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Abstract

Hydrogen is a key energy carrier for achieving carbon neutrality, yet its widespread de-
ployment is hindered by challenges associated with efficient hydrogen production, safe
and reversible hydrogen storage, and hydrogen-induced embrittlement. Severe plastic de-
formation processes, particularly high-pressure torsion (HPT), have emerged as a powerful
approach capable of addressing these challenges through extreme grain refinement, defect
engineering, phase stabilization far from equilibrium, and synthesis of novel materials.
This article reviews the impact of HPT on hydrogen-related materials, covering hydrogen
production, hydrogen storage, and hydrogen embrittlement resistance. For hydrogen
production, HPT enables the synthesis of nanostructured, defect-rich, and composition-
ally complex compounds, including high-entropy oxides and oxynitrides, which exhibit
enhanced hydrolytic, electrocatalytic, photocatalytic, photoelectrocatalytic, and photore-
forming performance. For hydrogen storage, HPT fundamentally modifies hydrogenation
activation and kinetics, and modifies thermodynamics by hydrogen binding energy en-
gineering, enabling reversible hydrogen storage at room temperature in systems such as
Mg-based and high-entropy alloys. For hydrogen embrittlement resistance, HPT under
optimized conditions suppresses hydrogen-assisted fracture by engineering ultrafine grains
and defects (vacancies, dislocations, Lomer—Cottrell locks, D-Frank partial dislocations,
stacking faults, twins, and grain boundaries) that control hydrogen diffusion, trapping,
and strain localization. By integrating insights across these three domains, this article
highlights HPT as a transformative strategy for developing next-generation hydrogen
materials and identifies key opportunities for future research at the intersection of severe
plastic deformation and hydrogen technologies.

Keywords: severe plastic deformation (SPD); hydrogen storage materials; photocatalysis;
electrolysis; hydrolysis; hydrogen compatibility

1. Introduction

Hydrogen is widely recognized as a key energy carrier for achieving carbon neutral-
ity due to its high gravimetric energy density, clean combustion products, and compatibil-
ity with diverse energy conversion technologies [1-3]. Hydrogen can be produced from
a wide range of resources, including water, biomass, hydrocarbons, and industrial waste
streams, and can be utilized in fuel cells, internal combustion engines, chemical synthesis,
and metallurgical processes [1-3]. As a result, hydrogen has attracted sustained interest
in the energy, materials science, and engineering communities. However, despite decades
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of research and development, the large-scale implementation of hydrogen technologies
remains limited by several fundamental challenges related to hydrogen production [4,5],
storage [6,7], utilization [8,9], and material degradation/embrittlement [10,11].

Hydrogen production is still dominated by fossil-fuel-based processes, while low-carbon
routes such as water electrolysis, photocatalytic water splitting, and hydrolytic reactions
require significant improvements in efficiency, durability, and cost-effectiveness [12,13]. In
many cases, the bottlenecks are not solely associated with reaction thermodynamics, but
rather with sluggish kinetics, insufficient active sites, poor charge transport, and limited
long-term stability of the materials involved [12,13]. These issues are particularly severe
for non-noble-metal-based catalysts and photocatalysts, which are essential for scalable and
sustainable hydrogen production [14,15].

Hydrogen storage represents another major barrier to the hydrogen economy. Al-
though hydrogen has an exceptionally high gravimetric energy density, its low volumetric
density makes storage challenging [16,17]. Physical storage methods, such as compressed
or liquefied hydrogen, require high pressures or cryogenic temperatures and raise safety
and efficiency concerns [16,17]. Solid-state hydrogen storage using metals, alloys, and
complex hydrides offers a promising alternative, but practical implementation is hindered
by slow hydrogen absorption and desorption kinetics, unfavorable thermodynamics, poor
reversibility, and degradation during cycling [6,7]. Achieving fast, reversible hydrogen
storage at near-ambient conditions remains one of the most demanding challenges in
hydrogen materials research [18].

In parallel, hydrogen embrittlement poses a serious reliability and safety issue for struc-
tural materials used in hydrogen production, transportation, and storage systems [19,20].
Hydrogen can severely degrade mechanical properties by interacting with lattice defects,
grain boundaries, dislocations, and phase interfaces, leading to premature failure even
at low hydrogen concentrations [19,20]. While extensive efforts have been devoted to
understanding hydrogen embrittlement mechanisms, effective strategies to design materi-
als with high strength and intrinsic resistance to hydrogen-induced degradation are still
limited [10,11].

A common feature underlying hydrogen production, storage, and embrittlement is the
critical role of lattice defects, microstructure, and metastable phases [4-11]. Conventional
approaches to improve hydrogen-related properties typically rely on alloying, composi-
tional tuning, surface coatings, or chemical routes [12-20]. While these methods have
achieved some success in controlling crystal structure, microstructure, and lattice defects,
they often introduce compositional complexity, limited tunability of defect structures, or
sometimes poor stability. In this context, severe plastic deformation (SPD) has emerged as a
powerful physical approach for tailoring microstructure and defect states without changing
their chemical composition [21,22]. Among various SPD techniques, high-pressure torsion
(HPT) is particularly unique to the hydrogen field because it enables the introduction
of extremely high shear strains and nanostructural features in almost any kind of mate-
rial [23,24]. Moreover, it allows the synthesis of new materials for different functional
applications [25,26].

This article, after an introduction about HPT, provides an overview of the impact of HPT
on hydrogen-related materials, with a focus on the author’s contributions. Emphasis is placed
on a mechanistic understanding of how HPT-induced microstructures and defects or synthesis
influence hydrogen production, storage, and embrittlement behavior. A flowchart illustrating
the contents of the manuscript, materials, and their applications is shown in Figure 1.
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Figure 1. Flowchart of this article illustrating the contents, HPT effects, materials, and reported
applications for hydrogen production, hydrogen storage, and hydrogen embrittlement resistance.

2. High-Pressure Torsion

The HPT process is a classic technique in which a sample is subjected to concurrent

high compressive pressure and torsional shear strain [27]. In a typical HPT process, a

disc-shaped sample with a thickness of several hundred micrometers is placed between

two anvils and compressed under pressures in the range of several gigapascals while
one anvil is rotated relative to the other [23,24]. In addition to typical HPT using disc
samples, there are modifications of the method for processing of rings [28] as well as
continuous processing of wires and strips [29], as shown in Figure 2. Unlike conven-
tional plastic deformation methods, HPT is performed under quasi-hydrostatic pressure,

which suppresses crack formation and enables deformation of a wide range of mate-
rials, including metals [30,31], intermetallics [32,33], ceramics [34,35], and composite
systems [36,37].
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Figure 2. Schematics of (a) HPT using a disk [28], (b) HPT using a ring [28], and (c) continuous HPT
using a strip [29].

One of the most significant features of HPT is its ability to generate extremely small
grains (usually at submicrometer or nanometer scales) and a large fraction of high-angle
grain boundaries (Figure 3a [38]). Moreover, a high density of lattice defects is formed in
hydrogen-related materials, such as twins (Figure 3b [39]), stacking faults (Figure 3c [40]),
and dislocations, including Lomer—Cottrell dislocation locks (Figure 3d [41]) and D-Frank
partial dislocations (Figure 3e [41]). Vacancies were also frequently reported in HPT-
processed metals [42,43], while other kinds of vacancies were reported in ceramics,
including oxygen vacancies (Figure 3f [44]) and sulfur vacancies (Figure 3g [45]). Despite
the linear dependence of imposed shear strain on radial distance from the rotation
center in HPT [23,24], under sufficiently high strains, microstructural saturation is
commonly achieved, resulting in the appearance of homogeneous ultrafine-grained or
nanocrystalline structures from the disk center to the periphery [46,47]. In addition,
HPT can induce phase transformations [48,49] and promote solid-state reactions for the
synthesis of new materials [50,51] that are otherwise difficult to achieve. A few examples
of such structural changes are shown in Figure 4a for partial amorphization in a Ti-Fe-Mn
intermetallic [52], Figure 4b for high-pressure y phase formation in MgH, [53], Figure 4c
for high-pressure rocksalt phase formation in ZnO [54], Figure 4d for TiFe synthesis by
HPT [55], and Figure 4e for Mgy NiP synthesis by HPT [56].
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Figure 3. Formation of crystal lattice defects by HPT processing. (a) Grain boundaries in MgTiH,
hydride [38], (b) twins in TWIP steel [39], (c) stacking faults in MgNi, intermetallic [40], (d) Lomer—
Cottrell dislocation locks in CrMnFeCoNi high-entropy alloy [41], (e) D-Frank partial dislocations
in CrMnFeCoNi high-entropy alloy [41], and (f) simulated oxygen vacancies in TiO, [44] and
(g) simulated sulfur vacancies in CdS [45].

Compared with other SPD techniques such as equal-channel angular pressing [57,58],
accumulative roll bonding [59,60], and multidirectional forging [61,62], HPT has been more
widely applied to hydrogen-related materials due to its high strain and applicability to
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various kinds of metallic and non-metallic materials [63,64]. Although HPT was historically
developed as a laboratory-scale technique for fundamental studies of plastic deformation
under high pressure [25], extensive work has been conducted to synthesize various materi-
als by applying ultra-severe plastic deformation via HPT (i.e., applying shear strains over
1000) [65]. The capability of HPT in defect engineering and material synthesis has led to
significant contributions of the method to the hydrogen field, as reviewed in this article.

Unit: nm

Figure 4. Formation of metastable phases and solid-state reactions by HPT processing. (a) Amorphous
phase in TiFey 7Mng 3 intermetallic [52], (b) high-pressure y phase in MgH, hydride [53], (c) high-
pressure rocksalt phase in ZnO oxide [54], (d) mechanically alloyed TiFe intermetallic [55], and
(e) mechanically alloyed Mg,NiPd alloy [56].

3. Implication of High-Pressure Torsion for Hydrogen Production

Hydrogen production methods are broadly categorized by their environmental im-
pact and energy sources, with blue and green hydrogen representing two key pathways.
Blue hydrogen is produced from natural gas through a conventional process called steam
methane reforming, which generates hydrogen but also CO, [66,67]. The blue desig-
nation comes from the subsequent capture and storage of most of this CO;, reducing
its atmospheric release compared to conventional steam reforming [66,67]. In contrast,

https://doi.org/10.3390 /hydrogen7010023


https://doi.org/10.3390/hydrogen7010023

Hydrogen 2026, 7, 23

7 of 33

green hydrogen is produced using entirely renewable energy, resulting in zero carbon
emissions [68,69]. The most established method for green hydrogen is electrolysis, where
an electric current splits water into hydrogen and oxygen, while the electricity is sourced
from renewables like wind or solar, making the process more environmentally friendly
compared to conventional electrolysis [68,69]. Beyond electrolysis, several methods
aim to produce green hydrogen more directly from sunlight and water. Photocatalysis
uses semiconductor materials to absorb sunlight and directly catalyze water splitting
in a single step [70,71]. Photoelectrocatalysis combines principles of photocatalysis
and electrolysis, using a light-absorbing electrode in an electrochemical cell to drive
the water-splitting reaction with solar energy, often achieving higher efficiencies than
photocatalysis alone [72,73]. Another solar-driven process, photoreforming, typically
uses sunlight and a catalyst to generate hydrogen from water and waste compounds
such as plastic waste [74,75]. It is crucial to distinguish these processes from hydrolysis,
a term for any reaction of water in which hydrogen is produced [76,77]. In this section,
the publications on the use of HPT for hydrogen production, which are still limited to
the current author and his colleagues, are reviewed.

3.1. Hydrolytic Hydrogen Production

Hydrolytic hydrogen production from the reaction of water with aluminum or its
alloys has been of scientific interest because aluminum forms a passive oxide layer on the
surface, which hinders the reaction [78-80]. The HPT processing is effective for overcoming
the native passivation of aluminum in neutral water [81]. The intimate mixing of aluminum
with elements of more positive electrode potential, such as tin or bismuth, by HPT, creates
a high density of internal nano-galvanic cells. In these cells, the aluminum matrix acts
as a sacrificial anode, significantly accelerating its corrosion (oxidation) by water, while
hydrogen is evolved at the cathodic sites. The research demonstrates that increasing the
number of HPT turns (i.e., shear strain) directly improves microstructural homogeneity
and the distribution of these galvanic couples, leading to higher hydrogen generation rates
and yields [81-83].

Beyond forming nano-galvanic cells, HPT processing enables the strategic design of
multi-component systems that control synergistic mechanisms for unprecedented perfor-
mance. The work on Al-Sn-Zn alloys shows that the addition of zinc, homogeneously
distributed via HPT, promotes severe pitting corrosion, initiating localized attack that
further accelerates the hydrolysis reaction [83]. As shown in Figure 5a, while as-cast and
cold-rolled Al-Sn-Zn are inert to water, HPT-processed samples produce hydrogen [83].
The Al-Bi-C system exemplifies an optimized approach, combining three strategies facil-
itated by HPT: (1) bismuth, with a higher electrode potential than tin, creates stronger
galvanic coupling with aluminum; (2) bismuth also actively shifts the pitting potential to
enhance corrosive attack; and (3) the incorporation of brittle graphite particles promotes
easy fragmentation of the composite during reaction, constantly exposing fresh active
surface areas, leading to an increase in hydrogen production with increasing the graphite
fraction, as shown in Figure 5b [82]. This multifaceted engineering resulted in achieving a
remarkable hydrogen generation rate of 270 mL min~! g~! and a 100% theoretical yield in
less than 10 min at 333 K, establishing HPT as a transformative tool for activating materials
for efficient chemical hydrogen generation [82].
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Figure 5. Enhanced hydrolytic hydrogen production by HPT processing. (a) Hydrogen production
versus time for Al-30Sn-10Zn (wt%) processed by HPT for 1 and 5 turns compared to samples
processed by ingot casting and cold rolling [83], (b) hydrogen production versus time for Al-XBi-10C
(wt%) processed by HPT for 10 turns [82], and (c) schematic illustration of formation of nano-galvanic
cells by HPT in Al-Bi-C and the mechanism of hydrolysis [82].

It should be noted that corrosion is not uniform in the hydrolysis of HPT-processed
alloys, but is characterized by localized galvanic attack and pitting [81]. These mechanisms
actively disrupt the formation of uniform oxide/corrosion products, continuously exposing
fresh aluminum surfaces to sustain the reaction [83]. In systems such as Al-Bi-C, while
aluminum acts as anode and Bi as cathode, the incorporation of brittle graphite particles is
a strategic design choice to promote mechanical fragmentation of the composite during
reaction, thereby physically breaking up any passivating layers (Figure 5c) [82].

3.2. Electrocatalytic Hydrogen Production

Electrocatalysis using electricity from renewable energies is currently the most feasible
pathway to produce green hydrogen [84,85]. While HPT is highly effective for activating
materials for chemical hydrolysis, its profound impact extends to the electrocatalytic hydrogen
evolution reaction. The first attempt on this issue reported that the electrocatalytic hydrogen
production improves with HPT processing of TiO, [86]. Later studies demonstrate that HPT
serves as a powerful post-processing technique to transform conventional melt-spun metallic
glasses into superior, noble-metal-free electrocatalysts [87-90]. For instance, subjecting a glass
of Pd4oCusoNijgPp to HPT significantly increased its energy state by ~21.7 ] /g by creating
a high density of flow units (i.e., loosely packed, high-energy atomic regions within the
amorphous matrix) and partial recrystallization [88]. This structural rejuvenation dramati-
cally enhanced hydrogen evolution reaction performance in both acidic and alkaline media,
reducing the overpotential at 10 mA cm =2 from 179 mV to 76 mV in 0.5 M H,SOy and from
379 mV to 209 mV in 1.0 M KOH. As shown in Figure 6a, the sample processed with 5 and
10 HPT turns exhibited the lowest overpotential, highest electrochemical surface area, and
best stability, outperforming the initial sample and samples processed with 1 and 2 turns. The
enhanced activity is primarily attributed to these flow units, which provide more catalytically
active sites and facilitate hydrogen adsorption and desorption [88].

https://doi.org/10.3390 /hydrogen7010023


https://doi.org/10.3390/hydrogen7010023

Hydrogen 2026, 7, 23

9 of 33

(a)
108 —A— amorphous content £00. 1590
& ——ECSA
= =@~ overpotential .
? 1600 1400 >
Z ool E
5
L - =
s 200 B Js00 £
o o] <
® w ]
3 o
2 80f 2
2 ]
2 q200 4200 3
6 o
E
<
70 - - - - - 0 J100
0 2 4 6 8 10
HPT turns
b
(b) ,
-201
~~
E
§ 401
£ 60| ——HPT-1N
~
- — HPT-2N
8ol —— HPT-10N
-1 .

%6 05 04 03 02 071 00
Potential (V vs RHE)

Figure 6. Enhanced electrocatalytic hydrogen production by HPT processing. (a) Variations in

amorphous phase fraction, electrochemical surface area (ECSA), and overpotential versus number

of HPT turns for Feys 5Si13 5BoCuiNbs metallic glass [88], and (b) linear sweep voltammetry curves

(current density against potential) for FeygSigB;3 amorphous alloy processed by HPT for 1, 2, and

10 turns compared with the initial ribbon [87].

For a Fe-based system, HPT induces a more complex microstructural evolution, creat-
ing a unique nanoglass architecture [87]. Processing amorphous Fe;gSigB;3 ribbons via HPT
generates a composite structure where nanocrystallites of x-Fe, Fe;B, and Fe3Si (typically
5-10 nm in size) are embedded within a dominant amorphous matrix. Crucially, this
process introduces a high density of interfacial regions both between these nanocrystals
and the glassy matrix and within the amorphous phase itself. This nanoglass structure
exhibits exceptional catalytic properties, particularly with increasing HPT turns, achieving
an overpotential of just 112 mV at 10 mA cm~2 in 1 M KOH (Figure 6b), far superior to the
as-spun amorphous ribbon (385 mV) and its fully crystalline counterpart (465 mV) [87].
Similar results on the enhancement of hydrogen production were reported for the FeysBys
metallic glass [90]. HPT-processed Fez5By5 demonstrates remarkable long-term stability,
maintaining stable performance for over 300 h and even at industrial-level current densities
up to 300 mA cm~2. This stability stems from the formation of a beneficial, loose layer
of corrosion products (e.g., FFOOH) on the heterogeneous surface, which continues to
facilitate the reaction without passivating the catalyst [90]. The performance is further
improved to 81 mV after 1000 catalytic cycles, rivaling some Pd-based catalysts [89]. The
interconnected interfaces and defects in the nanoglass provide a vastly increased electro-
chemical surface area and act as highly active sites for the water-splitting reaction [87,89].
Further results on the effect of HPT on electrolysis can be found in a recent publication [91].

3.3. Photocatalytic Hydrogen Production

The production of hydrogen via photocatalytic water splitting represents a corner-
stone of solar-to-fuel conversion, offering a direct pathway to store solar energy in chemical
form [92,93]. This process relies on semiconductors that absorb photons to generate electron-
hole pairs, which then drive the reduction of water to hydrogen at the catalyst surface [94,95].
HPT has emerged as a transformative and versatile synthesis route in photocatalysis, extend-
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ing far beyond its origins in high-pressure studies and metallic systems, as highlighted in a
few review papers [96,97]. By applying intense shear strain under high pressure, HPT enables
unique structural and electronic engineering of semiconductor materials that are difficult
or impossible to achieve with conventional methods [98]. The application of the technique
to photocatalysts can stabilize metastable structures such as high-pressure phases [54,99],
generate dense defects such as vacancies to generate black catalysts [100,101], create complex
composites with heterojunctions [102,103], and facilitate the synthesis of novel high-entropy
compounds [104,105]. These modifications collectively tailor optical absorption, charge carrier
separation, and surface reactivity (three important factors in photocatalysis [106]), positioning
HPT as a powerful tool for designing advanced photocatalysts for solar fuel generation, in-
cluding hydrogen production and methanation [107]. Each group of photocatalysts developed
by HPT is briefly reviewed in this section.

3.3.1. High-Pressure Photocatalysts

High-pressure photocatalysts developed via HPT represent a novel and effective
approach to stabilizing metastable polymorphs with tailored optical and catalytic prop-
erties. In the case of TiO,, the high-pressure columbite or TiO,-1I phase (orthorhombic
Pbcn), which is unstable under ambient conditions [108], can be successfully retained at
atmospheric pressure after HPT processing of anatase (tetragonal 14; /amd), as shown
in Figure 7a. This phase transformation leads to enhanced hydrogen production under
visible light [99] or UV light, as shown in Figure 7b [44]. Similarly, for ZnO, HPT induces
the formation of a high-pressure phase, known as the rocksalt phase (cubic Fm3m), as
shown in the phase diagram of Figure 7c [109], alongside abundant oxygen vacancies [54].
These changes markedly improve photocatalytic hydrogen evolution with increasing HPT
turns, as shown in Figure 7d [54]. These improvements are attributed not only to bandgap
engineering but also to the creation of heterojunctions, increased surface-active sites, and
optimized charge carrier dynamics. Density functional theory calculations further reveal
that oxygen vacancies in high-pressure phases more effectively enhance light absorption
and lower surface activation energies for water splitting [44]. Thus, HPT enables a dopant-
free strategy to design high-performance photocatalysts by simultaneously stabilizing
high-pressure polymorphs and tuning their electronic structure through defects.

3.3.2. Vacancy-Rich and Black Photocatalysts

The capability of the HPT method to introduce a large fraction of vacancies [110]
has proven to be a powerful mechanical approach for synthesizing black oxide photocata-
lysts [35]. Such oxides are of interest due to their modified electronic structure, high light
absorption, and good catalytic activity [111,112]. A prime example is the transformation of
white ZrO,, with a bandgap exceeding 5 eV, into black ZrO, through HPT processing [100].
HPT processing induces a stress-induced tetragonal-to-monoclinic (P4, /nmc to P2;/c)
phase transformation and, more critically, creates a high density of oxygen vacancies. This
defect engineering leads to a dramatic bandgap reduction to around 4.0-4.3 eV, introduces
sub-bandgap defect states, and significantly enhances light absorption, resulting in high
photocatalytic hydrogen evolution. Other attempts to produce vacancy-rich oxides include
brookite TiO, [113], tantalate perovskites [114], and Bi;O3 [101]. As shown in Figure 7e for
Bi, O3, the formation of black oxide enhances light absorbance, thereby increasing photo-
catalytic hydrogen production, as illustrated in Figure 7f [101]. Similarly, in the GaN-ZnO
oxynitride (hexagonal P63mc), HPT not only refines grains but also transforms detrimen-
tal native nitrogen monovacancies (acting as recombination centers) into nitrogen-based
vacancy complexes [115]. This rearrangement of vacancies reduces radiative recombina-
tion, narrows the bandgap from 2.7 eV to 2.4 eV, elevates the conduction band energy
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for a higher hydrogen evolution overpotential, and ultimately triples the photocatalytic
hydrogen production rate. These studies demonstrate that a combination of high pressure
and shear strain in HPT can deliberately engineer vacancy types and concentrations, con-
verting defects from photocatalytic inhibitors into active and structure-modifying agents.
A main difference between HPT and other methods used to produce vacancy-rich and
black photocatalysts is that (i) HPT is a mechanical method and applies to any catalyst, and
(ii) HPT offers a dopant-free alternative to chemical methods [111,112].

3.3.3. Composite and Heterojunction Photocatalysts

Composites with heterojunctions are an attractive group of photocatalysts that have
received much attention in recent years [116,117]. The main interest in these catalysts
lies in the fact that interphases between phases can enhance carrier separation and mo-
bility, potentially improving charge carrier lifetime and photocatalysis [118,119]. HPT
provides a one-step synthesis for composite photocatalysts with intimately mixed hetero-
junctions. Unlike conventional high-temperature or wet-chemical methods, HPT operates
at room temperature, enabling the nanoscale integration of dissimilar semiconductor
phases, such as TiO, with ZnO [102], CdS with TiO, [103], or P-type CuO with N-type
TiZrNbTaZnO;( [120] without undesirable phase reactions or the need for surfactants.
The process simultaneously introduces high densities of lattice defects, including dual
oxygen and sulfur vacancies [103], which can function as active sites and enhance the
performance of heterojunctions [119]. Crucially, HPT induces grain refinement, promoting
the formation of numerous clean interphase boundaries between the constituent materials.
These boundaries act as effective heterojunctions (e.g., Type-1I or Z-scheme), facilitating the
spatial separation of photogenerated charge carriers, as evidenced by suppressed photolu-
minescence and enhanced photocurrent responses [117]. Furthermore, the applied pressure
can trigger phase transformations, generating extra interphases between the polymorphs
of the same material, such as in TiO, [102,117], ZnO [102] and CdS [117]. The synergistic
integration of these features through a single HPT process results in composites with signif-
icantly boosted photocatalytic performance for diverse applications, including hydrogen
production and oxygen generation [121].

3.3.4. High-Entropy Photocatalysts

High-entropy materials were first introduced with the concept of high-entropy al-
loys [122,123], but significant efforts are now focused on high-entropy ceramics, charac-
terized by the incorporation of five or more principal cations into a single or dual-phase
lattice [124,125]. The advent of high-entropy photocatalysts, first introduced in 2020 via
HPT synthesis [104], represents a paradigm shift in the design of advanced functional ma-
terials for solar hydrogen production. Initial studies demonstrated that high-entropy oxide
TiZrHfNbTaO1; (monoclinic A2/m + orthorhombic Ima2) [104] and high-entropy oxynitride
TiZrHfNbTaOgNj3 (cubic Fm3m + orthorhombic P21/c) [105] with d° cationic configurations
could be synthesized via HPT, exhibiting photocatalytic hydrogen evolution. It was suggested
that these high-entropy photocatalysts benefit from the so-called cocktail effect, where the
synergistic interaction of multiple elements leads to optimized light absorption, charge carrier
separation, and surface reactivity [126]. Subsequent studies have expanded this concept by ex-
ploring the role of cationic electronic configurations, such as d° + d'° [127,128], d'© + s%p? [129]
and d° + d'? + s [130], in tuning the work function, band alignment, and vacancy forma-
tion in HEOs. For instance, the incorporation of alkali metals like cesium into high-entropy
oxides has been shown to widen the electronegativity mismatch, enhance oxygen vacancy
concentration, and improve photocatalytic performance for water splitting without the need
for precious metal cocatalysts [130]. Density functional theory has shown that elements
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with low electronegativity can enhance water adsorption on the surface, thereby enhancing
hydrogen production [131]. The use of HPT to synthesize high-entropy perovskites also
resulted in the development of photocatalysts that can produce hydrogen without the need
for precious co-catalysts [132]. Figure 7g shows the structure of a high-entropy photocatalyst,
modeled using first-principles calculations [131], and Figure 7h demonstrates the significance
of cationic configuration of high-entropy oxides on their photocatalytic activity for hydrogen
production [129]. Although the activity of HPT-synthesized high-entropy photocatalysts per
catalyst surface area is among the highest ever reported, they suffer from a small surface area
due to the effects of HPT and subsequent high-temperature calcination on the consolidation of
powders [35,96]. To address this issue, laser crushing was used in a study [133], while many
other studies attempted to use chemical methods to synthesize high-entropy photocatalysts
for different reactions [134-136].
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Figure 7. Enhanced photocatalytic hydrogen production by HPT processing. (a) Schematics of
phase transformation from anatase to columbite in TiO; oxide by HPT processing [44], (b) hydrogen
production versus illumination time for TiO, without and with HPT processing [44], (c) temperature—
pressure phase diagram of ZnO oxide [54], (d) hydrogen production versus shear strain and number
of HPT turns for ZnO [54], (e) light absorbance spectra of Bi;O3 oxide processed by HPT for 1/4 and
10 turns compared with the initial sample (inset: appearance of samples) [101], (f) hydrogen produc-
tion versus time for Bi;O3 oxide processed by HPT for 1/4 and 10 turns compared with the initial
sample [101], (g) simulated structure of Ti-Zr-Hf-Nb-Ta-O high-entropy oxide [131], and (h) hydrogen
production versus time for high-entropy oxides with different cationic configurations [129].

3.4. Photoelectrocatalytic Hydrogen Production

Photoelectrocatalytic hydrogen production combines photocatalysis with electrochem-
ical bias to enhance charge separation and suppress electron-hole recombination, thereby
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improving hydrogen evolution efficiency [137,138]. In this approach, semiconductor pho-
toelectrodes are illuminated under an applied potential, enabling directional transport
of photogenerated charge carriers toward hydrogen evolution reactions [137,138]. High-
entropy oxides have recently emerged as promising photoelectrocatalytic materials due
to their tunable band structures, high structural stability, and abundant active sites. In a
study, Ti-Zr-Hf-Nb-Ta-O high-entropy oxide was synthesized with the aid of HPT, and
its performance as a photoanode for photoelectrocatalytic hydrogen generation from wa-
ter was evaluated, as schematically shown in Figure 8a [139]. The band structure of the
high-entropy oxide, which satisfies the required conditions for water splitting, is shown in
Figure 8b [131]. Under xenon lamp irradiation and an applied bias of 0.7 V, it exhibited a
hydrogen production rate of 1940 pmol cm~2 h~!, surpassing that of the benchmark P25
TiO; catalyst, which was 1690 umol cm~2 h~!. Moreover, its activity for photocatalysis
was much higher than that of conventional photocatalysts, as shown in Figure 8c [139]. The
enhanced activity was attributed to the coexistence of monoclinic and orthorhombic phases
forming heterojunctions, which facilitated charge separation, along with the presence of
oxygen vacancies that improved charge mobility and light absorption. Notably, the high-
entropy oxide also showed excellent reusability over multiple cycles without performance
degradation [139]. This study highlights the potential of high-entropy ceramics as efficient,
stable photoanodes for solar-driven hydrogen production, opening a new avenue for the
application of entropy-stabilized materials in photoelectrocatalytic hydrogen production.
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Figure 8. [Enhanced photoelectrocatalytic hydrogen production through HPT processing.
(a) Schematic illustration of a photoelectrocatalytic cell with Ti-Zr-Hf-Nb-Ta-O high-entropy ox-
ide as photoanode [139], (b) band structure of Ti-Zr-Hf-Nb-Ta-O [131], and (c) hydrogen production
versus time using the Ti-Zr-Hf-Nb-Ta-O photoelectrocatalyst compared to the same oxide as only
photocatalyst [139].
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3.5. Hydrogen Production by Photoreforming of Plastic Waste

The photoreforming of plastic waste into hydrogen is a promising dual-purpose strat-
egy that addresses both environmental plastic pollution and clean energy needs [140]. A
wide range of catalysts, including sulfides [141,142], nitrides [143,144], phosphides [145,146],
and oxides [147,148], have been used for this nature-friendly process. Recent research has
demonstrated the significant role of catalyst engineering by HPT in enhancing this process,
particularly in degrading polar plastics such as polyethylene terephthalate (PET). HPT-
synthesized high-entropy catalysts, in particular, have shown exceptional performance in
this regard. A Ti-Zr-Hf-Nb-Ta-based high-entropy oxide catalyst has been reported to effi-
ciently reform PET, yielding hydrogen alongside valuable organic products like formic acid
and acetic acid [149]. The catalytic enhancement is attributed to the unique electronic and
structural properties of high-entropy materials, including lattice distortion and optimized
band structures, which improve charge separation and light absorption [149]. The addition
of nitrogen to this high-entropy oxide and the formation of a high-entropy oxynitride led
to increased lattice distortion and photoreforming activity, as shown in Figure 9a,b [150].
Additionally, the stabilization of high-pressure phases, such as the columbite polymorph of
TiO, through HPT, has further advanced the photoreforming of PET [151]. The hydrother-
mal process followed by the HPT approach was also used to introduce sulfur vacancies and
phase transformation from hexagonal to cubic (P63m to F43m) in CdS, significantly boost-
ing hydrogen evolution, as shown in Figure 9¢, and PET conversion into useful chemicals,
as shown in Figure 9d [103].

(a) (b)
@ 2.0 4.0 —
E HEON o [JHEON
é 1.5F g 3.0+ Il HEO
§ 10 =
S 1o 2.0f
5 ___+HEO ¢
s =
g 0.5F //"' '8 1.0+
E A el
o
> - | 4 Blank 0 M .H
o 1 2 3 4 5 Terephthalate Ethylene Formic
Irradiation Time (h) Glycol Acid
(c) (d)
o— 100 cas 5 20 =
£ S _~10} T B
— E“.‘ ] g [
<] 75+ o E T 5 ]
§_ S35 T L o e
= S EO04rS 5 E 5o o
- a Hydrothermal + HPT o E @S 6855 E
o 50 = v03_~9‘a_>- LEE® © =
= o oo ESo[|elie & 8
S HET S Sl 282 | [F8s g
-g 25+ Hydrothermal E 3 a2 | [4 <5 S
= | =5 = E
a Blank Powder E e 0.1 HEH = 2
=== < o
0 60 120 180 240 Powder Hydro HPT Hydrothermal

Time (min) thermal + HPT
Figure 9. Enhanced hydrogen production via photoreforming of plastic waste using HPT processing.
(a) Hydrogen production versus time and (b) organic product concentration during the photore-
forming of PET plastic using TiZrHfNbTaO;; high-entropy oxide (HEO) and TiZrHfNbTaOgN3
high-entropy oxynitride (HEON) synthesized by HPT [45]. (c) Hydrogen production versus time and
(d) organic product concentration during the photoreforming of PET plastic using CdS processed by
HPT, hydrothermal, and hydrothermal followed by HPT, including initial powder [150].
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In contrast, the photoreforming of non-polar plastics such as polypropylene (PP) poses
a greater challenge due to their chemical stability and hydrophobic nature [140]. To address
this, mechanical pretreatment via HPT has been successfully applied to create intimately
mixed composites of PP with photocatalysts such as brookite TiO; [152]. The HPT pro-
cess induces structural defects and forms extensive inorganic-organic interfaces, which
collectively enhance charge transfer and suppress recombination. As a result, hydrogen
production from PP increases systematically with HPT processing, achieving multi-fold
improvements over untreated mixtures [152]. Another strategy used for the pretreatment
of PP plastic before photoreforming involves exposing it to sunlight for a long time to
break its atomic bonds using UV light [153]. These strategies highlight the adaptability of
HPT and other pretreatment strategies in overcoming the inherent stability of non-polar
plastics, thereby extending the benefits of hydrogen production from PET photoreforming
to a wider range of plastic wastes.

4. Implication of High-Pressure Torsion for Hydrogen Storage

Solid-state hydrogen storage using metals and alloys remains a promising yet chal-
lenging approach due to limitations associated with difficult activation, slow kinetics,
and unfavorable thermodynamics [6,7]. Severe plastic deformation methods, such as
equal-channel angular pressing [154-158], rolling-based techniques [159-163], forging-based
techniques [164-168], and HPT [169-173], have been widely used to process hydrogen storage
materials. Among these methods, it has been proven that HPT is a highly effective pro-
cessing route for overcoming these challenges by enabling extreme grain refinement and
the introduction of high densities of lattice defects in metals [174-176], alloys [177-179],
intermetallics [180-182], amorphous compounds [183-185], medium/high-entropy com-
pounds [186-188] and composites [189-191]. Moreover, HPT allows for stabilization of
metastable phases [38,53] and forces atomic-scale mixing of elements to form new hy-
drogen storage alloys in miscible systems [55,192] or even in immiscible binary [193,194],
ternary [56,195] and high-entropy [196] systems. Early studies on HPT-processed hydrogen
storage materials, including the first contribution of the current author to the field [197], pri-
marily focused on kinetic enhancement. The power of HPT in solving the activation problem
of hydrogen storage materials, particularly TiFe [198], made the process more popular for
activation [199]. However, motivated by a study on the successful synthesis of an intermetallic
by HPT [200], subsequent systematic investigations revealed that synthesis by HPT can be
used as a materials design tool to tune hydrogen—metal interactions, ultimately enabling
reversible hydrogen storage at room temperature in carefully designed systems [56]. The
effect of HPT on the activation, kinetics, and thermodynamics of hydrogen storage materials,
which are partly reviewed in a few publications [201-204], is discussed in this section.

4.1. Activation and Air Resistance Aspects

One of the most immediate and widely observed effects of HPT on hydrogen stor-
age materials is the dramatic improvement in activation behavior. Many technologically
relevant hydrides and intermetallic compounds suffer from surface oxide layers and low
hydrogen diffusivity, resulting in difficult activation and long incubation times during the
first hydrogenation cycle [205-207]. HPT effectively addresses these limitations by pro-
ducing ultrafine-grained or nanocrystalline microstructures with exceptionally high grain
boundary densities [180], dislocations [199], stacking faults [40], and partial amorphiza-
tion [52]. The formation of grain boundaries after HPT provides a fast diffusion pathway
for hydrogen and serves as a preferential site for hydride nucleation [180]. For TiFe-based
intermetallics, which are well known for their poor activation behavior [205,206], HPT
enables hydrogen absorption at room temperature without conventional activation treat-
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ments such as high-temperature treatment or hydrogen cycling [198]. This behavior has
been attributed to the effect of nanograin boundaries, partial amorphization, and cracks on
hydrogen transport through the oxide layer [180]. The HPT-processed TiFe samples remain
active for hydrogenation even after prolonged exposure to air (e.g., 400 days), confirming
the significant improvement in air resistivity [198].

Similar activation has been reported in Ti-Fe-Mn intermetallics, as shown in
Figure 10a [52], Ti-V alloys [199], and Ti-V-Cr alloys [179] processed by HPT, although
hydrogen storage reversibility is negatively influenced by a large density of lattice defects
in Ti-V-Cr [178]. HPT-assisted activation has also been demonstrated in medium-entropy
alloys [188] and high-entropy alloys [177], where HPT further accelerates hydrogen uptake
by refining grains, increasing defect-assisted diffusion pathways, and promoting homoge-
neous hydrogen distribution. Most of these HPT-processed hydrogen storage materials
are air-resistant and can be kept in an air atmosphere for a long time without losing their
activity [201,204]. Collectively, these studies establish HPT as one of the most effective
routes for activating hydrogen storage materials. The knowledge achieved from the effect
of grain boundaries on activation of HPT-processed and ball-milled hydrogen storage
materials [208] has been recently used to activate high-entropy alloys using interphase
boundaries [209]. Since HPT can affect the distribution of second-phase particles in different
materials [210,211], its application to dual-phase hydrogen storage materials is expected to
have a more significant effect on activation.
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Figure 10. Enhanced hydrogen storage activation, kinetics, and thermodynamics through HPT
processing. (a) Pressure—composition isotherms at room temperature for TiFey gsMny 15 intermetallic
after HPT processing compared to the initial ingots [52], (b) hydrogen storage versus time at room
temperature for Tig 5Zry sMn;.,FeyCry (x =0, 0.2, and 0.4) high-entropy alloys after HPT processing
compared to the initial ingots [187], (c) the concept of hydrogen binding energy used to design
Mg4NiPd alloy with its simulated lattice structure [56], and (d) pressure-composition isotherms at
room temperature for MgyNiPd synthesized by HPT processing [56].
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4.2. Kinetic Aspects

Beyond activation, HPT significantly enhances hydrogenation and dehydrogenation
kinetics [201-204]. Many hydrogen storage materials suffer from slow hydrogen absorp-
tion/desorption rates due to limited hydrogen diffusion and nucleation sites [212,213]. HPT
effectively addresses these kinetic limitations by producing nanocrystalline structures and
high defect densities without the need for a catalyst [201-204]. In magnesium, HPT reduces
hydrogenation time and significantly accelerates hydrogen absorption kinetics compared
with coarse-grained counterparts [197]. It was shown that low-angle grain boundaries are
not as effective as high-angle grain boundaries in the hydrogenation of magnesium [197].
The effect of stacking faults on hydrogen storage performance was also investigated in
Mg, Ni intermetallics processed by HPT, confirming that stacking faults can be as effective
as grain boundaries in enhancing hydrogenation kinetics [40]. Enhancement of kinetics by
partial amorphization and formation of grain boundary was also reported in Ti-Fe-Mn in-
termetallics [52]. The kinetic enhancement by HPT has also been demonstrated in complex
multi-component systems. For example, HPT-processed Laves phase high-entropy alloys
exhibited very fast hydrogen absorption at room temperature even after prolonged air
exposure, as shown in Figure 10b [187]. In a medium-entropy alloy with a body-centered
cubic (BCC Im3m) structure, it was found that HPT-induced dislocations and vacancies
function as hydrogen trapping sites, while grain boundaries facilitate hydrogen transport
during hydrogenation/dehydrogenation because of their larger free volumes [188]. These
studies highlight the ability of HPT to overcome kinetic barriers through defect engineering
and microstructural refinement.

4.3. Thermodynamic Aspects

While HPT is highly effective in improving activation and kinetics, achieving reversible
hydrogen storage at near-ambient conditions also requires favorable thermodynamics [212,213].
Hydrogen binding energy determines equilibrium pressures, plateau characteristics, and des-
orption temperatures, governing the feasibility of practical hydrogen storage [16,17]. Although
the effect of HPT on hydrogen thermodynamics can be minor via extreme lattice distortion,
residual strain, and nanograin formation, the method has been used successfully to synthesize
novel hydrogen storage materials with appropriate thermodynamics. HPT-induced metastable
phases play a central role in thermodynamic tuning. For instance, the stabilization of the
high-pressure y-MgH, phase by HPT resulted in a decrease in dehydrogenation temperature
by 80 K compared to conventional x-MgH, [53]. These metastable phases often have lower
formation energy and thermodynamic stability under ambient conditions, resulting in reduced
hydride stability and smoother hydrogen release at low temperatures [53].

A major conceptual advance was the use of HPT in ultra-severe plastic deformation
regimes to force atomic-scale mixing even in miscible systems, thereby creating non-
equilibrium environments with good hydrogen affinity [25,26,65]. In particular, Mg-Ni-Pd-
based materials synthesized by HPT exhibit hydrogen binding energies that lie between
those of magnesium and palladium hydrides, enabling reversible hydrogen absorption and
desorption at room temperature, provided the composition is tuned for appropriate binding
energy [56]. The metastable MgyNiPd phase (cubic Im3m), designed using first-principles
calculations (Figure 10c) and synthesized by HPT, exhibited reversible room-temperature
hydrogen storage, as shown in Figure 10d, clearly demonstrating that HPT can be used to
design hydrogen storage materials based on hydrogen binding energy engineering [56].
The TiZrCrMnFeNi alloy (hexagonal P63/mmc + cubic Pm3m), which exhibits fast and
reversible hydrogen storage at room temperature, was also originally designed using
concepts developed using the HPT method [186]. Despite the good thermodynamics and
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reversibility of these phases at room temperature, their binding energy engineering should
be conducted by employing theoretical calculations and/or machine learning.

5. Implication of High-Pressure Torsion for Hydrogen
Embrittlement Resistance

Hydrogen embrittlement (deterioration of mechanical properties in the presence of
hydrogen) is another significant challenge in the development of hydrogen as a clean
fuel [214,215]. The effect of HPT on hydrogen embrittlement resistance is complex and
material-dependent. This chapter reviews findings from key studies on various mate-
rial systems, including low-carbon steels [216,217], austenitic stainless steels [218-220],
twinning-induced plasticity (TWIP) steels [39], high-entropy alloys [41,221,222], and pal-
ladium [223], to elucidate the role of HPT in either mitigating or exacerbating hydrogen
embrittlement.

5.1. Low-Carbon Steels

In ultra-low-carbon steels, HPT can produce submicrocrystalline structures that sig-
nificantly increase strength but often at the expense of hydrogen embrittlement resistance.
For instance, Todaka et al. demonstrated that submicrocrystalline ultra-low-carbon steel
produced by HPT exhibited reduced ductility under hydrogen charging compared to its
coarse-grained counterpart, highlighting the challenge of balancing strength and hydrogen
embrittlement resistance in ferritic BCC systems [216]. Similarly, Mine et al. reported
that an ultrafine-grained Fe-0.01C (wt%) alloy processed by HPT showed considerable
strengthening but suffered from hydrogen-assisted cracking, suggesting that the high den-
sity of grain boundaries introduced by severe plastic deformation can act as pathways for
hydrogen diffusion and sites for crack initiation [217].

5.2. Austenitic Stainless Steels

Austenitic stainless steels, with their face-centered cubic (FCC Fm3m) structure, gen-
erally exhibit better hydrogen embrittlement resistance than ferritic BCC steels [214,215].
HPT processing of these steels refines the grain structure to ultrafine or nano scales, which
can have contrasting effects. Mine et al. showed that HPT-processed Type 304 stainless
steel could achieve high strength, but its hydrogen embrittlement resistance was highly
sensitive to subsequent annealing treatments [218]. Annealing after HPT could restore
some ductility under hydrogen by reducing dislocation density and possibly allowing the
formation of more stable microstructures [218]. In a later study, they further clarified that
ultrafine-grained austenitic stainless steels processed by HPT at moderate temperatures
could exhibit a combination of high strength and retained, though reduced, resistance to
hydrogen embrittlement [219]. The dense grain boundaries enhance hydrogen diffusion,
but the inherent plasticity of the austenitic phase can help accommodate strain, preventing
catastrophic failure [220].

5.3. Twinning-Induced Plasticity (TWIP) Steels

The effect of HPT on nanotwinned TWIP steels presents a complex picture [39]. As
demonstrated by Mohammadi et al., introducing a nanotwinned austenitic structure in an
Fe-23Mn-0.5C (wt%) TWIP steel via HPT followed by annealing led to a high tensile strength
(~1.4 GPa) but resulted in a complete loss of ductility after hydrogen charging [39]. The
fracture surfaces revealed quasi-cleavage features with step-like ridges, indicating that twin
boundaries acted as preferential sites for crack initiation and propagation in a hydrogen
atmosphere. This finding contrasted with the HPT-processed but unannealed sample,
which had a bimodal martensitic structure and retained ~6% uniform ductility under
hydrogen. The study concluded that in TWIP steels, pre-existing nanotwins introduced by
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HPT followed by annealing are detrimental to hydrogen embrittlement resistance, as they
facilitate crack propagation faster than dislocation accumulation [39].

5.4. High-Entropy Alloys

High-entropy alloys, particularly FCC CrMnFeCoNi (Cantor alloy), have emerged
as promising candidates for hydrogen-compatible applications due to their inherent resis-
tance to hydrogen embrittlement [224-226]. HPT processing to high strains (e.g., 10 turns)
produces nanograins (~25 nm) in CrMnFeCoNi, leading to ultra-high yield strength
(>1900 MPa). However, this comes with catastrophic hydrogen embrittlement, causing
failure in the elastic region after hydrogen charging [221]. The high density of grain bound-
aries facilitates massive hydrogen uptake (up to 27 wt. ppm) and promotes intergranular
cracking via the hydrogen-enhanced decohesion mechanism (HEDE). At lower HPT strains,
where the microstructure contains a high density of deformation twins and sessile dislo-
cation structures (e.g., Lomer—Cottrell locks and D-Frank partial dislocations), a superior
combination is achieved [41]. For instance, after 1/8-1/4 HPT turns, the Cantor alloy
exhibited high yield strength (>1 GPa) and retained significant ductility (up to 9%) under
hydrogen. These defects act as potent barriers, pinning dislocation motion and suppressing
the hydrogen-enhanced localized plasticity (HELP) mechanism. The best combination of
strength (2 GPa) and hydrogen embrittlement resistance (10% plasticity) was achieved for
an HPT-processed Alj ;CrFeCoNi alloy, in which aluminum diminishes hydrogen diffusion
from the surface to the bulk [222]. As shown in Figure 11a, this alloy can break the strength
and plasticity trade-off under hydrogen [222].
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Figure 11. Enhanced strength and hydrogen embrittlement resistance synergy through HPT pro-
cessing. (a) Variation of strength versus elongation to failure for Alj ;CrfeCoNi high-entropy alloy
processed using different HPT turns compared to reported data and other alloys in the presence of
hydrogen [222], and (b) influence of hydrogen charging at two different pressures on the stress—strain
curves of palladium in coarse-grained annealed condition and ultrafine-grained HPT-processed
condition [223].
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5.5. Palladium

Palladium offers a unique case study where HPT-induced grain refinement fundamen-
tally alters the hydrogen-material interaction from embrittlement to softening. Hongo et al.
showed that coarse-grained palladium hardened and became embrittled upon hydrogen
exposure due to hydride formation [223]. In stark contrast, HPT-processed palladium
with an average grain size of 220 nm exhibited hydrogen-induced softening and enhanced
plasticity, as shown in Figure 11b [223]. The ultra-high dislocation density in the saturated
ultrafine-grained microstructure interacts with hydrogen via the HELP mechanism, where
hydrogen enhances dislocation mobility, reducing flow stress and increasing tensile duc-
tility [223]. This reversal of behavior underscores the critical role of the initial defect state
in determining whether hydrogen will be detrimental (via HEDE/hydride formation) or
beneficial (via HELP) to mechanical performance [10,11].

5.6. Criteria for Predicting Hydrogen Embrittlement

Due to differences in hydrogen embrittlement mechanisms in different materials and
limited publications on the effect of HPT on this phenomenon, it is hard to find a universal
criterion to predict the behavior of HPT-treated materials. However, the contrasting effects
of HPT on hydrogen embrittlement can be rationalized by at least three microstructural
criteria. (i) The grain size regime is the most critical [227,228]: HPT-driven grain refine-
ment to the nanoscale (<100 nm) typically worsens hydrogen embrittlement resistance
by creating an excessive density of high-angle grain boundaries [216-222]. These bound-
aries act as fast diffusion pathways for hydrogen and weak interfaces for crack initiation
via the HEDE mechanism [10,11]. A moderate ultrafine-grained structure with sizes of
100-1000 nm offers a better balance, provided the boundary character and other defects
are optimized [218-220]. (ii) The nature of defects is more critical than their density. For
example, HPT improves resistance when it introduces coherent, low-energy barriers like
deformation twins [226], which suppress dislocation slip via the HELP mechanism [10,11].
However, boundaries worsen resistance when they are incoherent with high-energy inter-
faces, as they can serve as preferential crack paths [216,217]. (iii) Dislocation mobility has
a complex effect on embrittlement and hydrogen accumulation [229]. In unique cases of
palladium, an ultra-high density of mobile dislocations by HPT treatment allows hydrogen
to enhance plasticity, reversing embrittlement via the HELP mechanism [223]. However,
typically, a high density of immobile or sessile dislocations, like Lomer—Cottrell locks and D-
Frank partial dislocations, is beneficial for high strength and good hydrogen embrittlement
resistance [221,222].

6. Issues with High-Pressure Torsion

While severe plastic deformation methods, particularly HPT, are widely used for
fundamental studies and materials design, there has been limited success in their commer-
cialization, mainly in the biomaterials sector [230]. Two major issues with the commercial-
ization of these methods are (i) making the methods continuous [231] and (ii) scaling up
the sample size [232]. For processing metallic materials, methods like accumulative roll
bonding [233,234] and equal-channel angular pressing—conform [235,236] can be feasibly
used to produce rather large samples in a continuous process. However, for processing hard
and brittle materials, where high pressure is needed, HPT is still the main process [237].
Although HPT is mainly employed as a tool for fundamental studies and the design of new
materials in the hydrogen sector, there have been some attempts to scale up the HPT [238]
method or make it continuous [29]. The main attempts include (i) using high-capacity
hydrolytic presses (e.g., 1000 tons) [239], and (ii) developing modified HPT methods, such
as HPT with bulk samples [240], HPT with ring samples [28], continuous HPT [29], incre-
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mental HPT [241], planar HPT [242], high-pressure torsion extrusion [243], high-pressure
tube twisting [244], tube high-pressure shearing [245], high-pressure sliding [246], etc.

The thermal and operational stability of highly defective and severely deformed ma-
terials, including those processed by HPT, is another critical issue [247,248]. At ambient
temperature, these materials exhibit high stability, although there are reports of microstruc-
tural changes over time in pure metals or alloys with low melting temperatures after
HPT [249,250]. Materials used for hydrogen production and embrittlement resistance are
generally used at ambient temperature and exhibit high stability. Moreover, materials
like TiFe [180,181] or Mg4NiPd [57], which are used for hydrogen storage at room tem-
perature, are quite stable [201]. While HPT-processed materials can suffer from structural
relaxation at elevated temperatures, their stability can be improved by solute atoms or
the generation of composite structures [251,252]. For example, during hydrogen storage,
even at high temperatures, they still exhibit remarkable cyclic stability [202]. Significant
research efforts have demonstrated that although defect density may decrease, severely
deformed hydrogen storage materials retain a superior density of grain boundaries and
lattice imperfections compared to their conventional coarse-grained counterparts, even
after prolonged exposure [173]. Consequently, their enhanced hydrogen storage kinetics
and capacity often remain significantly improved over hundreds, and in some cases up to
a thousand, thermal cycles at high operational temperatures (like 423 K for magnesium
alloys) [253,254].

Another issue with the use of HPT is the consolidation of powders. While this issue
is positively used to produce bulk nanostructured samples of metallic or metal-based
composite materials [255,256], it generates some problems for HPT-processed catalysts,
such as high-entropy photocatalysts [97]. A large surface area is a major requirement for
catalysts [257], but the consolidation of powders undesirably reduces the final surface
area of even oxides and ceramics [35,96]. So far, there has been an attempt to increase the
surface area by post-HPT laser crushing [133]. Future studies are expected to consider
using mechanical methods, such as ball milling (although the method may affect structural
and microstructural features) [258,259] or chemical methods, such as etching [260,261], to
produce nanopowders or porous powders from HPT-treated catalysts. In general, combin-
ing severe plastic deformation with other mechanical, chemical, and thermal methods is
expected to promote the production of hybrid materials with a good synergy of properties.

The presence of a variety of defects after HPT and their different roles in hydrogen-
related applications is another issue. HPT simultaneously generates a wide range of
defects, such as vacancies, dislocations, and grain boundaries [262,263], and thus, all these
defects affect the final properties [21-25]. For example, grain boundaries are beneficial
for hydrogen storage [201], but dislocations may destroy reversibility [178,179]. Vacancies
and dislocations are advantageous for photocatalysis [264,265], but grain boundaries may
negatively affect photocatalysis, although there are also reports on the positive effect of
grain boundaries on photocatalysis [266,267]. Grain boundaries are not appropriate for
hydrogen embrittlement (although necessary to achieve high strength), but twins and sessile
dislocation-based defects are desirable for hydrogen storage [216-222]. Since the type and
fraction of defects can be somehow controlled by combining severe plastic deformation
with pre- or post-thermal treatment [268,269], future studies should consider optimizing
defects for specific applications.

7. Concluding Remarks and Future Prospects

High-pressure torsion (HPT) has evolved from a foundational method in severe plastic
deformation into a transformative, multi-purpose platform for designing and engineering
materials for the entire hydrogen value chain. This review demonstrates that the capacity
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of HPT to generate extreme shear strains under high pressure enables unprecedented
microstructural and compositional control, directly addressing the core challenges in hy-
drogen production, storage, and hydrogen embrittlement resistance. The ability of HPT to
introduce dense, tunable defect populations (vacancies, dislocations, Lomer—Cottrell locks,
D-Frank partial dislocations, stacking faults, twins, and grain boundaries) and to synthe-
size novel materials and non-equilibrium phases (high-pressure polymorphs, amorphous
regions, and high-entropy compounds) provides a versatile toolkit for tailoring hydrogen-
related properties. For hydrogen production, HPT facilitates the creation of highly active,
vacancy-rich, and compositionally complex compounds for hydrolysis, electrocatalysis,
photocatalysis, photoelectrocatalysis, and photoreforming, particularly establishing high-
entropy oxides and oxynitrides as a new class of photocatalysts. For hydrogen storage, HPT
not only solves long-standing activation and kinetic problems but also, through strategic
materials synthesis, enables the design of systems with thermodynamically favorable hydro-
gen binding energies for reversible room-temperature storage. For hydrogen embrittlement
resistance, HPT reveals a complex interplay between microstructure and hydrogen damage,
demonstrating that defect engineering can either mitigate (through dislocation pinning
and strain delocalization) or exacerbate (via accelerated hydrogen diffusion) embrittlement,
depending on the material system and dominant failure mechanism.

Although HPT is still used at the laboratory scale for fundamental studies, it has high
potential to be used for hydrogen production, storage, and compatibility applications. Future
research should focus on several key directions to fully employ the potential of HPT: estab-
lishing predictive structure—property relationships through integrated in-situ characterization
and multiscale modeling; transitioning from laboratory synthesis to scalable manufactur-
ing via continuous shear-based processes and hybrid techniques; designing multifunctional
materials that combine structural, catalytic, and storage capabilities; expanding the explo-
ration of entropy-stabilized and metastable compounds into new compositional spaces; and
rigorously assessing long-term durability under real-world operating conditions to ensure
practical application. As the demand for carbon-neutral energy solutions intensifies, the
continued advancement and intelligent application of severe plastic deformation, with HPT at
its forefront, will be critical in developing the high-performance materials necessary to realize
a safe, efficient, and sustainable hydrogen economy.
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