a self-limiting reaction, meaning it only reacts with available 
functional groups until saturation is reached, typically depositing a sub- 
monolayer or monolayer. After each precursor exposure, inert gases 
such as nitrogen or argon flush the chamber to eliminate residual re
actants and by-products. The subsequent reactant is then introduced, 
reacting with the surface species left from the first step. Repeating these 

Fig. 11. Schematic of the sol-gel process for thin film coating, showing the transformation from precursor solution to sol-gel, followed by application via (i) dip 
coating, (ii) spin coating, or (iii) electrodeposition, and final drying/curing to form the coating.

Fig. 12. Schematic representing the pack cementation process, where a specimen is embedded in a reactive powder mixture and heated in a furnace to form a layer 
on the sample surface through vapour-phase diffusion.
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cycles builds up material layer by layer, allowing atomic-scale control 
over thickness and composition. ALD processes are usually carried out at 
moderately low temperatures, commonly under 350 ◦C, which makes 
them suitable for temperature-sensitive substrates [145].

This method has emerged as one of the most promising techniques 
for engineering hydrogen-resistant ceramic coatings due to its unique 
ability to produce ultrathin, conformal, and pinhole-free films with sub- 
nanometre thickness control. Unlike CVD or PVD, ALD relies on 
sequential, self-limiting surface reactions that ensure layer-by-layer 
growth with exceptional uniformity, even on high-aspect-ratio or com
plex geometries [146,147].

However, ALD is not without limitations. The main drawback is the 
slow deposition rate, which limits scalability for thick coatings. While 
this is acceptable for nanocoatings or precision applications, it poses 
challenges for industrial adoption in structural components. Addition
ally, the availability and cost of reactants and the equipment, especially 
for advanced nitrides or hybrid oxides, remain a barrier for widespread 
use [146].

Another concern is substrate compatibility. Despite ALD’s con
formality, adhesion issues can arise due to thermal expansion mismatch 
or inadequate surface activation. Pre-treatment strategies (e.g., plasma 
activation or seed layers) and applying a transition layer with a 
compatible thermal expansion coefficient are often necessary to ensure 
durable bonding, particularly when applying ALD coatings to non-oxide 
substrates [148]. Fig. 13 shows the illustration of the ALD process 
schematically.

4.7. Hot dipping

In hot-dip coating, the steel is immersed in a bath of molten zinc or 
aluminum, forming a protective coating on its surface [149]. Numerous 
investigations have explored the application of hot-dip coatings as an 
effective strategy to mitigate hydrogen and hydrogen isotope perme
ation through structural materials.

A detailed study on hot-dip aluminizing as a hydrogen isotope 
permeation barrier revealed that the permeation rate through bare 
MANET II steel could be reduced by factors of approximately 260 at 743 
K and 1000 at 573 K. Despite the strong adhesion of the aluminized 
coating to the substrate, the comparable activation energies between 
coated and uncoated samples suggest that the permeation suppression 

arises primarily from a reduction in the effective permeation area, rather 
than the formation of a dense, continuous alumina barrier layer. This 
highlights the importance of microstructural features and intermetallic 
phase distribution in influencing permeation performance [150].

In another study by Zhang et al. [151], the hydrogen permeation 
behavior of hot-dip galvanized steel exposed to simulated marine en
vironments was studied using a modified Devanathan–Stachurski cell, 
revealing a strong dependence on environmental conditions and coating 
integrity. The permeation current density and accumulated hydrogen 
content increased markedly with rising temperature and humidity, 
indicating enhanced hydrogen ingress under moist atmospheric expo
sure. Furthermore, the presence of coating defects intensified hydrogen 
absorption due to the cathodic protection effect provided by the sur
rounding zinc, which promotes electrochemical reactions on the 
exposed steel surface.

4.8. Dip coating

Dip coating is a commonly employed method for producing thin, 
uniform coatings, even on substrates with complex geometry. In this 
technique, as shown in Fig. 14, the substrate is immersed in a polymer 
solution and withdrawn at a controlled rate, allowing a uniform film to 
form as the solvent evaporates. The thickness of the coating can be 
precisely controlled by adjusting parameters such as withdrawal speed, 
solution viscosity, and polymer concentration. Dip coating is particu
larly advantageous for applications where gas barrier performance is 
critical, such as protective coatings for electronic components and 
packaging materials [152].

4.9. Casting and curing

This is another widely used method, especially for producing thick, 
robust films. In this process, a polymer solution is poured onto a sub
strate, spread to achieve the desired thickness, and subsequently cured 
by solvent evaporation or thermal treatment. Additives such as fillers, 
plasticizers, and crosslinking agents can be incorporated during the 
casting process to enhance mechanical strength, thermal stability, and 
barrier properties. This method is particularly effective for fabricating 
gas barrier films, including those used in food packaging [40,153].

Fig. 13. Schematic of the ALD process, involving cyclic, self-limiting surface reactions of alternating precursor pulses. Each half-reaction deposits no more than a 
monolayer on the substrate, followed by purging with inert gas to remove excess reactants and by-products. Repetition of this sequence builds a conformal and 
precisely controlled thin film, typically under low pressure and moderate temperatures.
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4.10. Spraying

It is a versatile technique that allows for rapid and uniform deposi
tion of polymer coatings onto substrates of varying sizes and shapes. In 
this method, the polymer solution or molten polymer is atomized and 
sprayed onto the substrate surface, forming a coating upon solvent 
evaporation or cooling. The spraying process can be automated, making 
it highly suitable for industrial-scale applications where large surfaces 
need to be coated efficiently. It is extensively used in the aerospace, 
automotive, and electronics industries, where protective and functional 
coatings are required [154].

4.11. Extrusion

This is predominantly employed for thermoplastic polymers, such as 
polyethylene, to produce continuous films, sheets, or liners. During 
extrusion, the molten polymer is forced through a die, and the resulting 
product exhibits enhanced barrier properties due to molecular chain 
alignment in the extrusion direction. This method is widely used in the 
fabrication of pipeline liners and external sheaths for hydrogen 
containment, where large-scale, continuous coatings are required [155,
156].

Table 2 outlines the principal coating deposition techniques used to 
develop hydrogen barrier layers, including metallic, ceramic, polymeric, 
and composite systems, and lists the advantages and disadvantages of 
each method in terms of process feasibility, scalability, and barrier 
performance.

4.12. Challenges and future perspectives in coating techniques

Despite the demonstrated hydrogen diffusion resistance of coating 
systems, critical challenges persist that hinder their widespread 
deployment in hydrogen fuel cells and energy infrastructure. Notably, 
the long-term mechanical reliability of these coatings, specifically their 
adhesion under cyclic loading, resistance to fatigue, and ability to 
mitigate or heal cracks under operational stresses, remains insufficiently 
characterized. Addressing these gaps necessitates more integrated 
research approaches, combining mechanical testing with in-situ 
hydrogen permeation analysis and environmental exposure assessments.

The incorporation of real-time, in situ diagnostic tools is critical for 
understanding and optimizing coating behaviour during deposition. 
These tools can monitor stress evolution, splat dynamics, film growth 
kinetics, and interfacial bonding, enabling adaptive control of process 

parameters to enhance adhesion and structural stability. Fig. 15 lists 
different coating processes employed for applying coatings.

5. Key hydrogen barrier coatings

Mitigating HE involves strategies aimed at reducing hydrogen 
ingress into a metallic substrate by application of various HBCs using 
surface engineering techniques. The mechanism of hydrogen perme
ation through coated metallic substrates typically follows a multistep 
process involving surface interactions and diffusion phenomena. 
Initially, molecular hydrogen (H2) is adsorbed onto the surface of the 
protective coating, where it dissociates into atomic hydrogen. These 
hydrogen atoms then diffuse through the barrier layer and subsequently 
into the underlying metal substrate. Once they reach the opposite sur
face, the atoms recombine into molecular hydrogen and desorb from the 
material. An effective hydrogen permeation barrier should hinder each 
of these stages, particularly atomic diffusion through the coating and 
substrate, to minimize hydrogen uptake and transport. This conceptual 
framework is illustrated in Fig. 16(a) [23].

HBCs, when applied to metallic substrates through appropriate sur
face engineering methods, serve to impede hydrogen ingress via two 
principal mechanisms. Firstly, materials possessing densely packed 
crystal structures and strong chemical bonds, such as ionic or covalent 
bonds, effectively obstruct hydrogen atom diffusion by requiring sub
stantial energy to disrupt these stable bonding interactions. This 
mechanism is commonly associated with metallic and ceramic coatings. 
In the second approach, the barrier material contains a high density of 
structural defects, such as dangling bonds or vacancies, which act as trap 
sites. These defects capture incoming hydrogen atoms and inhibit their 
further transport into the underlying substrate. These complementary 
strategies are illustrated schematically in Fig. 16(b–c) [24]. Fig. 16 (d) 
[26] presents a schematic representation of the hydrogen ingress 
mechanism in a coated metallic substrate. It highlights the sequential 
process starting from the adsorption and dissociation of 
hydrogen-containing molecules (such as H2 or H2O) on the coating 
surface. Once dissociated, atomic hydrogen enters the coating, typically 
through interstitial sites, and diffuses across the barrier layer. Without 
an effective hydrogen permeation barrier, this atomic hydrogen would 
continue its path, eventually reaching the metallic substrate. There, 
hydrogen accumulates at microstructural defects such as grain bound
aries, dislocations, and vacancies, sites that facilitate hydrogen trapping 
and embrittlement. This figure underscores the role of coatings as 
diffusion barriers, where the goal is to increase both the energy barrier 

Fig. 14. Dip coating process including (a) Dipping, (b) Withdrawal, (c) Formation of coating, (d) Solvent evaporation.
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and diffusion length for hydrogen transport, thereby mitigating the risk 
of HE, stress corrosion cracking, and hydrogen blistering in structural 
materials.

Li et al. [25] proposed three fundamental models to describe 
hydrogen permeation through HBCs, as illustrated in Fig. 16(e–g). In the 
surface-limited model (Fig. 16 (e)), hydrogen permeation is primarily 
restricted by the surface of the coating, making surface reactions the 

rate-limiting step in the overall transport process. The areal-defect 
model (Fig. 16 (f)) considers the role of localized structural imperfec
tions, such as pores, voids, or microcracks, through which hydrogen 
selectively permeates, with the effective permeation rate governed by 
the area and distribution of these defects. The third model, known as the 
composite barring model (Fig. 16 (g)), describes multilayer or hetero
geneous coatings in which multiple permeation mechanisms as shown in 
Fig. 16 (h) [53] operate simultaneously, leading to improved barrier 
performance due to interfacial resistance and the synergistic effects of 
different material layers. These three models, along with a schematic of 
hydrogen diffusion pathway obstruction in multi-layer nanocomposite 
coatings, provide a conceptual framework for understanding hydrogen 
transport phenomena in coated systems and are widely referenced for 
the evaluation and design of high-performance hydrogen permeation 
barriers.

A variety of coatings have been developed and implemented as HBCs 
to mitigate the effects of HE [23–26,116,158–160]. These coatings 
generally fall into four main categories: metallic coatings, ceramic 
coatings, polymer coatings, and composite-multilayer coatings, each of 
which will be discussed in detail below.

5.1. Metallic coatings

This section delves into the different types of metallic coatings, their 
properties, application techniques, and their effectiveness in preventing 
HE, supported by relevant studies and research. Metallic coatings can be 
classified based on the metal used and their intended function.

Various strategies have been reported for applying metallic coatings; 
however, current strategies vary widely in their effectiveness, dura
bility, and compatibility with different applications [161]. Metallic 
coatings are widely employed as protective layers that limit hydrogen 
uptake to prevent HE in steel [123].

5.1.1. Hydrogen permeability in metals
While metallic coatings offer significant benefits, the energy required 

for their application and the high cost of noble metals restrict their use to 
extreme service conditions where robust protection is paramount. 
Fig. 17 shows different metal coatings such as gold (Au) [162], chro
mium (Cr) [163], copper (Cu) [164], tungsten (W) [165], nickel (Ni) 
[166], vanadium (V) [167], and more complex alloy coatings [43,55,
168] which have been applied as HBCs on susceptible substrates.

Also, Table 3 provides a comprehensive summary of hydrogen 
permeability data for various metallic coatings, highlighting significant 
variations in permeability values as a function of metallic coatings.

Materials such as vanadium (V), titanium (Ti), and niobium (Nb) 
demonstrate notably high hydrogen permeability, with values on the 
order of 10− 8 to 10− 9 mol.m− 1.s− 1.Pa− 1/2 at elevated temperatures 
(500 ◦C). These materials, while advantageous for hydrogen transport 
membranes due to their high diffusivity, are unsuitable as HBCs due to 
their inability to sufficiently block hydrogen ingress.

Vanadium has the highest hydrogen permeability in the table at 2.9 
× 10− 8 mol.m− 1.s− 1.Pa− 1/2 at 500 ◦C, making it the least effective 
hydrogen barrier coating. This high permeability likely results from 
Vanadium’s metallic lattice structure, which allows for rapid hydrogen 
diffusion. Aligning the lattice constant with that of pure vanadium by co- 
alloying elements that contract and expand the lattice proved to be 
highly effective in preserving the high hydrogen diffusivity of pure va
nadium [172].

Nickel (Ni) and iron (Fe) present slightly lower permeability 
(~10− 10 mol.m− 1.s− 1.Pa− 1/2), still making them relatively permeable 
and hence not ideal candidates for hydrogen barrier applications. 
Austenitic and ferritic steels display moderate permeability in the range 
of 10− 11 mol.m− 1.s− 1.Pa− 1/2, with ferritic steels demonstrating higher 
values (~3 × 10− 11 mol.m− 1.s− 1.Pa− 1/2), potentially due to their body- 
centered cubic structure, which is more accommodating to hydrogen 
diffusion than FCC [173].

Table 2 
Comparison of coating deposition methods for hydrogen barrier applications.

Method Coating 
material

Advantages Disadvantages

Physical vapour 
deposition 
(PVD)

Metallic, 
Ceramic

⁃ High purity and 
density of 
deposited films

⁃ Low process 
temperature

⁃ Limited large-scale 
applicability (small 
chamber, high cost)

⁃ Line-of-sight, poor 
coverage of pores/ 
complex shapes

Chemical 
vapour 
deposition 
(CVD)

Metallic, 
Ceramic

⁃ Conformal, can 
coat pores and 
complex shapes

⁃ Scalable

⁃ High temperature 
required (>800 ◦C)

⁃ High capital and 
maintenance costs

Atomic layer 
deposition 
(ALD)

Ceramic, 
Composite

⁃ Atomic-level 
thickness control

⁃ Excellent 
conformality, even 
on complex 
geometries

⁃ Very slow growth rate
⁃ Expensive precursors 

and equipment

Electroplating Metallic ⁃ Simple, low-cost
⁃ Good for complex 

shapes

⁃ Hydrogen uptake 
during deposition

⁃ Porosity reduces 
barrier effectiveness

Hot dipping Metallic, 
Composite

⁃ Strong adhesion
⁃ Low cost, widely 

available

⁃ Non-uniformity over 
large areas

⁃ Brittleness and 
microstructural 
defects may increase 
hydrogen uptake

Thermal 
spraying

Metallic, 
Ceramic

⁃ Thick, durable 
coatings

⁃ High deposition 
rate

⁃ Porosity may promote 
hydrogen ingress

⁃ Energy-intensive, and 
variable adhesion

Pack 
cementation

Metallic ⁃ Low cost, scalable 
for large 
production

⁃ Produces adherent 
diffusion coatings

⁃ Slow process
⁃ Limited durability 

against hydrogen 
ingress

Sol–gel Ceramic ⁃ Low-cost, 
compositional 
flexibility

⁃ Scalable for large 
areas

⁃ Porosity and cracking 
limit long-term 
effectiveness

⁃ Poor adhesion to pre- 
oxidized substrates

Dip coating Polymer, 
Composite

⁃ Simple, scalable, 
low cost

⁃ Uniform films on 
complex substrates

⁃ Solvent removal may 
cause defects

⁃ Limited control over 
thickness

Casting and 
curing

Polymer ⁃ Thick, robust films
⁃ Easy incorporation 

of fillers/ 
crosslinkers

⁃ Not suitable for 
complex geometries

⁃ Slow drying/curing

Spraying Polymer, 
Composite

⁃ Rapid, uniform, 
scalable

⁃ Automated for 
industry

⁃ Coating defects, if 
poorly controlled

⁃ Limited thickness 
control

Extrusion Polymer ⁃ Produces 
continuous large- 
scale liners/films

⁃ Chain alignment 
improves barrier 
properties

⁃ Limited to 
thermoplastics

⁃ Expensive equipment

Hybrid / 
multilayer 
deposition

Composite ⁃ Synergistic barrier 
+ mechanical 
performance

⁃ Interfacial 
trapping reduces 
permeability

⁃ Complex processing
⁃ Scale-up challenges
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At the lower end of the permeability spectrum, refractory metals 
such as tungsten (W) show exceptional hydrogen barrier properties with 
permeability values as low as 4.3 × 10− 15 mol.m− 1.s− 1.Pa− 1/2. This 
makes it a strong candidate for high-temperature HBC applications, 
especially in hydrogen-intensive environments.

Inconel 600, a nickel-based superalloy, presents a moderate perme
ability (~2.8 × 10− 11 mol.m− 1.s− 1.Pa− 1/2 at 500 ◦C), suggesting its 
viability in high-temperature environments where oxidation resistance 
is also a consideration.

The data for 316L stainless steel reveal a clear temperature depen
dence in hydrogen permeability. At 450 ◦C, the permeability ranges 
from 5.1 to 7.35 × 10− 11 mol.m− 1.s− 1.Pa− 1/2, which decreases pro
gressively to ~3.85–4.88 × 10− 12 mol.m− 1.s− 1.Pa− 1/2 at 300 ◦C. This 
trend aligns with the Arrhenius-type behaviour of diffusion processes, 
highlighting the importance of operating temperature in material se
lection for hydrogen barriers.

Chromium (Cr) demonstrates relatively low permeability across the 
measured temperature range (10− 12 to 10− 14 mol.m− 1.s− 1.Pa− 1/2), 
particularly at 200 ◦C, where it reaches as low as 1.95 × 10− 14 mol.m− 1. 
s− 1.Pa− 1/2.

Lightweight metals like beryllium (Be) and aluminium (Al) also 
exhibit very low hydrogen permeability, with Be reaching values as low 
as 2 × 10− 15 mol.m− 1.s− 1.Pa− 1/2 at 400 ◦C and Al showing values down 
to 5.7 × 10− 14 at 160 ◦C. These metals are promising for applications 
where both low weight and high hydrogen resistance are required, 
though considerations like toxicity and oxide film stability must be 
addressed.

In the context of hydrogen exposure, Abramov et al. [174] conducted 
a detailed investigation of deuterium diffusion and permeation through 
high-purity Be membranes using the gas-driven permeation method. 
Their work carefully decoupled surface oxide effects from bulk diffusion 
using multilayer analysis and reported effective diffusivities in the range 
of 6.7 × 10− 9 to 8.0 × 10− 9 m2.s− 1, depending on purity grade. The 
values presented in their study were derived exclusively from 
high-temperature measurements, as at lower temperatures, the contri
bution of the oxide film becomes predominant in governing the effective 
diffusivity. These values, while moderate, are still significantly lower 
than those of uncoated structural steels.

The data suggest that W, Be, Al, and Cr are among the most prom
ising candidates for effective HBCs due to their low hydrogen perme
ability. The selection of an appropriate material must balance 
permeability, mechanical properties, temperature conditions, and other 
applications (specific requirements). Further studies involving multi
layer coatings and surface treatments could enhance these materials’ 
performance in real-world applications.

5.1.2. Various metal coatings
Each type of coating offers unique benefits, making them suitable for 

specific uses. Metal coatings have been identified for their low atomic 
hydrogen permeability, thus providing effective protection against HE. 
However, not all metals are suitable for this application. For instance, 
lead and tin have been found to accelerate hydrogen diffusion within 
iron, making them ineffective as protective coatings [162].

Kim et al. [43] compared Zn–Ni, Zn–Ni–Cd, and Cd coatings and 
provided direct electrochemical evidence that Zn–Ni–Cd alloyed coat
ings offer the lowest hydrogen permeation current and highest corrosion 
resistance among the three. The hydrogen absorption rate was signifi
cantly suppressed due to reduced surface hydrogen coverage and a 
decrease in the recombination rate constant. However, serious limita
tions exist, as cadmium is highly toxic and subject to strict environ
mental regulations, which significantly restrict its application. The hard 
chromium coatings, though once considered viable, have demonstrated 
embrittlement risk in real-world applications. Araujo et al. [175] con
ducted a failure analysis on chromium-coated 17-4 PH steel and 
revealed that hydrogen-induced intergranular fracture initiated at the 
coating–substrate interface, worsened by gas-pitting and insufficient 
hydrogen baking. This case underscores the fragility of electrodeposited 
coatings when surface defects, residual stress, or inadequate 
post-treatment are present.

Zn–Co systems, while offering some sacrificial protection, showed 
incomplete mechanical recovery even after 48 h of post-baking at 200 ◦C 
[168]. Hillier and Robinson [168] found that only when a nickel 
interlayer was introduced before Zn–Co deposition was HE significantly 
mitigated. Furthermore, newer alloy systems such as zinc–12 %cobalt–9 
%iron [168] have shown potential in reducing embrittlement through 
optimized interfacial behaviour and multicomponent synergies, though 
data on long-term mechanical cycling or real-world environmental 
exposure remain sparse.

A more recent and innovative approach involves magnetron- 
sputtered Al–Ti–W amorphous coatings, as investigated by Lakdhar 
et al. [55]. These coatings exhibit a dense, nanostructured morphology 
with no detectable porosity and excellent thermal stability up to 665 ◦C. 
Importantly, hydrogen uptake measurements under both chemical and 
electrochemical charging conditions demonstrated up to a 70 % reduc
tion in absorbed hydrogen relative to uncoated steel. The performance 
was found to scale with W content, indicating a structur
e–composition–function relationship in which amorphization and 
atomic-scale mixing inhibit hydrogen diffusion and trapping. While the 
results are promising, the study lacks direct hydrogen permeation flux 
measurements, as well as mechanical testing under hydrogen-charged 
states. Additionally, corrosion resistance was noted to decrease with 

Fig. 15. Classification of coating techniques for thin film deposition based on chemical, physical, and mechanical processes [157].
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Fig. 16. (a) The multistep process of hydrogen permeation in a substrate with thin film HBC [23]; The HBC surface engineering techniques to effectively (b) trap 
hydrogen in HBC or (c) block the penetration of hydrogen into HBC and further into a substrate [24]; (d) HBC safeguard from excessive hydrogen entry/penetration, 
and distribution at various microstructural locations [26]; (e–g) Models for hydrogen barring through HBC: (e) surface limited, (f) areal-defect, and (g) composite 
barring [25]; (h) hydrogen diffusion pathway obstruction in multi-layer nanocomposite coatings [53].

E. Akbari-Kharaji et al.                                                                                                                                                                                                                        International Journal of Hydrogen Energy 180 (2025) 151666 

15 



W enrichment, likely due to galvanic microcells or surface roughening, 
highlighting the need for careful optimization between barrier efficacy 
and corrosion protection.

Yamabe et al. [171] took a mechanistic approach by investigating a 
tri-layer aluminium-based coating (alumina/aluminium/ferro-aluminiu 
m) under high-pressure hydrogen gas. Using secondary ion mass spec
trometry (SIMS), the study showed that hydrogen trapping at the alu
minium–ferro-aluminium interface rather than hydrogen obstruction by 
alumina alone was primarily responsible for the observed reduction in 
hydrogen diffusivity, which was measured to be three orders of 
magnitude lower than in uncoated stainless steel. This is due to inter
facial hydrogen trapping rather than just surface barrier effects. 
Notably, the coating maintained its integrity under exposure to gaseous 
hydrogen at 100 MPa, a highly demanding condition for hydrogen 
infrastructure applications. These findings suggest that coating 

architecture and interfacial engineering may be more critical than bulk 
diffusivity alone in determining effective hydrogen barrier performance.

Al–based amorphous alloys, like Al–Co–Ce, also exhibit multifunc
tional corrosion protection by releasing inhibitor ions and forming 
passive films [161]. However, aluminum coatings applied via hot-dip 
galvanizing or thermal spraying can suffer from brittleness and poor 
adhesion if not properly controlled, and their performance under cyclic 
hydrogen charging remains largely untested.

Refractory metals such as W and lightweight candidates are 
increasingly studied for use in extreme hydrogen-rich environments due 
to their high-temperature stability and favourable diffusion properties. 
Frauenfelder [165] conducted one of the earliest systematic studies on 
hydrogen solubility and diffusion in tungsten, reporting extremely low 
diffusivity and solubility values. Tungsten’s high activation energy for 
hydrogen diffusion renders it highly resistant to hydrogen permeation, 
making it a strong candidate for ultra-demanding barrier applications.

Ganchenkova et al. [176], through ab initio simulations, further 
revealed that hydrogen prefers tetrahedral interstitial sites in Be and 
forms strongly bound complexes with vacancies, potentially leading to 
nanovoids and embrittlement. These results highlight a duality in Be’s 
behaviour, which may slow down bulk hydrogen transport via trapping 
but also facilitate localized damage through void formation. Such 
complexity underscores the need for combining high-resolution struc
tural studies with mechanical and hydrogen-specific testing.

Nickel-based coatings, particularly electrodeposited Ni or Ni–P sys
tems, are highly effective at the reduction of hydrogen ingress due to 
their dense microstructure and inherently low hydrogen diffusivity (on 
the order of 10− 10 cm2.s− 1) [168]. They are also chemically stable and 
corrosion-resistant. The addition of Ni interlayers in Zn–Co systems 
dramatically reduces hydrogen-induced degradation in high-strength 
steels [168]. However, post-coating heat treatments are essential to 
remove absorbed hydrogen and prevent delayed cracking, which in
creases cost and processing complexity. Ni coatings are also susceptible 
to hydrogen accumulation at coating/substrate interfaces if porosity or 
plating defects exist.

Zinc and Zn-alloy coatings, e.g., Zn–Ni, Zn–Ni–Cd, and Zn–Co–Fe, 
are widely used for their sacrificial cathodic protection properties. 
Zn–Ni–Cd coatings, in particular, have shown superior resistance to both 
corrosion and hydrogen uptake compared to Cd or Zn alone, due to 
reduced surface hydrogen coverage and recombination rates [43]. 
However, their long-term hydrogen permeability is moderate, and per
formance can deteriorate rapidly in aggressive environments such as 
chloride-rich atmospheres [43,168]. Moreover, the toxicity of Cd in 
Zn–Ni–Cd limits its practical use. Zn–Co coatings without Ni interlayers 
are prone to embrittlement, and even post-baking may not fully restore 
mechanical integrity [168].

Tungsten possesses one of the lowest hydrogen permeabilities among 
metals, supported by both classical diffusion measurements [165] and 
recent studies on sputtered films. Its high melting point, thermal sta
bility, and resistance to hydrogen-induced cracking make it ideal for 
high-temperature hydrogen systems. An experimental study has shown 
that a 1.5 μm tungsten coating can reduce hydrogen permeation by a 
factor of approximately 50 [177]. Nevertheless, the high cost of depo
sition, the brittleness of W films, and their susceptibility to delamination 
under thermal cycling limit their industrial adoption. In real-world thin 
film applications, grain boundary diffusion and interfacial mismatch 
must be carefully addressed to ensure coating effectiveness.

Cadmium coatings have traditionally been employed for their 
sacrificial corrosion protection and moderate hydrogen barrier perfor
mance. However, hydrogen is often introduced during electroplating, 
and post-coating heat treatment is required to reduce hydrogen 
embrittlement risk [43]. Despite these measures, HE may still occur, 
especially in high-strength steels, due to gas pitting, interfacial deco
hesion, or incomplete hydrogen outgassing. Moreover, cadmium’s 
environmental toxicity has led to severe regulatory restrictions, making 
it an increasingly unattractive option. Cadmium, like nickel, is applied 

Fig. 17. Hydrogen permeability in various unoxidized metallic materials (Cu/ 
Copper, Al/Aluminum, Pt/Platinum, Ag/Silver, Au/Gold, Kovar interpolated, 
Fe/Iron, Nb/Niobium, V/Vanadium, Ta/Tantalum, Pd/Palladium) [169]. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Table 3 
Hydrogen permeability of various metallic barrier coatings.

Metallic coatings Hydrogen permeability (mol.m− 1. 
s− 1.Pa− 1/2)

T 
(◦C)

Ref.

V 2.9 × 10− 8 500 [167]
Ti 7.5 × 10− 9

Ni 1.2 × 10− 10

Nb 7.5 × 10− 9

Mo 1.2 × 10− 11

W 4.3 × 10− 15

Nickel-based alloy 
Inconel 600

2.8 × 10− 11

Fe 1.8 × 10− 10

Austenitic steels 0.7 - 1.2 × 10− 11

Ferritic steels 3 × 10− 11

Austenitic stainless steel 
316L

5.1 - 7.35 × 10− 11 450 [170]

​ 2.26 - 3.29 × 10− 11 400 ​
​ 3.85 - 4.88 × 10− 12 300 ​
Cr 5.25 × 10− 12 500 [163]

2.65 × 10− 12 400 ​
3.9 × 10− 13 300 ​
1.95 × 10− 14 200 ​

Be 2 × 10− 15 400 [25]
Al 5.7 × 10− 14 160 [171]
​ 1.15 × 10− 13 180 ​
​ 2.3 × 10− 13 200 ​
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through electroplating and offers lower hydrogen diffusivity compared 
to steel. However, similar to nickel electroplating, cadmium coatings 
can introduce hydrogen into the steel substrate during the plating pro
cess. To mitigate this, post-coating heat treatments are necessary to 
release the absorbed hydrogen, but cadmium-coated samples may still 
experience HE [43].

Direct permeation studies using high-purity Be membranes have 
shown effective diffusivities in the range of 10− 9 m2.s− 1, with surface 
oxide layers playing a critical role in limiting hydrogen flux [174]. 
However, Be’s hydrogen response is complex: simulations reveal strong 
trapping at vacancies, which may localize hydrogen and cause nano
voiding or cracking under stress [176]. Be is a potential candidate for 
HBCs, though its effectiveness remains inconsistent. The variations in 
performance are likely attributed to the challenges associated with 
fabricating beryllium films with uniform properties. Be films are typi
cally created through vacuum hot pressing, and their hydrogen transport 
properties are highly dependent on grain size [158]. Toxicity and cost 
also limit the widespread use of Be, but its strategic role in specific ap
plications, such as plasma-facing walls or neutron multipliers, justifies 
continued research. For both W and Be, surface engineering approaches, 
e.g., oxide passivation, interlayers, or composite structures, are neces
sary to overcome brittleness and interfacial stress limitations. Further
more, multilayer combinations involving W, Be, or refractory-based 
amorphous alloys may yield hybrid coatings that combine exceptionally 
low hydrogen permeability with structural resilience.

Overall, metallic coatings show diverse strategies for reducing 
hydrogen uptake, ranging from sacrificial layers such as zinc and cad
mium to barrier-type systems including nickel, tungsten, and multilayer 
architectures. The effectiveness of these coatings is closely tied to their 
microstructure, density, and interfacial integrity. For example, Ni and 
Ni–P films can act as hydrogen traps but require careful post-treatments, 
while W layers achieve very low permeability, though their brittleness 
and processing challenges remain limiting. Al- and Ti-based multilayers, 
as well as Al/Fe–Al tri-layer systems, highlight the potential of engi
neered architectures to disrupt diffusion pathways. Collectively, the 
studies emphasize that coating performance is not determined by 
composition alone but by the ability to minimize defects, control 
porosity, and stabilize interfaces, which together dictate long-term 
resistance to hydrogen embrittlement.

While the role of metallic coatings in mitigating HE remains rela
tively underexplored and context-dependent, certain metallic systems, 
such as tungsten, have demonstrated significantly lower hydrogen per
meabilities in comparison to other HBCs, highlighting their potential in 
specific applications. Their effectiveness as hydrogen barriers depends 
significantly on factors such as hydrogen permeability, coating thick
ness, application methods, and post-coating treatments. High- 
temperature annealing, for instance, is often employed to reduce 
metallurgical imperfections and enhance barrier performance. Each 
metallic system presents distinct trade-offs in terms of performance, 
cost, and environmental suitability. While materials like beryllium and 
tungsten exhibit excellent hydrogen barrier properties, they are costly 
and sensitive to process variables. Aluminum-based coatings offer 
promising multi-functional capabilities but require further validation 
under hydrogen service conditions. Nickel, zinc, and cadmium provide 
more cost-effective alternatives, though they come with limitations such 
as dependency on processing parameters. Beryllium’s complex behavior 
also comes with environmental concerns and warrants more research 
before it can be widely adopted. Moving forward, the development of 
advanced metallic coatings should focus on alloy tailoring, microstruc
tural refinement, and interfacial engineering to maximize hydrogen 
barrier performance without compromising mechanical integrity or 
environmental sustainability.

5.1.3. Techniques for applying metal coatings
The development of metallic coatings as hydrogen barriers demands 

an integrated understanding of deposition technique, microstructural 

architecture, and service-environment compatibility. Electroplating, 
cladding, and thermal spraying offer distinct advantages in controlling 
coating thickness, adhesion, and hydrogen diffusivity, yet differ mark
edly in scalability, defect tolerance, and process-induced stresses. As 
demonstrated across recent studies, the effectiveness of these coatings is 
governed not only by their intrinsic material properties but also by 
interfacial stability, defect management, and structural coherence under 
hydrogen-rich and cyclic loading conditions.

Thermally sprayed coatings, particularly those based on nickel- and 
chromium-rich alloys, represent a promising protective strategy against 
hydrogen attack in petrochemical structures and equipment. These 
coatings offer substantial resistance to hydrogen-induced embrittle
ment. However, their effectiveness can be limited by inherent porosity, 
which may promote excessive hydrogen trapping and recombination 
within the coating microstructure [178].

The findings indicated that the niobium coating applied by the 
thermal spray technique effectively served as a barrier against hydrogen 
ingress, thereby mitigating the detrimental impact of hydrogen on the 
mechanical properties of API 5CT P110 steel. Quantitative hydrogen 
analysis revealed that the coating exhibited a hydrogen trapping ca
pacity approximately 7.5 times greater than that of the uncoated steel 
[97].

Electroplated coatings are low-cost and easy to apply, but their 
performance is extremely sensitive to process control, defect density, 
and post-deposition treatment. Their hydrogen permeability varies 
widely depending on porosity and microstructure, and they often lack 
robust adhesion and environmental durability, especially under cyclic 
thermal and mechanical loads.

Electrodeposited copper (ED-Cu) coatings have been evaluated by 
Williams et al. [164]. They studied strain rate sensitivity, and the 
embrittlement was exacerbated at a lower strain rate. Their SSRT-based 
study revealed that ED-Cu is highly sensitive to deposition chemistry 
and hydrogen content. Specimens deposited from acidic baths (~26 
ppm H) exhibited significant embrittlement and intergranular cracking, 
while those from alkaline baths (~5 ppm H) remained ductile. Micro
structural analysis showed void formation, dislocation networks, and 
impurity clustering as the primary features associated with embrittle
ment. While the study did not measure hydrogen permeation directly, it 
demonstrated that the choice of electrolyte and post-processing signifi
cantly impacts hydrogen susceptibility. Thus, ED-Cu coatings can be 
engineered to be hydrogen-tolerant, but only with tight control over 
processing parameters and hydrogen source mitigation.

Collectively, these alloy systems demonstrate that the hydrogen 
barrier capability of metallic coatings is not solely a function of 
elemental composition but is critically influenced by microstructural 
uniformity, deposition method, and interfacial chemistry. Future work 
should prioritize the integration of in situ hydrogen permeation testing 
with mechanical and microstructural analyses to assess coating perfor
mance under conditions mimicking service exposure. Additionally, 
alloying strategies that promote beneficial hydrogen trapping, such as at 
coherent phase interfaces, could lead to next-generation multifunctional 
barrier systems without compromising mechanical stability.

Plating, which includes both electrochemical and chemical deposi
tion methods, is commonly used to apply a thin, uniform metal layer 
onto the steel surface. Electroplating typically produces a smooth finish, 
which is desirable in many applications, while electroless plating can be 
used for more intricate geometries. However, both methods can intro
duce hydrogen into the substrate during electrochemical reactions, 
requiring post-coating heat treatment to mitigate potential HE [168,
179]. Electroplated coatings, such as Zn–Ni–Cd and Zn–Co–Fe [43,168], 
demonstrate good initial hydrogen barrier performance and cathodic 
protection but suffer from high process sensitivity, coating porosity, and 
in some cases, toxicity or environmental incompatibility (Cd and Cr). 
Their mechanical stability under cyclic load and long-term adhesion is 
often compromised without meticulous post-treatment, such as baking 
or interlayer deposition.
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PVD coatings, including Al–Ti–W amorphous systems [55,123], offer 
superior hardness, microstructural density, and thermal resistance. 
These coatings generally achieve lower hydrogen diffusivity due to their 
fine columnar or amorphous microstructures. However, they are limited 
by substrate compatibility, deposition cost, and challenges related to 
internal stresses and scalability. Architectural control, particularly in 
multi-layer systems, has emerged as a key design factor [171].

The Dip coating method to apply coatings such Al–Mg–Si and Al–Si is 
used to produce barrier coating against hydrogen permeation. Kyo et al. 
[180] studied the hydrogen entry behaviour of hot-dip Al–Mg–Si coated 
steel and demonstrated the successful fabrication of a ternary Al–Mg–Si 
coating on a steel substrate via hot-dip processing, yielding a micro
structure characterized by a fine quasi-eutectic mixture of aluminum 
and Mg2Si phases. This unique microstructural configuration was shown 
to play a crucial role in mitigating hydrogen ingress. In comparison to 
conventional zinc coatings, the Al–Mg–Si-coated steel exhibited a sub
stantially lower hydrogen uptake—less than one-sixth—under equiva
lent exposure conditions. This remarkable reduction in hydrogen entry 
is attributed to the moderate galvanic corrosion potential of the 
Al–Mg–Si coating, which likely results in diminished cathodic hydrogen 
evolution. The findings highlight the potential of hot-dip Al–Mg–Si 
coatings as a promising sacrificial layer for protecting high-strength 
steels, offering a notable advantage in reducing the susceptibility to 
HE while maintaining corrosion resistance. Han et al. [181] reported 
that hot-dip aluminizing of steel in an Al–Si melt significantly improved 
the quality and uniformity of the coating compared to pure aluminum 
baths, reducing the intermetallic layer thickness from 80 μm to about 10 
μm. This refinement is attributed to the formation of Al–Fe–Cr–Si crys
talline phases, which slow aluminum diffusion into the steel, leading to 
more controlled growth of the coating. Upon subsequent heat treatment, 
a well-bonded, pore-free duplex layer consisting of ductile FeAl and α-Fe 
(Al) phases formed, enhancing its potential as an effective hydrogen or 
tritium permeation barrier, especially since even the thin oxide layer 
(0.8 μm g-Al2O3 at 900 ◦C) remains within functional limits for such 
applications.

Each of these techniques has its trade-offs, and the choice of method 
depends on the specific requirements of the application, including 
coating thickness, surface finish, and the need for post-coating 
treatments.

5.2. Ceramic coatings

Ceramic coatings have emerged as a pivotal technology in materials 
engineering, particularly for applications requiring robust protection 
against HE. Renowned for their high hardness, chemical stability, and 
minimal hydrogen permeability, these coatings are ideal for environ
ments where metals are vulnerable to hydrogen exposure. This section 
provides an in-depth exploration of ceramic coatings, focusing on their 
unique properties, application methods, and efficacy in preventing 
hydrogen ingress. Ceramics possess a suite of characteristics, such as 
high melting points, chemical inertness, and exceptional wear resis
tance, that make them excellent candidates for protective layers. How
ever, their inherent brittleness poses challenges related to adhesion and 
fracture toughness. Despite these limitations, ceramics remain invalu
able in applications demanding thermal stability and resistance to 
chemical attack.

Ceramic coatings, categorized into nitrides, carbides, and oxides, are 
promising barriers against hydrogen permeation. Their dense micro
structures and low gas permeability surpass those of polymeric and 
metallic coatings [40]. High-quality ceramic coatings are primarily 
produced through chemical or PVD under vacuum, yielding smooth 
surfaces that minimize flow friction. While thermal spray methods are 
favored for large-scale industrial applications, they may introduce de
fects that act as pathways for hydrogen permeation [40].

5.2.1. Hydrogen permeability of ceramics
Despite their advantages, ceramics face limitations due to their 

brittleness, which can lead to cracking during deposition and compro
mise their efficacy. Performance is heavily influenced by operational 
conditions, with metal surface defects and localized stresses exacer
bating degradation risks. Although ceramics excel at mitigating HE at 
elevated temperatures (with data reported for 400 ◦C [158]), limited 
studies exist on their performance under ambient conditions, where 
extrapolated data often fill the gaps.

Table 4 Presents an extensive dataset on hydrogen permeability 
values for a range of ceramic materials, grouped into nitrides, carbides, 
oxides, and mixed compositions, measured at various temperatures, 
typically between 300 ◦C and 800 ◦C.

A comparative evaluation of the data reveals a significant disparity 
in hydrogen permeation behaviour across different ceramic materials 
and even within individual classes. Among all tested ceramics, nitrides 
emerge as the most effective barrier against hydrogen permeation. 
Particularly, titanium carbide (TiC) and zirconium nitride (ZrN) 
demonstrate the lowest hydrogen permeability values in the entire 
dataset, measured at 3.62 × 10− 18 and 7.9 × 10− 18 mol.m− 1.s− 1.Pa− 1/2 

at 300 ◦C and 400 ◦C, respectively. These exceptionally low values 
indicate their outstanding resistance to hydrogen diffusion, positioning 
them as prime candidates for high-performance applications where low 
hydrogen permeability is critical. Similarly, silicon nitride (SiN) per
forms impressively, with a permeability on the order of 10− 17 mol.m− 1. 
s− 1.Pa− 1/2 at 400 ◦C, showcasing its excellent capability to resist 
hydrogen infiltration across a moderately wide temperature range.

Titanium aluminium nitride (TiAlN) also features prominently 
among the best-performing materials, with a permeability of 2.9 ×
10− 17 mol.m− 1.s− 1.Pa− 1/2 at 400 ◦C. This compound, like ZrN and SiN, 
belongs to the nitride class, which collectively shows a trend of superior 
hydrogen barrier characteristics. The trend is further substantiated by 
other nitrides such as CrN and AlCrN, which exhibit similarly low 
permeation rates in the range of 10− 16 to 10− 17 mol.m− 1.s− 1.Pa− 1/2.

While nitrides generally outperform other classes, certain carbides 
also demonstrate excellent hydrogen barrier properties under specific 
conditions. Titanium carbide (TiC), for example, presents a remarkably 
low hydrogen permeability of 3.62 × 10− 18 mol.m− 1.s− 1.Pa− 1/2 at 
300 ◦C, which is comparable to the best nitrides. However, the perfor
mance of TiC varies considerably across temperatures and sources, 
indicating that processing methods, microstructure, and measurement 
conditions may significantly influence its effectiveness. In contrast, sil
icon carbide (SiC), another well-known carbide, displays relatively poor 
performance, with permeabilities as high as 8.5 × 10− 13 mol.m− 1.s− 1. 
Pa− 1/2 at 500 ◦C, thus making it less suitable for demanding hydrogen 
barrier applications.

Oxide ceramics, as a group, exhibit the broadest range of hydrogen 
permeabilities. On one end of the spectrum, silicon dioxide (SiO2) pro
vides high resistance, with values ranging from 2 × 10− 17 to 4 × 10− 16 

mol.m− 1.s− 1.Pa− 1/2 over a wide temperature interval of 100–650 ◦C. 
Erbium oxide (Er2O3) also displays strong hydrogen barrier capability, 
particularly at mid-range temperatures, with permeabilities in the 2 to 
4.1 × 10− 16 range. However, many other oxides fall short in perfor
mance. Iron oxide in the form of FeO exhibits the highest hydrogen 
permeability observed in the dataset, at 4.3 × 10− 11 mol.m− 1.s− 1.Pa− 1/ 

2 at 800 ◦C. Similarly, Fe3O4 and Cr2O3 also show poor hydrogen 
resistance, with values reaching into the 10− 12 mol.m− 1.s− 1.Pa− 1/2 

range at elevated temperatures. These results suggest that while some 
oxides are highly effective, others may be wholly inadequate for 
hydrogen-rich environments.

Mixed ceramic compositions offer a complex picture. Some combi
nations yield superior results; for instance, the TiN–TiC composite 
achieves a permeability as low as 7.9 × 10− 18 mol.m− 1.s− 1.Pa− 1/2 at 
300 ◦C, indicating synergistic effects between its constituent phases. In 
contrast, other mixed materials such as the Al2O3–TiN–TiC system 
perform poorly, with permeabilities up to 1.4 × 10− 11 mol.m− 1.s− 1. 
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Table 4 
Hydrogen permeability of various ceramic barrier coatings.

Ceramic coatings Hydrogen permeability (mol.m− 1.s− 1.Pa− 1/2) T (◦C) Ref.

Nitrides BN 7.5 × 10− 14 500 [35]
​ 3 × 10− 14 400 ​
​ 1.2 × 10− 14 300 ​
TiN 2.21 × 10− 14 500 [133]
​ 7.58 × 10− 15 400 ​
​ 2.12 × 10− 15 300 ​
​ 9 × 10− 14 500 [35]
​ 2.1 × 10− 14 400 ​
​ 5.5 × 10− 15 300 ​
TiAlN / TiMoN 10–14 500 [182,183]
​ 2.2 × 10− 15 400 ​
​ 7 × 10− 16 300 ​
WN 1.57 × 10− 15 400 [184]
CrWN 1.14 × 10− 15 ​ ​
CrN 5.76 × 10− 16 ​ ​
ZrN 7.9 × 10− 18 ​ ​
AlCrN 3.33 × 10− 16 ​ ​
Cr2N 2.41 × 10− 16 ​ ​
TiAlN 2.9 × 10− 17 400 [185]
​ 4.5 × 10− 16 550 ​
​ 2–5 × 10− 16 600 ​
​ 10–13 500 [182,183]
​ 2.5 × 10− 14 400 ​
​ 7 × 10− 15 300 ​
SiN 10–17 400 [186]

Carbides SiC 8.5 × 10− 13 500 [35]
​ 2 × 10− 13 400 ​
​ 4 × 10− 14 300 ​
TiC 4.87 × 10− 16 400 [187]
​ 2.16 × 10− 12 500 [184]
​ 2.37 × 10− 13 400 ​
​ 1.14 × 10− 14 300 ​
​ 7.59 × 10− 15 500 [170]
​ 1.88 × 10− 15 450 ​
​ 3.66 × 10− 17 400 ​
​ 3.62 × 10− 18 300 ​

Oxides Cr2O3 2.54 × 10− 12 700 [125]
​ 9.2 × 10− 13 650 ​
​ 4.1 × 10− 13 600 ​
​ 1.19 × 10− 13 550 ​
Fe3O4 1.6 × 10− 12 600 [188]
FeO 4.3 × 10− 11 800 ​
Y2O3 2 × 10− 13 600 [189]
SiO2 2 × 10− 17 - 4 × 10− 16 100–650 [190]
Er2O3 4.1 × 10− 16 600 [185]
Al2O3 2 × 10− 16 600 ​
​ 4 × 10− 17 400 ​
​ 6.3 × 10− 13 700 [125]
​ 2.9 × 10− 13 650 ​
​ 1.3 × 10− 13 600 ​
​ 5.5 × 10− 14 550 ​
​ 1.18 × 10− 13 500 [184]
​ 7.49 × 10− 14 400 ​
​ 7.59 × 10− 14 300 ​
Cr2O3– Al2O3 2.6 × 10− 13 700 [125]
​ 1.15 × 10− 13 650 ​
​ 5.62 × 10− 14 600 ​
​ 2.57 × 10− 14 550 ​

Mixed (carbide, nitride, oxide) Al2O3– TiN–TiC 1.4 × 10− 11 450 [170]
​ 5.75 × 10− 12 400 ​
​ 1.8 × 10− 12 370 ​
​ 1.6 × 10− 12 325 ​
​ 3 to 7 × 10− 13 280 ​
TiN–TiC 3.24 × 10− 16 400 [191]
​ 5.27 × 10− 16 500 [170]
​ 2.23 × 10− 17 450 ​
​ 1.84 × 10− 17 400 ​
​ 7.9 × 10− 18 300 ​
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Pa− 1/2 at 450 ◦C. These findings highlight the critical role of phase 
composition and interface structure in determining hydrogen transport 
behaviour in composite ceramics.

In conclusion, the data decisively indicate that nitrides, especially 
ZrN, SiN, and TiAlN, along with TiC, exhibit the most promising char
acteristics for use as hydrogen barriers, combining low permeation rates 
with temperature resilience. Selecting some carbides and oxides can also 
perform well, but their effectiveness is more variable and often depen
dent on specific conditions. Conversely, certain oxides like FeO and 
mixed compositions such as Al2O3–TiN–TiC are demonstrably poor 
choices for hydrogen containment, due to their high permeability 
values. The comprehensive comparison provided by this table thus of
fers a valuable foundation for informed material selection in hydrogen- 
critical technologies.

5.2.2. Various ceramics coatings
Ceramics’ exceptional resistance to heat and corrosion stems from 

their strong covalent bonding and stable crystalline or amorphous 
structures, which reduce hydrogen solubility and diffusion rates 
compared to metals or polymers. These coatings are particularly 
attractive for components exposed to high-temperature, high-pressure 
hydrogen environments, including hydrogen pipelines and aerospace 
systems.

The nitrides group exhibits the broadest range of permeation values, 
with titanium aluminum nitride (TiAlN) emerging as one of the most 
effective barriers. This performance is attributed to its dense columnar 
microstructure, high hardness, and strong covalent-metallic bonding 
nature, which together suppress hydrogen transport and provide me
chanical resilience [170,182,192]. In contrast, boron nitride (BN), 
relatively open and layered hexagonal structure may explain the poor 
performance compared to more compact transition metal nitrides. 
Similarly, although certain nitrides such as ZrN and CrN exhibit rela
tively low hydrogen permeation rates, their barrier performance is 
highly dependent on the quality of the deposition process and their 
stability under irradiation and mechanical stress. Among the coatings 
investigated, ZrN delivered the most promising overall performance, 
while Cr2N exhibited superior adhesion to the substrate. WN demon
strated the lowest residual strain, indicating favourable mechanical 
compatibility, whereas AlCrN and Cr2N showed the highest coefficients 
of thermal expansion (CTE), which may influence thermal mismatch 
behaviour during service [184].

Hybrid TiN–TiC multilayers, such as those studied in [191], achieve 
improved performance by combining the toughness of TiC with the low 
hydrogen diffusivity of TiN. This suggests that multilayer designs can 
enhance hydrogen barrier effectiveness through the introduction of 
multiple interfaces and controlled phase stacking. Nitrides are generally 
unsuitable for use as plasma-facing materials due to their tendency to 
generate NHx radicals upon interaction with hydrogen plasma. 
Furthermore, the potential for nitrogen transmutation into radioactive 
[186] under irradiation presents additional concerns [193]. Conversely, 
while titanium carbide (TiC) coatings possess exceptionally high me
chanical properties, exceeding 30 GPa in hardness and reaching Young’s 
modulus of approximately 450 GPa, they are prone to adhesion failures 
when applied to steel substrates [194]. This is primarily attributed to the 
significant mechanical mismatch with steel, which typically exhibits a 
hardness in the range of 8–10 GPa and a Young’s modulus of around 250 
GPa. To address this incompatibility, introducing a titanium nitride 
(TiN) interlayer has proven effective in mitigating adhesion issues. TiN 
exhibits a hardness of about 20 GPa, which is more comparable to that of 
steel, and also offers a thermal expansion coefficient that falls between 
those of steel (12.15 × 10− 6 K− 1) and TiC (7.4 × 10− 6 K− 1), specifically 
9.4 × 10− 6 K− 1 for TiN. Additionally, nitrides generally possess a lower 
Young’s modulus than carbides, further contributing to improved me
chanical compatibility [195]. WC-based systems, although less 
frequently reported in permeation studies, show great promise due to 
their compatibility with tungsten substrates and their ability to form 

stable interfaces that trap hydrogen species [196].
The oxides category displays the most diverse permeability range, 

reflecting the heterogeneous nature of oxide structures and their sensi
tivity to phase purity, porosity, and deposition technique. The hydrogen 
permeability of iron oxide scales was evaluated, revealing a value of 1.6 
× 10− 12 mol.m− 1.s− 1.Pa− 1/2 at 823 K for scales predominantly 
composed of Fe3O4, and 4.3 × 10− 11 mol.m− 1.s− 1.Pa− 1/2 at 1073 K for 
those primarily consisting of wustite (FeO). These findings indicate that 
the hydrogen permeation through iron oxide layers is approximately one 
to two orders of magnitude lower than that observed in pure iron. [188]. 
These elevated values are likely due to their non-dense, defect-rich mi
crostructures and inherent reducibility under hydrogen-rich atmo
spheres. Oxides like black oxide coatings form a magnetite (FeO) layer 
when components are immersed in alkaline salt solutions at 130–150 ◦C. 
This chemical integration with the substrate produces a layer about 1–2 
μm thick [197]. Vitreous coatings applied through induction heating or 
furnaces protect against corrosion and erosion, offering scalability for 
hydrogen-related industries [198,199].

Researchers showed oxide materials such as ZrO2 exhibit excellent 
chemical inertness and thermal stability, and when processed via 
controlled techniques such as pulsed laser deposition, can form dense, 
crack-free coatings with long-term hydrogen resistance [200].

Among oxide composites, the Al–Cr–O system developed by Levchuk 
et al. [201] reported 2–3.5 times better hydrogen barrier performance at 
700 ◦C compared with Al2O3, due to its reduced porosity, improved 
adhesion, and synergistic phase interactions. The silica-based coating, 
with a reported permeability in the range of approximately 2 × 10− 17 to 
4 × 10− 16 mol.m− 1.s− 1.Pa− 1/2 [190], also demonstrates strong poten
tial, especially when integrated into composite or amorphous oxide 
systems to enhance barrier uniformity. Overall, while oxides tend to 
have higher permeability than optimized nitrides, their excellent envi
ronmental stability and compatibility with various deposition tech
niques make them attractive for long-duration or corrosive applications.

From a comparative standpoint, TiAlN from the nitrides group 
currently ranks among the top-performing ceramic coatings, combining 
extremely low hydrogen permeability with mechanical durability. 
However, the best overall performance is increasingly being achieved 
through multilayer or composite approaches that combine the strengths 
of multiple ceramic chemistries. These approaches warrant further 
exploration, especially in scenarios requiring both high-temperature 
stability and hydrogen resistance.

While many of these coatings perform adequately as single layers, 
increasing evidence supports the superiority of multilayered and com
posite architectures, which leverage interfacial effects and structural 
complexity to enhance hydrogen barrier properties [182,183,187].

TiN combination with TiC in multilayer systems offers an effective 
approach to mitigating such issues by distributing strain and interrupt
ing continuous diffusion paths [191].

In multi-layered coatings, as crystal grain boundaries become 
hydrogen diffusion barriers, the interfaces of the films may also serve as 
effective hydrogen diffusion barriers. Among these, TiAlN continues to 
show outstanding performance due to its nanocomposite-like structure, 
where multiple phases such as TiN and AlN enhance both barrier func
tion and mechanical stability. Furthermore, multi-layered TiAlN/TiMoN 
systems demonstrate reduced permeability and improved fracture 
resistance in addition to the introduction of interfaces that block diffu
sion and suppress crack propagation [182]. Also, experimental results 
demonstrated that coatings with fine-grained microstructures exhibit 
strong resistance to hydrogen permeation, and this protective effect is 
further enhanced when multiple coating layers are employed. In such 
multilayered systems, both the grain boundaries within the crystalline 
structure and the interfaces between individual layers can act as sites for 
hydrogen trapping [183].

Among the widely used materials, titanium carbide (TiC) [170], 
silicon nitride (SiN) [186], and titanium aluminum nitride (TiAlN) 
[185] have demonstrated notable resistance to hydrogen transport, 
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provided the coatings are deposited with high structural integrity and 
minimal porosity. Alumina and chromium oxide excel at blocking 
hydrogen permeation in high-performance steels but are prone to spal
ling and cracking at ambient temperatures, as research showed that AISI 
304 stainless steel coated with these oxides exhibited flaking and 
embrittlement under stress tests, compromising their integrity [202].

In conclusion, ceramic coatings hold tremendous potential in miti
gating hydrogen-induced damage in metallic systems. With the appro
priate combination of material chemistry, deposition precision, and 
structural engineering, these coatings can play a critical role in 
advancing safe and durable hydrogen technologies. While many ceramic 
coatings perform well at elevated temperatures [158,184], there is still a 
scarcity of systematic data under ambient or cyclic conditions. Extrap
olation of high-temperature behavior to room-temperature performance 
is often unreliable due to the nonlinear and material-specific nature of 
hydrogen diffusion kinetics. Additionally, variability in experimental 
procedures and limited long-term testing under service-like conditions 
hinder the direct comparison of coating systems.

5.2.3. Techniques for applying ceramic coatings
The application of ceramic coatings can be achieved through various 

techniques. PVD coatings provide continuous, low-permeability layers 
that act as hydrogen diffusion barriers, while their improved surface 
hardness helps mitigate microcrack formation.

According to studies, sputtered coatings of materials such as various 
nitride ceramics are frequently utilized in corrosive and hydrogen-prone 
environments, offering exceptional hardness, thermal stability, and 
resistance to HE [133,184].

Low-pressure chemical vapour deposition (LPCVD)-deposited silicon 
nitride films are typically stoichiometric and contain relatively low 
concentrations of hydrogen. In contrast, plasma-enhanced chemical 
vapour (PECVD) silicon nitride films are generally non-stoichiometric 
and incorporate significantly higher hydrogen content. It is important 
to note that the CVD nitride layers were deposited on a thinner under
lying oxide. This further substantiates the conclusion regarding the su
perior stability of CVD nitride, as the thinner oxide would facilitate more 
rapid hydrogen diffusion compared to the thicker oxide typically used 
with PECVD nitride [203].

However, CVD techniques face significant challenges. One key lim
itation is the residual tensile stress generated during deposition due to 
thermal gradients and lattice mismatches between the Al2O3 coating and 
steel substrate. These stresses can induce microcracks upon cooling or 
thermal cycling, acting as hydrogen entry points [125]. Advanced so
lutions, such as tailoring precursor ratios or introducing stress-relief 
buffer layers, can be proposed. However, it requires further validation 
across different substrates and environments.

LPCVD is particularly effective for silicon nitride coatings, where 
hydrogen is trapped in deeper layers, maximizing the barrier’s efficiency 
[203]. Applications include TiN, SiC, CrN, and diamond-like carbon 
(DLC) coatings, which excel in environments prone to corrosion, espe
cially those involving chloride ions [132,204,205].

Mittra et al. [200] emphasized the importance of deposition quality, 
showing that pulsed laser deposited (PLD) ZrO2 coatings exhibited 
significantly better hydrogen resistance than naturally grown oxide 
layers on zirconium alloys. Their dense and amorphous microstructure 
effectively blocked hydrogen transport, reducing absorption by more 
than an order of magnitude.

Plasma spraying yields dense coatings, such as titanium carbide 
(TiC) and zirconium dioxide (ZrO2), that are highly suitable for high- 
temperature applications. Advances in high-velocity oxygen fuel 
(HVOF) and high-velocity air fuel (HVAF) spraying have minimized 
porosity and microcracks, leading to more compact and hydrogen- 
resistant coatings [206]. However, achieving uniform coverage and 
eliminating residual porosity remain challenges, especially for 
large-scale applications.

To develop high-performance tritium permeation barriers for ferritic 

steels, conducted by Zhang et al. [144], a combined approach, utilizing 
sol–gel and electrolytic deposition techniques, was explored. Initially, a 
50 nm-thick ZrO2 thin film was deposited on SS430 ferritic steel using 
the sol–gel dip-coating method. This process enabled the formation of a 
nanostructured oxide layer; however, the inherent porosity of 
sol-gel-derived coatings presented a challenge for achieving optimal 
barrier integrity. To address this, an electrolytic deposition step was 
subsequently applied as an innovative sealing strategy, whereby open 
pores in the sol–gel film were infiltrated and sealed with either ZrO2 or 
Al2O3. This secondary treatment increased the overall coating thickness 
to approximately 100 nm and substantially improved the film’s conti
nuity and density. Hydrogen permeation tests conducted at 300–600 ◦C 
revealed that the initial sol–gel-derived ZrO2 layer provided modest 
barrier performance, with a permeation reduction factor (PRF) in the 
range of 6–100. The PRF is defined as the ratio of hydrogen permeation 
flux (J) through an uncoated substrate to that through a coated substrate 
under identical conditions, which can be calculated by Eq. (11) [207]: 

PRF=
Juncoated

Jcoated
Eq. 11 

In contrast, after electrolytic sealing, the PRF increased significantly 
to values between 100 and 1000, demonstrating a marked enhancement 
in resistance to hydrogen permeation. These results highlight the 
effectiveness of the electrolytic deposition process in mitigating micro
structural defects such as open pores, which act as fast diffusion path
ways. Furthermore, the study underscores the importance of optimizing 
key process parameters, particularly current density and post-deposition 
heat treatment temperature, to achieve consistently high barrier per
formance. The synergy between sol–gel deposition for uniform coating 
formation and electrolytic deposition for defect sealing offers a prom
ising route toward engineered multilayer ceramic coatings with superior 
hydrogen isotope barrier properties.

In another study [138], ZrO2 coatings approximately 180 nm in 
thickness were synthesized on ferritic steel substrates using 
sol-gel-based wet-chemical techniques, specifically dip coating and 
electrolytic deposition. The sol-gel process enabled the formation of 
uniform, adherent, and nanostructured ceramic layers with controlled 
microstructural features. These coatings exhibited excellent hydrogen 
permeation resistance across the temperature range of 300–550 ◦C, as 
evidenced by PRFs consistently exceeding 1000. Notably, the barrier 
performance achieved here was significantly superior, by approximately 
an order of magnitude, to that reported in earlier work for thinner ZrO2 
coatings (100 nm) at temperatures up to 400 ◦C, despite only a modest 
increase in thickness. This substantial enhancement is attributed not 
only to the increased coating thickness but also to the improved 
microstructural quality imparted by the sol-gel route, which effectively 
reduces interconnected defect pathways. Moreover, upon exposure to 
deuterium–tritium gas at 300 ◦C, the sol-gel-derived ZrO2 coatings 
exhibited markedly higher tritium retention compared to dense, bulk 
yttria-stabilized zirconia (YSZ) in both single-crystalline and poly
crystalline forms. These findings underscore the critical role of micro
structural imperfections, particularly grain boundaries and residual 
porosity, in dictating hydrogen isotope transport and trapping behav
iour. The superior barrier characteristics of the thicker sol-gel-derived 
coatings are likely a result of the suppression of through-thickness de
fects, thereby hindering direct diffusion pathways from the surface to 
the coating–substrate interface.

To improve hydrogen isotope barrier performance in structural 
steels, a titanium carbide (TiC) coating was developed using the pack 
cementation method followed by heat treatment [208]. This process 
yielded a bilayer structure: an outer titanium nitride (TiN) layer and an 
inner titanium-enriched diffusion zone within the steel. This titanized 
coating significantly reduced the hydrogen permeation current density 
from 19 μA.cm− 2 (uncoated steel) to 2.22 μA.cm− 2.

Further enhancement was achieved through post-titanizing surface 
treatments. Specifically, the TiC-coated steel underwent nitridation in 
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flowing ammonia at 760 ◦C for 1 h, followed by oxidation in air under 
the same conditions. This process produced a dense, three-layer nitri
dation–oxidation coating (NOC), consisting of a rutile TiO2 outer layer, a 
Ti–N middle layer, and a Ti–C inner layer. Microstructural analysis 
revealed that this configuration effectively eliminated intergranular 
porosity and achieved superior surface densification. Consequently, the 
hydrogen permeation current density was dramatically reduced to 0.13 
μA.cm− 2, marking a significant improvement in barrier performance.

In contrast, direct oxidation of the TiC coating (without prior nitri
dation) led to a structurally inferior oxidized coating (OC). This OC 
showed surface coarsening, delamination, and high porosity, which 
compromised mechanical integrity and resulted in a higher hydrogen 
permeation current density of 1.14 μA.cm− 2. These results highlight the 
essential role of nitridation in forming a compact, stable microstructure 
that enhances the hydrogen barrier performance of ceramic coatings.

In a detailed investigation, FeAl-based multilayer HBCs were suc
cessfully developed on 316L stainless steel using a combination of pack 
cementation and sol–gel techniques [209]. Two distinct systems were 
synthesized: a bilayer FeAl/Al2O3 and a trilayer FeAl/Al2O3/TiO2 
coating. The sol–gel method enabled the formation of a dense, stable 
α-Al2O3 intermediate layer approximately 1 μm thick. For the trilayer 
system, the addition of a TiO2 top layer increased the total thickness to 
about 1.5 μm. Microscopic examinations confirmed that the trilayer 
coating possessed a compact, crack-free, and well-adhered structure, 
indicating high microstructural integrity.

Mechanical performance assessments, carried out via scratch testing, 
showed that the trilayer FeAl/Al2O3/TiO2 coating achieved a higher 
critical load of 55.8 N before delamination, compared to 51.2 N for the 
bilayer FeAl/Al2O3 system. This enhanced interfacial bonding was 
accompanied by improved toughness and ductility, highlighting the 
mechanical reinforcement provided by the TiO2 layer. More impor
tantly, hydrogen permeation tests revealed that the trilayer coating was 
markedly more effective at suppressing hydrogen ingress at room tem
perature. In terms of normalized current density reduction after 
hydrogen exposure, the trend followed a significant order of magnitude: 
uncoated 316L steel:FeAl/Al2O3:FeAl/Al2O3/TiO2 = 1:26:120. This 
substantial improvement underscores the critical role of the TiO2 top 
layer in elevating hydrogen barrier performance, positioning the FeAl/ 
Al2O3/TiO2 system as a highly effective candidate for hydrogen-resistant 
applications in harsh environments.

A composite Al2O3/Cr2O3 coating was developed on steel using a 
hybrid method combining pack cementation and sol–gel processes, 
synchronized with heat treatment to preserve the steel’s mechanical 
integrity [210]. The resulting multilayer coating featured an outer 
α-/θ-Al2O3 layer, a transitional Al2O3–Cr2O3 mixed layer, and an inner 
Cr–Fe diffusion layer. The Microstructural analysis confirmed a dense, 
crack-free structure with strong adhesion, while XRD revealed the for
mation of stable α-Al2O3 and Cr2O3 phases, likely stabilized by their 
mutual interaction.

Hydrogen permeation tests showed a substantial performance 
enhancement, with current density dropping from 17.1 μA.cm− 2 (un
coated) to 0.27 μA.cm− 2. This dramatic reduction highlights the coat
ing’s effectiveness as a tritium barrier, making it a promising solution for 
high-temperature applications.

The precision of ALD techniques enables the deposition of dense 
barrier films such as Al2O3, Cr2O3, BN, TiO2, and multilayer oxides, e.g., 
Cr2O3/Al2O3, which exhibit excellent performance in resisting hydrogen 
permeation and HE. ALD-grown Al2O3, in particular, has been exten
sively studied and demonstrates low gas permeability, high dielectric 
strength, and mechanical integrity under thermal and chemical expo
sure [146,148].

A study by Bull et al. [147] has shown that ALD-grown BN films act 
as highly effective hydrogen barriers at temperatures up to 1770 K, even 
outperforming high hydrogen barrier traditional tungsten coatings due 
to BN’s combination of chemical inertness and high activation energy 
for hydrogen diffusion. The smoothness and grain-boundary-free 

microstructure of ALD-BN effectively suppresses hydrogen ingress, 
while their thermal stability and nitrogen retention are superior even in 
reducing environments.

Another significant advancement is the development of Cr2O3/Al2O3 
bilayer coatings, as demonstrated by Zhang et al. [148]. These bipolar 
oxide films utilize a p-n junction interface between Cr2O3 (p-type) and 
Al2O3 (n-type), which generates an internal electric field that further 
impedes hydrogen diffusion. Moreover, these ALD coatings on stainless 
steel substrates yield structurally robust and thermally compatible 
layers with significantly reduced hydrogen permeability, validated 
under plasma discharge conditions.

The dip coating method has been reported to deposit nano- 
crystalline cerium oxide (CeO2) particles on the surface of a SiC mem
brane, resulting in a uniformly porous microstructure. This pressureless 
fabrication method enabled the formation of CeO2 at both the surface 
and cross-section of the membrane, which significantly influenced its 
gas permeation behavior. By adjusting the dip-coating parameters, the 
porosity and density of the membrane could be finely controlled, of
fering a tunable approach to optimize gas transport properties for 
advanced separation or barrier applications [211].

Advances in deposition techniques and multi-layer coating strategies 
continue to enhance their effectiveness, paving the way for broader 
adoption in hydrogen-related applications.

5.3. Polymer coatings

To date, research on the use of polymers and polymer composite 
coatings as HBCs has been reported, but it has not been comprehensively 
explored. Therefore, this study focuses more on the application of 
organic coatings and innovative strategies for combating HE.

5.3.1. Hydrogen permeability of polymers
The permeability of polymers to hydrogen is one of the critical 

properties influencing their effectiveness as HBCs. Although no poly
meric coating is entirely impermeable to hydrogen molecules, various 
polymer properties and characteristics impact gaseous permeability. 
Factors such as polymer type, crystallinity, density, molecular align
ment, and the inclusion of crosslinking or fillers significantly affect 
hydrogen diffusion rates [156,212,213]. Zhang et al. [214] present a 
detailed explanation of the mechanisms behind hydrogen permeation in 
polymers, particularly high-density polyethylene (HDPE) and 
ethylene-vinyl alcohol (EVOH). The hydrogen permeation process in
volves two primary stages: adsorption and diffusion. In the adsorption 
stage, hydrogen molecules preferentially accumulate in regions of the 
polymer matrix with low potential energy, creating non-uniform dis
tributions or clusters. This is more pronounced in HDPE, which offers 
more adsorption sites due to its weaker intermolecular forces. EVOH, on 
the other hand, forms strong hydrogen bonds between its hydroxyl 
groups, resulting in less available space for hydrogen adsorption and a 
lower overall adsorption density.

During the diffusion stage, hydrogen molecules exhibit localized 
vibrational motion interspersed with occasional long-range jumps be
tween voids or “holes” in the polymer matrix. In HDPE, these transitions 
occur more frequently and over larger distances due to its higher free 
volume and weaker internal bonding, allowing hydrogen molecules to 
move more actively. In contrast, the tight structure of EVOH, reinforced 
by strong hydrogen bonding, significantly restricts molecular motion, 
leading to reduced diffusion.

5.3.1.1. Key factors influencing permeability 
5.3.1.1.1. Polymer type and crystallinity. Permeability generally de

creases with increasing crystallinity due to reduced free volume. Fuji
wara et al. [155] observed that materials with higher degrees of 
crystallinity, such as HDPE and especially HDPE (PE100), exhibit 
significantly lower hydrogen permeability and less structural damage 
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when exposed to hydrogen pressures up to 90 MPa. This behaviour is 
largely attributed to the reduced free volume in crystalline regions, 
which limits hydrogen diffusion. Conversely, materials with lower 
crystallinity, such as low-density polyethylene (LDPE) and linear 
low-density polyethylene (LLDPE), showed higher permeation rates and 
pronounced structural damage (e.g., blistering and void formation) 
upon hydrogen exposure. These materials allow more hydrogen to 
penetrate due to their larger amorphous regions and higher free volume, 
which also increases the likelihood of mechanical failure during 
decompression. Additionally, the study demonstrates that under hy
drostatic pressure, polyethylene’s crystallinity slightly increases due to 
the compaction of the amorphous phase, further reducing hydrogen 
solubility and diffusion. However, this pressure-induced increase in 
crystallinity is reversible and modest in magnitude. Notably, the solu
bility of hydrogen remains confined to amorphous regions, reinforcing 
the conclusion that higher crystallinity enhances resistance to hydrogen 
permeation. This suggests that optimizing polymer crystallinity could be 
a promising strategy for designing low-permeability coatings for 
hydrogen storage and transport applications, although their long-term 
durability under operational conditions remains to be fully established.

Takeuchi et al. [215] highlight that hydrogen molecules tend to 
reside in the polymer matrix or at the interface between polymer and 
water domains, rather than fully in water-rich regions. Moreover, 
polymer crystallinity and equivalent weight (EW) critically affect 
permeation. High-EW membranes tend to develop local semicrystalline 
structures that reduce void space and restrict hydrogen diffusion 
through tightly packed polymer chains, lowering both solubility and 
diffusivity. Conversely, low-EW membranes contain fewer PTFE regions 
and exhibit highly tortuous aqueous domains, which hinder hydrogen 
diffusion and reduce solubility.

5.3.1.1.2. Density. The effect of polymer density on hydrogen 
permeation in polymers is closely linked to the material’s ability to 
impede molecular transport, which is critical for preventing HE in steel 
pipelines. Lei et al. [40] studied a range of polymeric materials, 
including poly(vinyl alcohol) (PVA), poly(vinyl chloride) (PVC), and 
epoxy resins, that were evaluated for hydrogen permeability. It was 
found that polymers with higher density and more compact molecular 

structures demonstrated lower hydrogen permeability. Notably, cross
linked PVA, which forms a denser network through glutaraldehyde 
crosslinking, achieved the lowest hydrogen permeability in their study. 
This is attributed to the increased density from intra- and intermolecular 
hydrogen bonding that limits free volume and diffusivity paths for 
hydrogen molecules. Higher-density polymers reduce both solubility 
and diffusivity of hydrogen, the two main components that govern 
permeation.

According to another study [216], there is a clear inverse correlation 
between polymer density and hydrogen permeability. Lower-density 
polymers tend to exhibit higher hydrogen flux, indicating a more open 
polymer matrix that facilitates the diffusion of small molecules like 
hydrogen. This trend is attributed to the fact that lower density often 
implies greater free volume within the polymer structure, which en
hances gas diffusivity. For instance, polystyrene, which has relatively 
low density, demonstrated both high hydrogen permeability and 
favourable selectivity over carbon dioxide in pure gas tests. However, 
this relationship is nuanced by the presence of crystallinity and solubi
lity effects. Highly crystalline regions in a polymer can act as barriers 
with very low permeability, effectively reducing the overall hydrogen 
permeability regardless of polymer density.

5.3.1.1.3. Crosslinking. The effect of crosslinking on the perme
ability of polymers like PVA varies depending on the type of crosslinking 
agent used. In some cases, crosslinking leads to a reduction in perme
ability due to the formation of a denser molecular network, as observed 
in glutaraldehyde-crosslinked PVA. However, other crosslinking sys
tems, such as those utilizing diepoxy-based crosslinkers, e.g., poly 
(ethylene glycol) diglycidyl ether, PEGDGE, have been reported to in
crease permeability. This increase is attributed to a reduction in polymer 
crystallinity, which enhances free volume and facilitates gas diffusion. 
Therefore, the impact of crosslinking on the polymer’s permeability is 
not universal and must be evaluated based on the specific crosslinking 
chemistry employed [217]. Fig. 18 illustrates the crosslinking reaction 
between PVA and PEGDGE [41].

In another study, Saha et al. [218] demonstrated that crosslinking 
significantly reduces hydrogen permeation in polymers by limiting 

Fig. 18. The crosslinking reaction between PVA and PEGDGE. In this process, 
crosslinking reaction occurs through the nucleophilic attack of the hydroxyl 
groups on PVA molecules, which target the carbon atom of the terminal epoxide 
rings in PEGDGE, leading to ring-opening and subsequent crosslink forma
tion [41].

Fig. 19. Structures of some monomers and cross-linkers [219]: (a) Poly 
(ethylene glycol) diacrylate (PEGDA), (b) Poly(ethylene glycol) methyl ether 
acrylate (PEGMEA), (c) Poly(ethylene glycol) dimethacrylate (PEGDMA), (d) 
Tetra(ethylene glycol) dimethacrylate (TEGDMA), (e) Ethylacrylate (EA).
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chain mobility and decreasing free volume within the matrix. Specif
ically, the authors developed a semi-interpenetrating network (S-IPN) 
composed of thermoplastic polyurethane (TPU) and epoxy, where epoxy 
forms a crosslinked structure entangled with TPU chains. This archi
tecture not only improved the mechanical strength and thermal stability 
of the coating but also dramatically suppressed hydrogen gas trans
mission. For example, a 40 wt% epoxy-based S-IPN (S-IPN2) showed a 
62 % reduction in hydrogen gas transmission rate (H2GTR) compared to 
uncoated nylon 6 at room temperature.

H2GTR quantifies the rate at which molecular hydrogen permeates 
through a material under controlled conditions of temperature and 
pressure. It is typically measured using a gas permeability apparatus that 
monitors the pressure change across a test membrane. According to Eq. 
(12), the transmission rate is calculated using parameters such as the 
pressure differential across the sample, the test chamber volume, the 
exposed surface area, and the temperature, with corrections for gas 
constants [218]. 

GTR=

ln
(

pn+1 − pn
pn − p∞

+ 1
)

V

dtaTRm
Eq. 12 

In this analysis, pn represents the pressure on the bottom side (test 
chamber) of the sample at a specific time n, while p∞ corresponds to the 
pressure on the top side, where hydrogen gas is introduced. The test 
chamber volume is denoted by V (cm3), and dt indicates the time dif
ference between n and n+1, expressed in days. The exposed sample area 
is given as a (m2), and the test temperature T is in Kelvin. The term R 
represents the universal gas constant normalized by the molar volume 
(Vm = 0.00371 bar⋅K− 1), under standard conditions.

The study by Lin et al. [219] investigated the influence of 
cross-linking on hydrogen and other gas permeation in poly (ethylene 
glycol) diacrylate (PEGDA) networks. Their results showed that 
hydrogen permeability, along with solubility and diffusivity, is largely 
independent of cross-link density across a series of cross-linked PEGDA 
polymers when water is used to modulate the cross-link density. Despite 
varying the amount of cross-linking by adjusting the water content in 
prepolymer solutions, the polymers maintained constant density, frac
tional free volume, and glass transition temperatures. This indicates 
that, contrary to many assumptions in the literature, cross-linking alone 
does not necessarily restrict gas transport or significantly alter the 
polymer’s physical structure in rubbery network polymers like 
XLPEGDA. Moreover, their analysis suggested that attributing changes 
in gas permeation behaviour purely to cross-link density can be 

misleading if other structural or chemical variables, such as chain end 
group concentration or crystallinity, are not properly controlled. Spe
cifically for hydrogen, which is a small penetrant, its diffusion and 
permeability appear unaffected by the degree of cross-linking, likely due 
to the retention of similar free volume and chain flexibility across the 
series. Thus, in such network polymers, cross-linking might not be a 
dominant factor in controlling hydrogen permeation unless accompa
nied by other concurrent changes in polymer microstructure. Fig. 19
illustrates structures of relevant monomers and cross-linkers.

5.3.1.1.4. Glass transition temperature (Tg). Above the glass transi
tion temperature (Tg), polymer chains become more mobile, increasing 
permeability. Below the Tg, the polymer exists in a glassy state charac
terized by rigid and less mobile polymer chains, limiting diffusion [213]. 
Deckers et al. [220] showed that Tg significantly influences hydrogen 
permeation in polymers such as isotactic polypropylene (IPP). This re
sults in a reduced free volume and lower segmental motion, thereby 
restricting the diffusion pathways available for small penetrant mole
cules like hydrogen (H2). Above Tg, the polymer enters a rubbery state, 
where increased chain mobility and segmental dynamics lead to 
enhanced free volume and molecular motion, thereby facilitating higher 
diffusivity.

Orme et al. [216] reported the effect of the Tg on hydrogen perme
ation in polymers indirectly through polymer density and 
structure-related permeability characteristics. Polymers with lower 
density, which generally correlate with a more amorphous and flexible 
structure (often associated with temperatures above Tg), tend to 
demonstrate higher hydrogen permeability. For instance, polystyrene, 
which has a relatively low density and a Tg above room temperature, 
exhibits both high hydrogen permeability and good selectivity over 
carbon dioxide. This implies that when a polymer is tested below its Tg, 
it behaves in a more glassy and rigid manner, restricting the motion of 
polymer chains and limiting gas diffusion. Conversely, polymers that are 
above or near their Tg under test conditions exhibit more segmental 
mobility, facilitating gas transport. Fig. 20 shows the obtained perme
ability of different polymers with various densities and Tg.

5.3.1.1.5. Additives and fillers. Inorganic fillers, such as silica and 
clay, create physical barriers to gas diffusion, decreasing permeability 
depending on filler type, shape, and interaction with the polymer [212].

Jung et al. [221] reported that the addition of fillers significantly 
influences hydrogen permeation behaviour in ethylene propylene diene 
monomer (EPDM) polymers. According to the study, carbon black (CB) 
fillers, due to their porous nature, introduced dual-mode sorption 
mechanisms comprising Henry’s absorption into the polymer matrix and 
Langmuir adsorption at the filler interface. This dual sorption resulted in 
higher hydrogen uptake with increasing CB content. In contrast, 
silica-filled and neat EPDM followed single-mode sorption governed by 
Henry’s law, indicating that silica does not significantly interact with 

Fig. 20. Plot of polymers density against hydrogen permeability [216].

Fig. 21. TEM observation showing CB particles (appearing as black or gray 
spheres) embedded within a peroxide-crosslinked EPDM composite [221].
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hydrogen at the filler interface. Furthermore, the type and concentration 
of filler affected hydrogen diffusivity differently. In silica-filled EPDM, 
diffusivity decreased linearly with filler content, attributed to the 
extended tortuous diffusion path. However, CB-filled EPDM showed an 
exponential decline in diffusivity due to the combined effects of 
increased tortuosity, stronger polymer-filler interactions, and hydrogen 
adsorption at CB surfaces. These changes in diffusivity were the domi
nant factor affecting permeability, more so than solubility. Notably, 
permeability correlated exponentially with physical properties like 
density and hardness in CB-filled composites, a trend explained by the 
reduced fractional free volume caused by filler-induced densification of 
the polymer matrix. Fig. 21 depicts a TEM image of a CB-filled EPDM 
composite.

In another study [222], they investigated how CB and silica fillers 

influence hydrogen permeation in peroxide-crosslinked EPDM com
posites. It was found that adding CB fillers significantly increased 
hydrogen solubility due to both absorption into the polymer matrix and 
physical adsorption at the CB filler interfaces. In contrast, silica-filled 
EPDM composites displayed hydrogen solubility nearly identical to 
that of neat EPDM, indicating minimal interaction between silica and 
hydrogen molecules.

Yamabe and Nishimura [223] reported the effect of fillers, carbon 
black (CB) and silica (SC), on hydrogen permeation in ethyl
ene–propylene rubber and nitrile–butadiene rubber (NBR) composites, 
which are used in O-rings for high-pressure hydrogen applications. It 
was found that hydrogen permeation follows Henry’s law across all 
samples, indicating molecular hydrogen solubility is linearly related to 
pressure. However, the type of filler significantly influences the 
hydrogen uptake and subsequent material performance. CB-containing 
composites demonstrated higher hydrogen content than those with SC 
or no fillers. This increase is attributed to both the intrinsic trapping 
capability of CB and an enhancement in hydrogen solubility within the 
polymer matrix, suggesting a dual contribution to the elevated hydrogen 
uptake. The elevated hydrogen content in CB-filled composites corre
lated with increased blister formation and severity following decom
pression. In contrast, SC-filled composites showed minimal blistering 
despite comparable or superior mechanical reinforcement. This 
discrepancy is due to SC’s negligible hydrogen trapping and the 
favourable mechanical properties it imparts, such as higher elastic 
modulus and fracture resistance. Thus, while CB enhances mechanical 
strength, it compromises hydrogen resistance due to its affinity for 
hydrogen retention. The study concludes that selecting fillers like silica, 
which do not promote hydrogen trapping yet reinforce the material, is 
critical for developing hydrogen-compatible rubber components.

5.3.1.1.6. Hydrogen permeability data. The hydrogen permeability 
values of various polymers, as extracted from studies, are summarized in 
Table 5.

These values reflect hydrogen gas permeability through polymers, 
which is crucial for applications like gas storage, piping systems, pack
aging, and hydrogen fuel infrastructure. A detailed scientific analysis 
reveals that hydrogen permeability among polymers spans a wide range, 
from as low as 10− 18 to as high as 10− 12 mol.m− 1.s− 1.Pa− 1, indicating 
significant differences in performance depending on molecular struc
ture, polarity, crystallinity, and free volume.

Among the tested materials, the best hydrogen barrier is polyvinyl 
alcohol (PVA) modified with glutaraldehyde (PVA+GA), which exhibits 
an exceptionally low permeability of 2.81 × 10− 18 mol.m− 1.s− 1.Pa− 1. 
The second-best candidate is polyvinyl alcohol (PVA) crosslinked with 
poly (ethylene glycol) diglycidyl ether (PEGDGE), exhibiting a hydrogen 
permeability of 3.35 × 10− 18 mol.m− 1.s− 1.Pa− 1. While this value is 
lower than that of unmodified PVA with a lower molecular weight, 
which stands at 5.02 × 10− 18 mol.m− 1.s− 1.Pa− 1, the reduction is pri
marily attributed to the use of higher molecular weight PVA, rather than 
the crosslinking itself. In fact, the Lei et al. [41] study shows that 
PEGDGE crosslinking generally increases permeability due to reduced 
polymer crystallinity. Therefore, while PEGDGE enhances the rheolog
ical properties necessary for coating applications, it does not improve, 
and can slightly compromise, the barrier properties of PVA films. Closely 
following these are polyvinylidene chloride (PVDC) with a permeability 
of 1.60 × 10− 17 mol.m− 1.s− 1.Pa− 1 and polyamide 11 (PA 11), which 
ranges from 3.22 to 7.04 × 10− 16 mol.m− 1.s− 1.Pa− 1. These materials are 
all characterized by a high degree of polarity and often semi-crystalline 
structures that tightly pack polymer chains, minimizing the diffusion 
pathways for hydrogen molecules.

In contrast, the worst performers in terms of hydrogen permeability 
are materials such as poly(trimethylsilyl propyne) (PTMSP), which 
demonstrates a staggering permeability of 5.52 × 10− 12 mol.m− 1.s− 1. 
Pa− 1. This makes PTMSP the most permeable material in the list and 
therefore the least suitable for hydrogen containment applications. 
PTMSP’s poor performance can be attributed to its highly porous 

Table 5 
Hydrogen permeability of various polymer barrier coatings.

Polymer material H2 permeability (mol. 
m− 1.s− 1.Pa− 1)

Ref.

PVA + glutaraldehyde (PVA + GA) 2.81 × 10− 18 [40]
PVA + poly(ethylene glycol) diglycidyl 

ether (PEGDGE)
3.35 × 10− 18 [41]

Poly(vinyl alcohol) (PVA) 5.02 × 10− 18 [40]
Poly(vinylidene chloride) (PVDC) 1.60 × 10− 17 [135]
Ethylene–vinyl alcohol copolymer 

(EVAL)
1.67 × 10− 16 [216]

Poly(vinyl fluoride) (PVF) 1.80 × 10− 16 [224]
Diglycidyl ether of bisphenol A/ 

polyetheramine (DGEBA/D400)
4.99–5.06 × 10− 16 [40]

Polyamide 11 (PA 11) 3.22–7.04 × 10− 16 [225]
Kynar® (poly(vinylidene fluoride), 

PVDF)
8.04 × 10− 16 [216]

Poly(vinyl chloride) (PVC) 8.17 × 10− 16 [40]
Chloro-isobutene–isoprene rubber (CIIR) 8.57 × 10− 16 [224]
High-density polyethylene (HDPE) 4.93–9.25 × 10− 16 [155,225,

226]
Medium-density polyethylene (MDPE) 5.96–10.62 × 10− 16 [155]
Ultra-high-molecular-weight 

polyethylene (UHMWPE)
8.84–14.57 × 10− 16 [155,226]

Poly(methyl methacrylate) (PMMA) 0.124–8.04 × 10− 16 [216,224]
Cross-linked poly(ethylene oxide) 

(XLPEGD)
1.69–1.77 × 10− 15 [219]

Linear low-density polyethylene (LLDPE) 1.18–2.20 × 10− 15 [155]
Isobutene–isoprene rubber (IIR) 2.42 × 10− 15 [224]
Acrylonitrile–isoprene rubber (NIR) 2.49 × 10− 15 ​
Poly(styrene-co-butadiene) 2.65 × 10− 15 [216]
Styrene–butadiene rubber (SBR) 2.98 × 10− 15 [224]
Polytetrafluoroethylene (PTFE) 3.20 × 10− 15 ​
Poly(benzyl methacrylate) (PBMA) 3.68 × 10− 15 [216]
Chloro-sulfonyl polyethylene (CSM) 1.31–3.68 × 10− 15 [224]
Polysulfone (PSU) 4.05 × 10− 15 [216]
Natural rubber (NR) 4.09 × 10− 15 [224]
Chloroprene rubber (CR) 2.23–4.55 × 10− 15 ​
Poly(vinyl acetate) (PVAc) 5.06 × 10− 15 [216]
Low-density polyethylene (LDPE) 1.33–5.79 × 10− 15 [155,216,

225–227]
Polyurethane (PU) 0.663–6.06 × 10− 15 [135]
Ethylene–propylene–diene terpolymer 

(EPDM)
6.96 × 10− 15 [228]

Fluoroelastomer (FKM) 3.50–7.32 × 10− 15 [224]
Biaxially oriented polypropylene (BOPP) 7.81 × 10− 15 [227]
Polystyrene (PS) 7.58 -7.97 × 10− 15 [216,224]
Acrylonitrile–butadiene rubber (NBR) 1.45–8.43 × 10− 15 [224,228]
Poly(propylene glycol) (PPG) 1.28–19.7 × 10− 15 [229]
Fluorinated polyimide (FPI) 1.60–36.2 × 10− 15 [135]
Polypropylene (PP) 1.38 × 10− 14 [224]
Polybutadiene (BR) 1.41 × 10− 14 ​
Poly(phenylmethyl siloxane) (PMPS) 3.85 × 10− 14 [230]
Poly(methylsilylene-co-phenylsilylene) 

(PMSPS)
8.71 × 10− 14 ​

Silicone rubber (VMQ) 1 × 10− 13 [224]
Polydimethylsiloxane (PDMS) 1.25 - 2.17 × 10− 13 [216,227,

230]
Poly(trimethylsilylpropyne) (PTMSP) 5.52 × 10− 12 [231]
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structure and unusually high free volume, traits that are advantageous 
for other uses such as gas separation membranes but disadvantageous 
for containment. Other high-permeability materials include poly
dimethylsiloxane (PDMS) with a permeability of 1.25–2.17 × 10− 13 

mol.m− 1.s− 1.Pa− 1 and silicone rubber (VMQ), which has a similarly high 
value of 1 × 10− 13 mol.m− 1.s− 1.Pa− 1. These siloxane-based materials 
are known for their high flexibility and low glass transition tempera
tures, features that facilitate gas diffusion and result in poor barrier 
performance. Poly phenylmethyl siloxane (PMPS), another siloxane 
variant, also falls into the group of poor barriers, with a permeability of 
3.85 × 10− 14 mol.m− 1.s− 1.Pa− 1. Rubber materials such as poly
butadiene (BR) and polypropylene (PP) also display high permeability 
values: 1.41 × 10− 14 mol.m− 1.s− 1.Pa− 1 and 1.38 × 10− 14 mol.m− 1.s− 1. 
Pa− 1, respectively, due to their nonpolar and amorphous molecular 
structure that lacks hydrogen barrier performance.

Several polymers fall into an intermediate range, offering moderate 
hydrogen barrier properties. These include common polyethylenes such 
as high-density polyethylene (HDPE), which ranges from 4.93 to 9.25 ×
10− 16 mol.m− 1.s− 1.Pa− 1 and is the best among the polyethylene variants 
due to its high crystallinity. Medium-density polyethylene (MDPE) and 
ultra-high molecular weight polyethylene (UHMWPE) perform slightly 
worse, with values reaching as high as 14.57 × 10− 16 mol.m− 1.s− 1.Pa− 1. 
Low-density polyethylene (LDPE) and linear low-density polyethylene 
(LLDPE) are less effective still, with permeability ranges of 1.33–2.84 ×
10− 15 mol.m− 1.s− 1.Pa− 1 and 1.18–2.20 × 10− 15 mol.m− 1.s− 1.Pa− 1, 
respectively. This hierarchy correlates with the general trend that 
increasing crystallinity and molecular weight reduce gas permeability. 
Among elastomers, chloro-isobutene-isoprene rubber (CIIR) performs 
comparatively well with a permeability of 8.57 × 10− 16 mol.m− 1.s− 1. 
Pa− 1, making it the best among the rubber-based materials. Other rub
bers such as acrylonitrile-butadiene rubber (NBR), natural rubber (NR), 
styrene-butadiene rubber (SBR), and isobutene-isoprene rubber (IIR) 
show values in the range of 1.45–4.09 × 10− 15 mol.m− 1.s− 1.Pa− 1, which 
is moderately permeable but may be acceptable in less critical applica
tions or where flexibility is a higher priority.

Materials such as polystyrene (PS) and its biaxially oriented form 
(BOPP) have permeability values of 7.58–7.97 × 10− 15 and 7.81 ×
10− 15 mol.m− 1.s− 1.Pa− 1, respectively, indicating moderate performance 
that could be sufficient for packaging or insulation in less hydrogen- 
sensitive environments. Engineering plastics such as polymethyl meth
acrylate (PMMA) and fluorinated polyimide (FPI) show intermediate 
values as well, with PMMA [224] having a permeability of 1.24 × 10− 15 

mol.m− 1.s− 1.Pa− 1 and FPI ranging from 1.60 to 36.2 × 10− 15 mol.m− 1. 
s− 1.Pa− 1, suggesting potential use in layered or composite barrier sys
tems. Finally, an epoxy matrix made from diglycidyl ether of bisphenol 
A and polyetheramine (DGEBA/D400) performed well, with a perme
ability range of 4.99–5.06 × 10− 16 mol.m− 1.s− 1.Pa− 1.

Overall, the best hydrogen barrier material from the dataset is the 
PVA + GA combination, offering the lowest permeability measured. 
Among thermoplastics, polyamide 11 stands out as a top performer. For 
elastomers, CIIR offers the best balance of barrier properties and me
chanical flexibility. On the opposite end, PTMSP is the worst barrier, 
with extremely high permeability, followed by PDMS and VMQ, which 
are also unsuitable for applications needing hydrogen containment. 
These findings highlight the critical importance of material selection 
based on specific gas barrier requirements, as differences in molecular 
architecture can lead to several orders of magnitude variations in 
performance.

5.3.2. Various polymers coatings
Polymers are the most widely used coating and liner material in the 

pipeline industry, owing to advantages such as ease of processing, cost- 
effectiveness, corrosion resistance, and mechanical characteristics. 
Various polymer types have been tested for hydrogen permeation [40,
41,155,156,224,232,233], as summarized in subsequent sections.

Polymeric materials have emerged as promising candidates for HBCs 

due to their low density, ease of processing, tunable molecular archi
tecture, and, in certain cases, inherent resistance to hydrogen perme
ation. However, the effectiveness of polymers as hydrogen barriers 
varies significantly depending on their molecular structure, degree of 
crystallinity, crosslinking, free volume characteristics, and interaction 
with water and other gases. Early studies identified that polymers may 
leverage their segmental motion suppression and cohesive energy den
sity to impede hydrogen diffusion, particularly when properly modified 
or reinforced with fillers and additives [50].

Hydrogen permeation in polymers is governed by the solution- 
diffusion mechanism. Thus, both free volume and chemical affinity of 
the polymer to hydrogen critically influence its performance. Polymers 
with low hydrogen solubility and reduced chain mobility, such as 
crosslinked or semicrystalline systems, tend to show enhanced resis
tance to hydrogen permeation [229]. Nonetheless, this performance is 
rarely absolute. Low-temperature performance and leakage after the 
cyclic testing due to plasticization or microcracking under cyclic 
hydrogen charging remain limitations that hinder broader application, 
particularly in structural or high-pressure hydrogen storage contexts 
[228].

Crystallinity plays a pivotal role in determining barrier performance. 
Studies have shown that hydrogen diffusion rates decrease significantly 
with increasing polymer crystallinity, as crystalline regions exhibit very 
low permeability and hinder hydrogen from migrating through the less 
ordered amorphous domains [40,41,218].

Crosslinking is another critical strategy to enhance hydrogen barrier 
properties. Highly crosslinked poly(propylene glycol) (PPG) networks 
exhibited a monotonic decrease in hydrogen and CO permeabilities with 
increasing crosslink density, attributed to the suppression of cooperative 
molecular motions and reduced chain segmental mobility [229]. Yet, 
excessive crosslinking can result in brittle films or poor interfacial 
adhesion to substrates, highlighting the need for optimization tailored to 
application-specific mechanical constraints.

Importantly, polymers such as poly(1- (trimethylsilyl) - 1 -propyne) 
(PTMSP) exhibit unusually high hydrogen permeability due to their high 
fractional free volume and microporosity, making them fundamentally 
unsuitable for barrier applications despite their advantageous process
ing properties [231]. This demonstrates the trade-off between transport 
efficiency, e.g., in separation membranes, and barrier function. Thus, for 
HE protection, polymers must be critically selected or engineered with 
specific performance trade-offs in mind.

Moreover, polymeric systems often exhibit time-dependent degra
dation under hydrogen exposure, including swelling, softening, or 
plasticization effects that can alter barrier efficiency over time. This 
dynamic behavior is further complicated when polymers are used in 
conjunction with metal substrates, where interfacial diffusion, delami
nation, or galvanic effects may emerge under cycling or humid condi
tions [228]. Therefore, standalone hydrogen permeability values are 
insufficient. The comprehensive assessments must account for me
chanical stability, adhesion, and environmental resistance.

Poly(propylene glycol) networks represent another class of prom
ising hydrogen barrier materials. As shown in the seminal study by 
Andradý and Sefcik, increasing crosslink density in PPG networks 
drastically reduces hydrogen and CO permeation [229]. The authors 
attributed these results to constrained segmental dynamics and reduced 
free volume. Importantly, they demonstrated that hydrogen diffusivity 
is inversely related to the average molecular weight between crosslinks, 
reinforcing the utility of precise network design in barrier optimization.

Elastomeric materials such as nitrile butadiene rubber (NBR), 
ethylene propylene diene monomer (EPDM), and fluoroelastomer (FKM) 
are often used in sealing applications. Recent thermal desorption anal
ysis coupled with gas chromatography revealed dual diffusion behav
iour in NBR and EPDM due to the heterogeneous distribution of carbon 
black fillers, which create separate fast and slow hydrogen diffusion 
pathways [228]. FKM, in contrast, displayed a single, slower hydrogen 
diffusion process, indicating a more homogeneous barrier network. 
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Notably, the presence of fillers increased hydrogen solubility while 
reducing diffusivity, suggesting a complex trade-off between mechanical 
reinforcement and permeation performance.

Conversely, poly(1-(trimethylsilyl)-1-propyne) (PTMSP) exhibits 
exceptionally high hydrogen permeability, over four orders of magni
tude greater than polysulfone, making it fundamentally unsuitable for 
use as a hydrogen barrier [231]. This anomalous behaviour stems from 
its ultra-high fractional free volume (~25 vol%) and interchain micro
voids, which facilitate fast gas transport through surface diffusion and 
competitive adsorption effects. While PTMSP has been extensively 
explored in gas separation membranes, its structural characteristics 
render it more akin to a molecular sieve than a barrier material. More
over, its permeability increases with decreasing temperature, contrary 
to classical polymer behaviour, due to enhanced free volume connec
tivity at low thermal energy, further highlighting its incompatibility for 
embrittlement mitigation [231].

Silicone rubber, while occasionally used for its thermal and oxidative 
stability, exhibits one of the highest permeabilities to hydrogen and 
other small gases due to its flexible, low-density siloxane backbone 
[230]. Replacing Si–O bonds with the stiffer Si–C bonds within the 
backbone chains significantly reduces permeability.

In light of these multifaceted considerations, growing interest has 
emerged in hybrid strategies, such as polymer-inorganic nano
composites or dual-layer coatings, that aim to synergistically combine 
the favourable properties of different material classes. While these ap
proaches offer promise in addressing some intrinsic limitations of con
ventional polymers, such as high hydrogen permeability, they also 
introduce new challenges related to interfacial stability, scalability, and 
long-term performance. Given the relative paucity of studies on poly
meric systems, no single approach currently dominates the field, and 
further research is essential to establish robust, scalable hydrogen bar
rier solutions.

5.3.3. Techniques for applying polymer coatings
The fabrication of polymer coatings as hydrogen barriers involves 

various techniques, each offering unique advantages depending on the 
required coating properties, substrate characteristics, and intended ap
plications. These methods include dip coating, casting and curing, 
spraying, and extrusion, all of which are widely utilized in industrial and 
research environments. In a study by Kargari et al. [234], PDMS coatings 
were applied to polyetherimide (PEI) membranes using dip coating, film 
casting, and pouring methods, with dip coating yielding the highest H2 
selectivity due to enhanced penetration of the polymer into surface 
pinholes and better coating uniformity.

In a study, the permeation behavior of epoxy resin was quantitatively 
evaluated using the cylinder method, revealing no significant influence 
of curing temperature on hydrogen permeability within the examined 
range [235]. The experimentally derived permeability values were 
applied to model hydrogen loss rates in high-pressure storage systems 
comprising epoxy resin-coated glass capillaries and modular arrays. 
Notably, despite initial assumptions, adhesive joint losses were found to 
be minimal, supporting the feasibility of such systems and indicating 
that strategic design, such as increasing glass wall thickness slightly and 
minimizing adhesive gaps, can effectively reduce pressure drops and 

overall hydrogen loss without substantial weight penalties.
Spraying is another technique employed by Lei et al. [41] to apply a 

novel internal polymeric coating composed of crosslinked polyvinyl 
alcohol (PVA) and poly(ethylene glycol) diglycidyl ether (PEGDGE) was 
engineered specifically for application via spray techniques onto steel 
pipelines and similar infrastructure intended for high-pressure hydrogen 
environments. The formulation was optimized to maintain the rheo
logical characteristics essential for efficient and uniform spray applica
tion, while simultaneously achieving an exceptionally low hydrogen 
permeability of just 3.35 × 10− 18 mol.m− 1.s− 1.Pa− 1. This dual perfor
mance underscores its potential as a practical and scalable solution for 
enhancing hydrogen containment in industrial systems.

Extruded polyether ether ketone (PEEK) films were thoroughly 
evaluated by Monson et al. [236] for their gas permeation behavior and 
compared with polycarbonate (PC) and polyether imide (PEI), two 
polymers commonly used in semiconductor microenvironments. The 
extrusion method was critical in producing specimens with well-aligned 
polymer chains and moderate levels of crystallinity, which strongly 
influenced the diffusion characteristics of hydrogen, nitrogen, and ox
ygen gases. Compared to PC and PEI, extruded PEEK exhibited signifi
cantly lower gas permeation rates, up to five times lower, due to its 
inherently higher crystallinity and more compact molecular structure, 
which serve as effective barriers to gas transport.

The selection of a suitable coating technique depends on several 
factors, including the desired coating thickness, substrate geometry, 
mechanical requirements, and cost considerations. For applications 
requiring thin, precise coatings, dip coating and spraying offer signifi
cant advantages due to their uniformity and scalability. In contrast, 
casting is preferred for producing thicker coatings with enhanced me
chanical robustness, while extrusion remains the method of choice for 
large-area applications involving thermoplastic polymers.

The choice of coating technique depends on factors such as desired 
coating thickness, substrate geometry, and environmental resistance. 
Table 6 summarizes the main characteristics of these methods.

Future advancements may focus on improving coating performance 
through automated deposition systems, hybrid coatings, and the incor
poration of nanofillers [40,154]. These innovations will optimize barrier 
properties, environmental resistance, and scalability for industrial 
applications.

In addition to laboratory studies, polymer coatings have also been 
adopted in practical applications. Type IV high-pressure hydrogen 
storage tanks, for instance, employ polymer liners such as HDPE and 
PA6 within carbon-fiber reinforced composites to reduce hydrogen 
permeation in fuel-cell vehicles. Epoxy- and polyurethane-based coat
ings have further been applied as protective linings in pipelines and 
storage vessels, underscoring the translational potential of polymers in 
hydrogen infrastructure [237].

A critical consideration for polymeric barriers lies in their environ
mental durability. Long-term exposure to humidity, temperature 
cycling, and UV radiation can induce swelling, microcracking, and 
plasticization of polymer matrices, leading to degradation of hydrogen 
barrier performance. Accelerated aging studies confirm that cyclic 
thermal and moisture conditions significantly reduce durability over 
time [238]. While these effects are well recognized in polymer barrier 
applications generally, systematic long-term evaluations under 
hydrogen service conditions remain sparse, highlighting an important 
research gap.

From an economic perspective, polymer coatings are attractive due 
to their low cost, lightweight nature, and scalability in large-area 
deposition processes, including spray or extrusion techniques [239]. 
However, their limited environmental stability may offset these ad
vantages in demanding hydrogen-rich environments [240,241]. Hybrid 
strategies, particularly polymer–inorganic nanocomposites and multi
layer architectures, represent promising directions to balance afford
ability with long-term functional stability [242].

Table 6 
Comparison of polymer coating techniques.

Technique Advantages Applications

Dip coating Uniform thin coatings; and 
precision control

Gas barriers, electronics, and 
packaging

Casting and 
curing

Thick; robust coatings; and 
performance tuning

Films for food packaging, and 
gas barriers

Spraying Quick; versatile; and industrial 
adaptability

Aerospace, automotive, and 
electronics

Extrusion Continuous coatings; and 
molecular alignment

Pipeline liners
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5.4. Composite and multilayer coatings

Composite and multilayer coatings have garnered significant atten
tion as barrier systems against hydrogen permeation due to their po
tential to synergistically combine the desirable traits of individual 
components, such as high mechanical stability, low hydrogen diffu
sivity, and robust adhesion. Among the most promising designs are those 
involving graphene-based nanocomposites, polymer-layered structures, 
and ceramic-polymer hybrids, which exhibit unique diffusion-blocking 
mechanisms owing to their tortuous path effects and interfacial con
trol. However, despite the diversity of strategies, a comprehensive un
derstanding of their performance limitations, interfacial failure 
mechanisms, and processing challenges remains insufficient.

Composite coatings incorporate phases with very low hydrogen 
permeability, such as ceramics, nanomaterials, or inorganic fillers, into a 
polymer matrix. These inclusions act as physical barriers to hydrogen 
diffusion, creating tortuous pathways that impede molecular transport. 
For example, the addition of graphene or MXene nanomaterials has been 
shown to significantly enhance the hydrogen barrier properties of 
polymer coatings. Graphene-based composites, in particular, exhibit 
exceptionally low hydrogen permeability due to their two-dimensional 
structure, which effectively blocks hydrogen molecules [157,243,244]. 
Similarly, the incorporation of ceramic fillers, such as alumina or silica, 
improves both the mechanical strength and hydrogen resistance of 
polymer matrices [245,246]. However, challenges related to achieving 
uniform filler distribution and strong interfacial adhesion between the 
polymer and filler must be addressed to optimize performance.

Multilayer coatings offer another promising approach for enhancing 
hydrogen barrier properties. These coatings are composed of alternating 
layers of polymers and functional materials, each contributing specific 
attributes such as mechanical reinforcement, low hydrogen perme
ability, or environmental resistance. Recent works have emphasized the 
importance of multilayer configurations formed via layer-by-layer (LbL) 
assembly or dip-coating techniques, where nanomaterials such as gra
phene oxide (GO) or MXenes are interleaved with polymers or ceramics 
to form ‘brick-and-mortar’ structures. For instance, Yang et al. demon
strated that PEI/PAA multilayers assembled at optimized pH values 
exhibited oxygen permeability as low as 3.2 × 10− 21 cm3(STP)⋅cm. 
cm− 2⋅s− 1⋅Pa− 1, attributed to their uniform morphology and controlled 
interdiffusion barrier formation [247]. However, their sensitivity to 
humidity and limited thermal stability highlight the need for chemically 
crosslinked or hybrid solutions.

In this context, graphene-enhanced systems have emerged as leading 
candidates due to graphene’s exceptional low-permeability and me
chanical resilience. Nevertheless, pristine graphene remains impractical 
for large-scale coating applications due to poor dispersion and interfa
cial adhesion. To overcome these, several studies introduced function
alized or reduced GO (rGO) variants embedded in polymer matrices such 
as polyurethane or polyethyleneimine. The work of Bandyopadhyay 
et al. [248] showed that incorporating 43.3 wt% of 
hexylamine-functionalized reduced graphene oxide (RGO-HA) in a PU 
matrix on nylon film reduced the hydrogen gas transmission rate by 82 
%. The enhancement was primarily attributed to the excellent dispersion 
and exfoliation of RGO-HA, which introduced tortuous paths for 
hydrogen permeation. They reported that the enhanced barrier prop
erties of the composite-coated nylon film suggest promising potential for 
their application in hydrogen storage containers for fuel cell vehicles in 
the near future.

More advanced architectures, such as covalently bonded graphene 
oxide-polymer multilayers, show promise in addressing interfacial 
debonding at polymer-substrate boundaries and GO aggregation. Li 
et al. [249] developed a reactive LbL film comprising modified GO and 
PEI, achieving a 78.8 % reduction in H2 transmission through covalent 
bonding that enhanced chemical resistance across pH and thermal 
ranges. Consequently, to enhance the stability of the film’s hydrogen 
barrier performance across diverse environments, it is imperative to 

employ covalent bonds in the self-assembly process in place of 
non-covalent interactions. Still, covalent systems often require stringent 
processing conditions, e.g., pH control, crosslinking agents, raising 
concerns for scalability and compatibility with temperature-sensitive 
substrates.

Similarly, multilayer designs combining ceramic and polymeric 
phases offer another viable strategy. Liu et al. [250] constructed a 
GO-reinforced AlPO4/Cr2O3 double coating via dip-coating, which 
exhibited not only a deuterium permeation reduction factor (PRF) above 
100 in the 450–550 ◦C range but also superior mechanical strength 
(21.5 MPa bonding strength) and corrosion resistance. The synergy 
between Cr2O3’s stable oxide network and GO’s tortuous path function 
led to a dense, defect-free coating. However, thermal stability becomes 
compromised beyond 600 ◦C due to the Cr2O3 phase transition, and 
optimization of GO content is critical to avoid embrittlement.

Despite these advances, current composite and multilayer coatings 
often lack uniform adhesion at the metal interface, a factor critically 
governed by surface chemistry and microstructure. Bahlakeh et al. [251] 
used molecular dynamics and quantum mechanics simulations to show 
that adhesion strength between epoxy and various iron oxide surfaces 
(FeO, Fe2O3, and Fe3O4) is strongly dependent on hydroxyl group 
coverage and oxide type, with ferric oxide (Fe2O3) showing the strongest 
binding via electrostatic and hydrogen bonding. This insight is vital for 
tailoring surface treatments and selecting compatible polymers that 
form robust interfacial chemistries. Nevertheless, such computational 
insights need to be validated across multiple substrate chemistries and 
environmental conditions, which remain underexplored in the 
literature.

Graphene oxide-polyurethane composite coatings have demon
strated improved barrier properties when functionalization and disper
sion are optimized. Upcoming research should focus on developing 
multifunctional coating systems with hierarchically engineered struc
tures. High tortuosity nanofillers, such as functionalized graphene oxide 
(GO) or MXene, are employed to enhance diffusion resistance by 
creating elongated and tortuous pathways for hydrogen transport. 
Simultaneously, chemically crosslinked polymer matrices provide 
essential mechanical compliance and long-term environmental stability. 
Tailoring the interface through controlled surface pretreatment, for 
instance, Fe2O3 surface enrichment [251] or covalent anchoring stra
tegies [249], further optimizes adhesion and structural integration. To 
enable industrial scalability, fabrication methods like modified 
layer-by-layer (LbL) assembly, spray-casting, and hybrid sol–gel tech
niques are increasingly adopted, offering a balance between perfor
mance and manufacturability. In addition, standardized testing 
protocols for hydrogen permeation under thermal/mechanical cycling 
and long-term humidity exposure are urgently needed to assess coating 
reliability beyond short-term lab-scale metrics.

The fabrication of composite and multilayer coatings often involves 
complex and time-consuming processes, such as layer-by-layer assembly 
or solution casting, which may limit scalability for industrial applica
tions. Additionally, ensuring uniform thickness, consistent filler 

Table 7 
Examples of composite and multilayer polymer coatings.

Type of coating Composition Key features Ref.

Composite 
coating

Polymer + ceramic 
fillers

Improved barrier 
performance, and high 
toughness

[245,
246]

Graphene-based 
coating

Graphene + polymer 
matrix

Exceptional barrier 
properties

[157,
243]

MXene-based 
coating

MXene 
nanomaterials 
+polymer

Enhanced hydrogen 
resistance

[244]

Multilayer 
coating

PEI/PAA layers Dramatic reduction in gas 
permeability

[247]

Graphene oxide 
multilayer

PET +
graphene oxide

78.8 % reduction in 
hydrogen permeation

[249]
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distribution, and strong interlayer adhesion is critical to achieving 
reliable performance. Although new coating technologies, particularly 
for coatings incorporating advanced nanomaterials, have been intro
duced, many of these advancements still pose a considerable obstacle to 
their widespread adoption [135].

Future research in composite and multilayer coatings should focus on 
addressing these challenges through process optimization, material 
innovation, and cost reduction. Advanced deposition techniques, such as 
cold spraying, laser cladding, and automated layer-by-layer assembly, 
hold promise for improving the scalability and uniformity of these 
coatings. Furthermore, the development of hybrid systems that combine 
polymers with nanomaterials, ceramics, and other functional phases will 
enable the creation of coatings with superior hydrogen resistance and 
mechanical properties. Innovations in smart coatings, including self- 
healing and environmentally responsive systems, will further enhance 
the reliability and adaptability of composite and multilayer coatings in 
dynamic environments.

Table 7 summarizes notable developments in composite and multi
layer coatings for hydrogen barrier applications.

While in the realm of composite coatings, challenges remain, 
continued advancements will pave the way for broader industrial 
adoption in sectors such as aerospace, automotive, energy, and pipeline 
infrastructure. Studies showed that some crosslinked polymers with 
certain crosslinking agents emerged as effective hydrogen barriers due 
to their dense molecular structure. For example, polyvinyl alcohol 
(PVA), particularly when crosslinked with glutaraldehyde, achieves 
exceptional hydrogen resistance by forming a compact network with 
very low hydrogen permeability. Studies have shown that PVA and some 
crosslinked PVA exhibit lower hydrogen permeability compared to the 
majority of other polymer coatings, which makes it a promising material 
for preventing hydrogen ingress [40,217]. Similarly, epoxy-based 
coatings offer excellent adhesion to metal substrates, strong mechani
cal properties, and good hydrogen barrier performance, making them 
widely applicable in industrial environments where a balance of adhe
sion, durability, and hydrogen resistance is required [251]. They may 
also be regarded as suitable candidates for the fabrication of composite 
coatings.

While these materials show significant promise, challenges remain in 
their widespread implementation. Achieving uniform coatings, partic
ularly for composite and multilayer systems, requires precise control 
over processing conditions to ensure homogeneity in thickness and filler 
distribution. Irregularities in coating properties can compromise 
hydrogen resistance, especially in large-scale applications [245,246]. 
Additionally, environmental conditions such as mechanical stress, 
thermal cycling, and humidity pose durability concerns for polymer 
coatings. Maintaining long-term performance under such conditions 
necessitates further investigation into material stability and degradation 
mechanisms.

The performance of composite and multilayer hydrogen barrier 
coatings is strongly influenced by the quality of the coating/substrate 
interface [252]. Optimizing the coating/substrate interface through 
surface engineering enhances adhesion and long-term stability. Strate
gies include promoting chemical bonding between functional groups of 
the coating matrix and substrate surface [253], as well as designing 
surface roughness to achieve mechanical interlocking [254]. Such ap
proaches improve load transfer across the interface and minimize 
delamination under hydrogen-rich environments.

The incorporation of supplementary nanofillers such as graphene 
and MXenes [255–258] has been explored to reduce hydrogen perme
ability and reinforce the coating structure. However, their uniform 
dispersion within polymer matrices remains a challenge due to strong 
van der Waals interactions and agglomeration tendencies. Poor disper
sion not only compromises barrier continuity but also introduces 
stress-concentration sites that accelerate coating failure. To overcome 
these issues, techniques such as surface functionalization of nanofillers, 
non-covalent modification [259–261], the use of agents [262], and 

controlled defect formation [263] methods have been proposed. These 
methods improve interfacial compatibility between nanofillers and the 
polymer matrix, thereby enhancing hydrogen barrier performance while 
maintaining mechanical integrity.

High production costs represent another obstacle, particularly for 
advanced systems incorporating nanomaterials like MXenes. These 
materials involve complex synthesis and processing methods, limiting 
their large-scale application. Moreover, adhesion challenges, particu
larly with ceramic phases like alumina, often arise due to thermal 
expansion mismatches with metal substrates. Addressing these issues is 
crucial for achieving robust and reliable coatings for industrial use [148,
250].

In summary, composite and multilayer coatings represent a pivotal 
advancement in the development of hydrogen barrier technologies, of
fering enhanced resistance through the synergistic integration of poly
mers, nanomaterials, and functional fillers. These engineered systems 
combine tailored molecular architectures with optimized interfacial 
properties to significantly improve durability and permeability perfor
mance under demanding conditions. However, the successful deploy
ment of such coatings will require a convergent strategy that bridges 
molecular design, advanced processing techniques, and systems-level 
engineering. Addressing these interdisciplinary challenges is crucial 
for enabling reliable, cost-effective solutions in hydrogen-critical sectors 
such as energy storage and transportation, and fuel cell components, 
where precise hydrogen control directly impacts operational perfor
mance and safety. Continued innovation in material formulation and 
scalable fabrication methods will be key to supporting their widespread 
adoption across diverse industrial applications.

5.5. Challenges and future perspectives in HBCs

1. Recent innovations in smart coatings mark a significant step for
ward in addressing the persistent challenges associated with HBCs. 
Notably, self-healing systems can autonomously repair microcracks, 
thereby restoring their barrier properties and extending service 
lifetimes. Environmentally responsive coatings that adapt to external 
stimuli, such as changes in temperature or hydrogen concentration, 
offer further potential for application in dynamic environments. The 
integration of sensors within coating matrices enables real-time 
monitoring of operational conditions, providing valuable feedback 
for timely maintenance and system optimization [245,246].

2. The continued evolution of HBCs demands targeted improvements 
in material composition, coating architectures, and deposition 
techniques. Cold spraying, laser cladding, and automation-based 
approaches are expected to facilitate uniform coating deposition 
while reducing production costs [248]. The development of multi
layered systems that combine polymers with functional materials 
presents a promising avenue for enhancing hydrogen barrier prop
erties and mechanical resilience [247,249]. Simultaneously, envi
ronmental sustainability considerations are pushing for coatings 
formulated with non-toxic solvents, recyclable ingredients, and 
energy-efficient processing methods.

3. A critical bottleneck in current HBCs research is the lack of stan
dardized hydrogen permeability testing protocols. Variations in re
ported values stem from inconsistent conditions regarding 
temperature, pressure, and sample thickness, hindering meaningful 
comparisons across studies. Essential metrics such as solubility, 
diffusivity coefficients, and permeation reduction factors (PRFs) are 
often reported selectively and under differing conditions. Further
more, comprehensive long-term data, particularly under cyclic 
loading, high-pressure hydrogen exposure, and other complex ser
vice scenarios, remain limited, thereby constraining predictive reli
ability. Incorporating real-time diagnostics, such as electrochemical 
permeation monitoring or in-situ spectroscopic techniques, may 
provide crucial insights into coating degradation and failure mech
anisms during operation. These tools serve to bridge the gap between 
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fundamental materials characterization and actual service perfor
mance, an especially important consideration for critical applica
tions in hydrogen pipelines, containment vessels, and energy 
infrastructure.

4. Application-specific coating design will be pivotal for future de
velopments. Advanced architectures such as gradient interfaces, 
functionally graded systems, and atomically engineered multilayers 
[53,153,264,265] offer pathways to improve interfacial bonding and 
mitigate thermal expansion mismatches. The strategic implementa
tion of in situ diagnostics, first-principles simulations, and machine 
learning-guided material screening [266–268] is anticipated to 
accelerate the optimization of coatings for both performance and 
manufacturability. The deliberate selection of materials with 
matched thermal expansion coefficients for multilayer systems, 
especially in the inner layers, followed by an outer material with very 
low hydrogen permeability, provides a rational design approach. 
Additionally, coating hardness may play a role in hydrogen resis
tance and could be considered as a supplementary parameter in 
future coating design strategies, pending further experimental 
validation.

5. In the realm of metallic HBCs coatings, the absence of a universal 
solution necessitates careful trade-offs among permeability resis
tance, mechanical performance, adhesion, and environmental 
durability. Current findings underscore that no single coating excels 
universally, and suitability must be judged by application-specific 
requirements. Despite notable progress, critical gaps persist. More
over, few investigations connect microstructural features, like grain 
boundaries, amorphicity, or interfacial chemistry, to transport 
behavior and fracture resistance. Multilayer coatings with engi
neered hydrogen trap sites and self-healing interfaces, such as those 
reported in aluminum-based high-pressure systems [171], represent 
a promising yet underdeveloped frontier.

6. Ceramics’ fundamental limitation lies in the intrinsic brittleness of 
ceramics, which often leads to cracking, spallation, or delamination. 
Such defects not only compromise the structural integrity but also 
create pathways for hydrogen ingress, undermining the barrier 
function. Furthermore, achieving consistent coating quality across 
complex geometries remains difficult, particularly with techniques 
like thermal spraying, which may introduce porosity and micro
cracks. The dependency of coating performance on processing pa
rameters and substrate compatibility also adds complexity to scale- 
up efforts. From a testing standpoint, the scarcity of standardized, 
long-term, and in-situ permeability evaluations under cyclic, 
ambient, or combined stress-hydrogen environments limits the 
ability to predict service life accurately. Looking ahead, future 
development should prioritize the design of multilayer and hybrid 
ceramic architectures that combine phases with complementary 
thermal expansion, toughness, and hydrogen diffusivity.

7. Among polymer coatings, crosslinked networks such as those based 
on polyvinyl alcohol (PVA) and epoxy composites exhibit significant 
promise due to their favourable barrier characteristics. The incor
poration of nanomaterials and the emergence of smart coating 
technologies are expected to further enhance permeability resis
tance, durability, and scalability. Future advances in material pro
cessing, sustainability, and structural optimization will be crucial to 
enabling widespread industrial implementation. These strategies are 
fundamental for ensuring HE protection and maintaining the integ
rity of hydrogen-exposed infrastructure.

8. Emerging strategies offer promising alternatives. Polymer–inorganic 
nanocomposites, for example, leverage the very low permeability of 
metal oxides or layered silicates embedded within polymer matrices 
to significantly reduce gas transport through tortuous diffusion 
pathways. However, achieving uniform nanofiller dispersion and 
maintaining robust interfaces under stress remain an active chal
lenge. Layered architectures combining a soft adhesion-promoting 
primer with a rigid topcoat have also demonstrated improved 

interface stability without sacrificing hydrogen barrier performance 
[226]. The field is also witnessing developments in bioinspired and 
molecularly engineered polymers, tailored to modulate free volume, 
chain packing density, and hydrogen bonding characteristics. These 
efforts are likely to yield novel coatings with enhanced resistance to 
hydrogen ingress and greater mechanical flexibility.

9. Next-generation HBCs will be characterized not only by composition 
but by their engineered interfacial properties, mechanical compati
bility, and scalable processing tailored to distinct hydrogen tech
nologies. Future studies could include: (i) implementing in situ 
permeation, thermal desorption spectroscopy (TDS), and slow strain 
rate testing under realistic hydrogen service conditions; (ii) quanti
fying trapping energies and diffusivity in correlation with structural 
attributes and processing history; (iii) explore gradient or hybrid 
architectures integrating dense barriers with sacrificial outer layers 
to endure dynamic hydrogen exposure; and (iv) develop unified 
testing methodologies that allow rigorous comparative evaluations 
across coating systems under consistent environmental and me
chanical loads.

6. Conclusions and outlook

This review provides a comprehensive examination of hydrogen 
permeability across diverse materials and coating systems, highlighting 
their pivotal role in mitigating hydrogen embrittlement (HE). A rigorous 
synthesis of theoretical frameworks, experimental methodologies, and 
material-specific performance data underscores the centrality of 
permeability assessment as a foundational parameter in the design and 
selection of hydrogen barrier coatings (HBCs). Among the various 
strategies explored to reduce HE susceptibility, the application of sur
face modifications, particularly through advanced coating deposition, 
emerges as the most effective means of impeding hydrogen ingress. 
These surface-functionalized barriers not only minimize hydrogen 
diffusion but also enhance structural resilience under aggressive service 
conditions. 

• Among metallic coatings evaluated for hydrogen permeation resis
tance, beryllium (Be) exhibits the lowest hydrogen permeability re
ported, reaching values as low as 2 × 10− 15 mol.m− 1.s− 1.Pa− 1/2 at 
400 ◦C. This positions Be as the best performer in terms of absolute 
permeability. However, its practical use is severely constrained by 
several factors: high toxicity, which poses serious health risks during 
handling and processing; brittleness, leading to potential cracking 
under stress; and complex hydrogen trapping behaviours that may 
induce nano voiding or embrittlement over time. In contrast, tung
sten (W), with a slightly higher but still exceptionally low perme
ability of 4.3 × 10− 15 mol.m− 1.s− 1.Pa− 1/2, is widely regarded as the 
most practical and robust metallic hydrogen barrier. It combines 
exceptionally low hydrogen permeability with superior thermal 
stability, mechanical strength, and environmental safety, making it a 
preferred choice for high-temperature and hydrogen-intensive ap
plications. At the other end of the spectrum, vanadium (V) demon
strates the highest hydrogen permeability among metals studied, at 
2.9 × 10− 8 mol.m− 1.s− 1.Pa− 1/2 at 500 ◦C, more than three orders of 
magnitude higher than W or Be. This makes it the least effective 
hydrogen barrier, despite its usefulness in hydrogen-selective mem
branes due to high diffusivity.

• Ceramic coatings, in particular, demonstrate outstanding potential 
due to their inherently low hydrogen permeability and excellent 
thermomechanical stability. However, the ultimate effectiveness of 
these coatings is profoundly dependent on the deposition technique 
employed, with precision-driven methods such as the differential 
pressure approach offering the most reliable and accurate quantifi
cation of hydrogen permeability. Together, these insights reinforce 
the critical importance of integrating materials science, coating en
gineering, and accurate permeability measurement in the 
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development of robust HBCs. Hydrogen permeation, governed by a 
confluence of thermodynamic laws, diffusivity, and solubility be
haviours, is profoundly influenced by both intrinsic material prop
erties and extrinsic factors such as microstructure, coating method, 
and environmental conditions. By dissecting the hydrogen transport 
mechanisms in metals, polymers, and ceramics, the study elucidates 
how materials’ structure, grain boundaries, and defect structures 
modulate permeation kinetics. This understanding is particularly 
vital for materials deployed in hydrogen-intensive technologies, 
where even trace ingress can compromise structural integrity. 
Among ceramic coatings, titanium carbide (TiC) and zirconium 
nitride (ZrN) demonstrated the most outstanding hydrogen barrier 
performance, with an exceptionally low permeability of 3.62 ×
10− 18 at 300 ◦C and 7.9 × 10− 18 mol.m− 1.s− 1.Pa− 1/2 at 400 ◦C, 
respectively. This positions them as the most effective ceramic ma
terials for hydrogen containment applications, particularly in high- 
temperature environments. In contrast, iron oxide (FeO) exhibited 
the highest hydrogen permeability among ceramics, reaching 4.3 ×
10− 11 mol.m− 1.s− 1.Pa− 1/2 at 800 ◦C, making it the least suitable 
ceramic coating for use in hydrogen-rich conditions. This stark 
contrast underscores the importance of careful material selection 
based on both permeability performance and environmental oper
ating conditions.

• Among polymeric coatings, the best hydrogen barrier performance 
was achieved by polyvinyl alcohol (PVA) crosslinked with glutaral
dehyde (PVA + GA), which exhibited an exceptionally low perme
ability of 2.81 × 10− 18 mol.m− 1.s− 1.Pa− 1. This was closely followed 
by other modified PVA systems, including those crosslinked with 
PEGDGE, confirming that crosslinking significantly enhances 
hydrogen barrier properties by reducing molecular free volume. In 
contrast, the worst performer was poly (trimethylsilyl propyne) 
(PTMSP), with a permeability of 5.52 × 10− 12 mol.m− 1.s− 1.Pa− 1, 
approximately six orders of magnitude higher. PTMSP’s highly 
porous structure and large free volume, while beneficial for gas 
separation membranes, make it unsuitable for hydrogen containment 
applications. This stark disparity underscores the critical influence of 
polymer structure on gas barrier performance and highlights the 
importance of selecting materials tailored to the demands of 
hydrogen-sensitive environments.

• In the context of polymer liners used in high-pressure hydrogen 
storage systems, despite significant advances in the development of 
hydrogen permeation barriers, several critical challenges persist. 
These liners offer substantial benefits, including reduced container 
weight and enhanced volumetric efficiency; however, they are 
vulnerable to hydrogen ingress under dynamic service conditions. 
One prominent issue arises during rapid decompression, where the 
buildup of internal hydrogen concentration leads to structural 
damage caused by large pressure differentials, thereby accelerating 
permeation and compromising the liner’s integrity. To address these 
limitations, the integration of reinforced polymer liners within 
metallic containment systems has been proposed as a promising 
mitigation strategy against hydrogen embrittlement.

• Composite and multilayer coatings represent a transformative 
approach in the development of hydrogen barrier systems, offering 
enhanced mechanical resilience, reduced gas permeability, and 
improved environmental stability through the synergistic integration 
of polymers, nanomaterials, and ceramics. Advances in functional 
filler dispersion, interfacial chemistry, and scalable deposition 
techniques have significantly improved the barrier performance of 
these coatings. However, challenges such as processing complexity, 
interfacial adhesion, and long-term durability under thermal and 
mechanical stresses remain critical hurdles. Future efforts should 
prioritize the design of multifunctional architectures with hierar
chically structured fillers, chemically crosslinked matrices, and 
tailored interfaces, while also establishing standardized testing pro
tocols to validate long-term reliability. Bridging materials innovation 

with scalable manufacturing will be pivotal in enabling the wide
spread adoption of these coatings in demanding applications such as 
hydrogen storage, energy infrastructure, and aerospace systems.

• Beyond polymer-specific coating challenges, broader technical ob
stacles remain in the evaluation and deployment of HBCs. A major 
limitation lies in the absence of standardized, high-resolution 
permeability testing methods capable of accurately capturing ultra- 
low fluxes under realistic thermal and pressure conditions. More
over, the long-term reliability of these barriers is influenced by fac
tors such as coating defects, exposure to environmental 
contaminants, and the effects of mechanical fatigue, parameters that 
are often underexplored in current studies. Importantly, the inter
play between interfacial bonding, coating architecture, and 
hydrogen trapping behaviour warrants deeper investigation, partic
ularly through the development of in-situ diagnostic tools and real- 
time monitoring systems. Such approaches would not only illumi
nate degradation mechanisms but also inform the rational design of 
next-generation barrier systems for demanding hydrogen-related 
applications.

• The selection of coating materials must also be tailored to the spe
cific environmental conditions in which they will be used. Polymer 
composites offer several benefits, including lower costs, greater 
plasticity, and suitability for large-scale manufacturing. However, 
they are not suitable for high-temperature environments due to their 
lower melting points compared to metal substrates, and their 
degradation rate accelerates at elevated temperatures. For applica
tions such as hydrogen storage tanks that are transported at room 
temperature, lightweight polymers and their composite coatings are 
preferable. These materials are likely to be widely adopted in 
everyday applications, such as hydrogen-powered vehicles and 
hydrogen transport pipelines. In contrast, extreme environments, 
such as those found in industries, require more robust materials, 
including metals, dielectrics, and their composites. In corrosive and 
toxic environments, materials such as carbides, nitrides, and gra
phene should be considered. The ideal coating for gaseous hydrogen 
storage and transport would be cost-effective, possess a high 
hydrogen permeation barrier, and be easy to manufacture. Never
theless, challenges such as the formation of pores and cracks during 
the coating process remain difficult to overcome. Layer-by-layer 
polymer coatings, which are recognized for their excellent surface 
uniformity, present a promising solution. Due to the plasticity and 
ease of fabrication of polymer molecules, these coatings show 
considerable potential for use in hydrogen storage and trans
portation. However, most research on polymer coatings has tradi
tionally focused on blocking macromolecular gases such as oxygen 
and carbon dioxide. The application of these coatings to inhibit the 
permeation of smaller molecules, such as hydrogen and helium, is 
still under investigation, and the commercialization of polymer- 
based HBCs remains a long-term objective.

• Equally important is the incorporation of smart functionalization 
coating strategies, extending beyond barrier properties to include 
adaptive and responsive functionalities. For instance, self-healing 
mechanisms [269] based on reversible chemical bonds or micro
capsule release systems can restore barrier integrity, while 
embedded sensor technologies enable real-time monitoring of 
hydrogen ingress and coating degradation [270,271]. Incorporating 
such multifunctionality into structural materials, through function
ally graded structures [272], synergistic chemical blends [40,41], or 
nanostructured additives [273,274], offers the potential to signifi
cantly enhance the coating’s barrier performance. Although certain 
standardization efforts for gas permeation have been undertaken 
[117,275], further progress in this field requires the establishment of 
harmonized testing and benchmarking protocols, developed within 
standardized frameworks specifically tailored to hydrogen perme
ation to ensure comparability across studies. Alongside these, 
advanced in-situ analytical tools for real-time gas permeation 
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monitoring, will remain indispensable for uncovering degradation 
pathways and validating smart-coating performance during service.

• Looking ahead, the convergence of computational materials science, 
precision nanofabrication, and advanced characterization tech
niques presents a transformative pathway for the rational design of 
next-generation HBCs. Future progress in this field will rely on 
strategically integrating multiple innovations to enhance both the 
performance and durability of coatings while ensuring environ
mental and economic sustainability. A key direction lies in the 
development of multilayer and functionally graded coatings that 
utilize interfacial engineering and tailored hydrogen trapping 
mechanisms without compromising mechanical cohesion. These ar
chitectures not only enhance barrier performance but also allow for 
adaptive responses to complex service environments.

• Finally, future research of HBSs should increasingly prioritize 
environmental sustainability by minimizing the use of hazardous 
elements and exploring low-energy fabrication routes, without 
compromising performance. Balancing such goals with the func
tional complexity of multilayer coatings remains an important 
challenge. Together, these multidisciplinary advancements will un
derpin the next generation of HBCs, enabling more reliable protec
tion against HE across a diverse range of applications. In conclusion, 
as hydrogen energy systems move toward broader deployment, the 
engineering of advanced HBCs is poised to play a pivotal role in 
enabling safe, efficient, and durable infrastructure. The insights 
gleaned from this work contribute to the foundational understanding 
and future trajectory of material solutions aimed at addressing the 
pervasive challenge of HE.
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