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Abstract: Fossil fuels have been the most employed energy
source with a consistent and growing consumption; how-
ever, they will be replaced by renewable energy sources
(RESs). Massively using this type of energy will require new
materials, especially metallic-based materials, because the
typical materials have shown poor performance. In parti-
cular, hydrogen obtained from RESs has technological con-
cerns like absorption/desorption cycling, kinetics, and cost.
Similarly, the solar industry demands highly corrosion-
resistant materials at high temperatures. As mentioned above,
these could be solved using high-entropy alloys (HEAs). HEAS
are barely around 15 years old and have been intensively
investigated to be used for wide technological and scientific
applications due to their unusual mechanical, physical, and
chemical properties. Thus, this study summarizes advances in
HEAs as promising materials for hydrogen and energy molten
salt storage technologies and discusses the corrosion perfor-
mance of current HEAs, considering both the microstructure
and constituent element effect.
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1 Introduction

Fossil fuels have been the most widely used energy source.
Their consumption continues to grow, which will exhaust
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them in the coming years [1]. In addition to climate change,
this has impulse the search and implementation of alter-
native energy resources [2]. Renewable energy sources
(RESs) are emerging as one of the most promising alterna-
tives to replacing fossil fuels. They correspond to wind,
solar, geothermal, biomass, biogas, wave, tides, and any
other electricity generation sources suitable for estab-
lishing hydroelectric generation facilities with a channel-
or river-type or reservoir area of less than 15 km? [3]. In
most cases, the energy is stored for carrier or later use.
Hydrogen is one of the most efficient energy carriers, deli-
vering and storing high amounts of energy [4].

Hydrogen storage is done mainly using hydrides based
on light elements. However, their high cost and possible
degradation after several absorption/desorption cycles have
motivated their replacement with novel materials. Among
them, high-entropy alloys (HEAs) seem to be a promising
option since these have been reported to be better in hydride
formation [5]. Similarly, the energy storage from sunlight
through concentrated solar power (CSP) technology requires
alternative materials because the currently employed mate-
rials have a high risk of corrosion. Thus, several authors
propose using HEAs for this and other corrosive applications
[6-9]. With this motivation, this work aims to review HEAS’
qualitative and quantitative performance with the potential
to be used as a storage material for hydrogen and solar
energy (through molten salts). The data on their microstruc-
ture, hydrogen storage capacity, and corrosion performance
are discussed. HEAs will be listed alphabetically for ease of
reading and their constituent elements. Additionally, their
composition will be expressed in molar ratio or atomic per-
centage (at%).

1.1 Hydrogen storage

One of the main objectives of “hydrogen economy” is that it
is produced through RES; therefore, hydrogen is emerging as
an ideal candidate to carry energy in mobile applications [10].
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Moreover, hydrogen presents two significant advantages over
other carriers. First, it has a three times higher calorific value
than gasoline — 120 MJ’kg ™" for hydrogen versus 44 MJ’kg ™ for
gasoline [4] — and second, it reduces the adverse environ-
mental outcomes.

As an energy carrier, hydrogen requires a storage
medium to be transported from the generation facility to
the consumer and the charge-discharge supply centers.
However, its low density — 8 MJ'L™" for liquid hydrogen
vs 32 MJ'L™* for gasoline — raises concerns regarding sto-
rage and transportation [4]. Different storage methodo-
logies have been proposed to reduce this issue, such as
compressed gas, a cryogenic liquid, and solid-state storage,
either chemically absorbed or physisorbed, like metal
hydrides, complex hydrides, and carbon materials [11].
The latter is one of the best options because hydrogen’s
electronegativity allows the formation of chemical bonds
with various elements to form hydrides [12]. The hydrides
based on light elements such as Li, Be, B, C, N, O, Na, Mg, Al,
Si, and P have been recommended based on hydrogen
storage’s gravimetric requirements. However, Be, Si, and
P can generate toxic hydrides, and therefore, they are dis-
carded. However, Li, Na, C, Mg, and Al form stable hydrides
at room temperature (RT), allowing sufficient hydrogen
content (>7 wt% H) [13]. Currently, the primary alloying
materials for metals hydrides are intermetallic compounds
such as ABs (1.5 wt% H), AB, (2.0 wt% H), AB (1.8 wt% H),
A,B (3.0 wt% H), V-based alloys (body-centered cubic [bec],
2.4 wt% H), and Mg-based alloys (2-5% wt% H) [14]. A,B, is
a class of compounds composed of x atoms of element A
and y atoms of element B. These compounds are character-
ized by a crystal structure in which A atoms occupy the
center of icosahedral cages formed by B atoms [15]. To date,
most hydrogen storage alloys can effectively store around
2-3 wt% H, but still have problems of slow hydrogen sorp-
tion kinetics, an activation process before hydriding
(corresponds to the first hydriding cycle [16], degrada-
tion, surface passivation, and high cost [17,18]). Hence,
other materials are being investigated to generate new
hydrides with superior performance [19,20]. HEAs are
attractive as potential hydrogen storage since they can
form bcc-type structures with high hydrogen storage
capacity and significant lattice distortion, making them
suitable for forming better hydrides [5].

1.2 Molten salt storage

Solar energy appears as one of the most promising RESs
supplying in just 1 h the total energy consumed by the
planet in 1 year [21]. Solar energy can be transformed
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into electricity even on cloudy days by CSP [22], as sunlight
is stored in a thermal energy carrier (usually a molten salt
mixture at high temperatures) [21,23]. The first and second
generations of CSP have used molten nitrate salts, which
determine the operational temperatures around 550°C;
however, it is expected that the third generation will
use carbonate or chloride molten salts as the efficiency
of the process must be increased by using supercritical
carbon dioxide instead of steam for the Brayton cycle gas
turbines; this change requires an operating temperature
over 700°C [22]. However, carbonates have a high melting
and decomposition temperature, which is detrimental as
these mixtures solidify at high temperatures. Besides, as
the temperature increases, the metallic elements respon-
sible for storing the mixtures will be significantly more
susceptible to corrosion [24]. Similarly, chlorides have
the same disadvantages, which make them incompatible
with the construction materials of pipes and storage tanks
in CSP plants [25]. Therefore, carbonate and chloride molten
salts are still being evaluated for massive application in CSP
plants and thus nitrate-based molten salt or other mixtures
such as sulfates or mixtures based on them could be imple-
mented [23,26-28].

The choice materials for storage of molten salt are Ni-
based alloys for operational temperatures above 550°C
(temperature of the reactor that focuses sunlight), stainless
steel between 300 and 550°C (temperature of the hot sto-
rage tank), and carbon steel for temperatures below 300°C
(temperature of the cold storage tank) [22]. These materials
are still being used as they meet one of the main require-
ments, Le., the cost. However, they do not meet the tech-
nical requirement, as corrosion rates have been reported
to be 94.56-4.04 x 10* mpy (milli-inch per year) for Ni-
based alloys, 3.55-5.22 x 10" mpy for stainless steel, and
31.52-2.92 x 10° mpy for carbon steel. These values imply
a limitation in service life for which the recommended
corrosion rate for a long-term service should lie between
0.02 and 0.50 mpy [22,26,29-46]. Therefore, alloys such as
alumina-forming alloys, super-corrosion resistance alloys,
and HEAs have been proposed as potential and competitive
alternatives [7,35,47-53]. HEAs have more potential since the
mechanical and corrosion performance are superior [52,53].

1.3 HEAs

HEAs correspond to a promising class of metallic materials
independently proposed by Cantor et al. [54] and Yeh et al.
[55] in 2004. These alloys were defined as those constituted
by five or more chemical elements, each between 5 and
35 at%, aiming to obtain simple solid solutions boosted by
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the high ideal configurational entropy. Notwithstanding,
the formation of multi-phase (MP) microstructures (that
may include a mixture of solid solutions but also the pre-
sence of intermetallic compounds) is typically observed in
these alloys and is even more frequent than in single-phase
solid solution microstructures [56-58]. HEAs can be classi-
fied into subfamilies according to the nature of the compo-
nents. The most studied subfamily corresponds to the 3d
transition metal HEAs (3d TM HEAs), constituted by at least
four of the following elements: Fe, Ni, Co, Al, Mn, Cr, Cu, Ti,
and V [6], that typically crystallizes into face-centered cubic
(fce) solid solutions. The second most crucial subfamily of
HEAs is the refractory high-entropy alloys (RHEA), pro-
posed in 2010 by Senkov et al [59]. These alloys are con-
stituted mainly by elements from the group's IV, V'y VIB —
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W - typically exhibiting a
disordered bcc solid solution. The most significant aspect
of RHEAs is their outstanding mechanical strength at high
temperatures, even superior to the traditional Ni-based
superalloys [60]. A most recently developed HEA group is
based on hexagonal close packing (hcp) solid solutions,
constituted by lightweight elements, like Ti, Mg, Li, Y,
and Sc, among others [61-63], resulting in lightweight
HEAs with interesting properties. Figure 1 shows the pos-
sible crystalline structures of HEA used in energy storage.

2 HEAs with the potential to be
used in storage systems of RES
systems

2.1 Hydrogen storage

Table 1 summarizes the main HEAs studied regarding
hydrogen storage performance. Most of these alloys exhibit

Face-centred cubic
(fcc)

Body-centred cubic
(bcc)

High-entropy alloys == 3

single-phase C14 Laves or bcc solid solution microstruc-
tures. Laves phases correspond to a subfamily of interme-
tallic phases (that groups C14, C15, and C36 Laves phases),
typically observed in Cr-, Ti-, and Nb-containing 3d TM
HEAs. According to Yurchenko et al. [64], these phases
are formed when high Allen’s electronegativity difference
(AyAllen) and high lattice distortion (6) values are achieved
(AyAllen > 7% and &§ > 5%, respectively). On the other hand,
bec solid solutions are formed with low & and close to zero
enthalpies of mixing AH™ values; however, this lattice
structure is preferred to sustain higher § values than fcc
structures [65]. Because a high § value provides more sig-
nificant interstitial sites to accommodate hydrogen atoms
[5], bee- and Laves phase-based HEAs are promising candi-
dates for hydrogen storage applications.

In the context of single-phase HEAs, the first approach
related to hydrogen storage was made by Kao et al. [66] in
2010. The authors studied the influence of Ti, V, and Zr
contents in the CoFeMnTi,V,Zr, alloy (0.5 < x < 2.5, 0.4 <
y <3.0,and 0.4 < z < 3.0) on the hydrogen absorption—de-
sorption performance using the mass flow pressure con-
centration isotherm method (PCT test [67]). All the alloys
showed a C14 Laves structure, which has been reported
with promising stability performance for hydrogen absorp-
tion kinetics and maximum hydrogen capacity. The results
indicated that the interstitial sites’ size influenced the
hydrogen adsorption capacity and the pressure plateau
during the PCT test, reaching the highest hydrogen absorp-
tion in the CoFeMnTi,VZr and CoFeMnTiVZr, 5 alloys — 1.80
and 1.79 wt%, respectively. This may be attributed to the
higher atomic radius of Ti and Zr (1.47 and 1.60 A, respec-
tively) compared to the rest of the constituent elements,
which enlarges the interstitial sites of the alloys and thus
expands the lattice. Therefore, Ti and Zr are more effective
than V in improving hydrogen-to-metal ratio (H/M),ax for a
given molar ratio. Chen et al. [68] reported the influence
of the elements in the C14-Cr,Fe,Mn,Ti,V,Zr, alloy. The

Hexagonal close-packed
(hep)

C14 hcp
(Laves phase)

Figure 1: Crystalline structures of HEAs employed in energy-related fields [115].
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Table 1: Summary of the microstructures, lattice parameters, and the maximum hydrogen storage
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Alloy Microstructures before Lattice parameters Hydrogen storage
hydriding before hydriding [nm] Hydrogen Desorption Ref
absorption [wt%] temperature [°C]

AlCrFeMnNiW (molar ratio) bec + fcc a = 0.3152 (fcc) 0.61 300 [83]
a =0.3860 (bcc)

CoFeMnTiVZr (molar ratio) C14 Laves phase a = 0.4972 1.7 — [70]
¢ =0.8105

CoFeMnTiVZry 4 (molar ratio) C14 Laves phase a = 4.866 0.03 — [66]
c=7.915

CoFeMnTiVZry; (molar ratio) a = 4.866 0.49 [66]
¢=7.936

CoFeMnTiVZr (molar ratio) a = 4.958 1.43 [66]
c=8.046

CoFeMnTiVZry 3 (molar ratio) a =499 1.63 [66]
c=28.169

CoFeMnTiVZry g (molar ratio) a=5.031 1.7 [66]
c=8.222

CoFeMnTiVZr, (molar ratio) a =5.056 173 [66]
c=8.258

CoFeMnTiVZr, 3 (molar ratio) a =5.067 1.79 [66]
¢ =8.302

CoFeMnTiVZr, ¢ (molar ratio) a=5.117 173 [66]
¢=28.319

CoFeMnTiVZrs (molar ratio) a=5.117 1.56 [66]
c=8.763

CoFeMnTiVg 4Zr (molar ratio) a = 4.958 1.48 — [66]
c=28.095

CoFeMnTiVq5Zr (molar ratio) a =4.970 1.52 [66]
c=8113

CoFeMnTiVZr (molar ratio) a = 4.958 1.43 [66]
¢ =8.046

CoFeMnTiV, 3Zr (molar ratio) a = 4.958 1.55 [66]
¢=28.095

CoFeMnTiV, gZr (molar ratio) a=4.970 1.54 [66]
c=8.135

CoFeMnTiV,Zr (molar ratio) a = 4.958 1.55 [66]
¢ =8.095

CoFeMnTiV, 3Zr (molar ratio) a = 4.958 1.58 [66]
¢=28.095

CoFeMnTiV, ¢Zr (molar ratio) a=4.970 1.64 [66]
¢=8.135

CoFeMnTiV5Zr (molar ratio) a=4.970 1.62 [66]
c=8113

CoFeMnTig 5VZr (molar ratio) a =4.960 0.6 — [66]
¢=28.030

CoFeMnTiVZr (molar ratio) a =4.958 143 [66]
¢ =8.046

CoFeMnTi; 5VZr (molar ratio) a =4.983 1.78 [66]
c=28.106

CoFeMnTi,VZr (molar ratio) a =5.006 1.8 [66]
¢ =8.155

CoFeMnTi, sVZr (molar ratio) a =5.083 1.2 [66]
¢=8.220

Cog sFegsMgNig sTiZr (molar ratio)  bcc a = 0.3075(6) 1.2 — [79]

Cog sFegsMgNig sTiZr (molar ratio)  fcc a = 0.4642(6) 0.36 375 [79]

CrFeMgTiV (molar ratio) a=0.295 0.3 360 [85]

(Continued)
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Table 1: Continued

High-entropy alloys

- 5

Alloy Microstructures before Lattice parameters Hydrogen storage
hydriding before hydriding [nm] Hydrogen Desorption Ref
absorption [wt%] temperature [°C]
CrFeMnNiTiZr (molar ratio) C14 Laves phase + cubic a = 0.493 17 — [71]
phase ¢=0.809
FeMnTiVZr (molar ratio) C14 Laves phase a=5.020 1.88 358 [68]
c=8.21
Cro.sFeMnTiVZr (molar ratio) C14 Laves phase a = 4.995 1.7 372 [68]
¢ =8.167
Cro.75FeMnTiVZr (molar ratio) C14 Laves phase a =4.987 1.6 405 [68]
c=8.162
CrFeMnTiVZr (molar ratio) C14 Laves phase a=4.982 1.5 379 [68]
c=8.132
Cry25FeMnTiVZr (molar ratio) C14 Laves phase a =4.977 1.47 — [68]
c=8.128
Cry.sFeMnTiVZr (molar ratio) C14 Laves phase a=4974 1.47 — [68]
c=8113
Cr,FeMnTiVZr (molar ratio) C14 Laves phase a =4.969 1.23 — [68]
c=8.083
CrMnTiVZr (molar ratio) C14 Laves phase + hcp a = 5.056 1.92 395 [68]
c=28.195
CrFeq sMnTiVZr (molar ratio) C14 Laves phase a =5.028 1.93 385 [68]
c=8.193
CrFeMnTiVZr (molar ratio) C14 Laves phase + bcc a=4.920 172 370 [68]
¢ =8.090
CrFe; sMnTiVZr (molar ratio) C14 Laves phase + bcc a=4915 1.43 — [68]
¢ =8.069
CrFe,MnTiVZr (molar ratio) C14 Laves phase + bcc a =4.909 118 — [68]
¢ =8.068
CrFeTiVZr (molar ratio) C14 Laves phase a =5.033 1.78 305 [68]
c=8233
CrFeMng sTiVZr (molar ratio) C14 Laves phase a =5.009 171 369 [68]
c=8.204
CrFeMng 75TiVZr (molar ratio) C14 Laves phase a =4.985 1.61 389 [68]
c=8.147
CrFeMn; ,sTiVZr (molar ratio) C14 Laves phase a=4.964 1.47 — [68]
¢ =8.160
CrFeMn; sTiVZr (molar ratio) C14 Laves phase a =4.959 1.27 — [68]
c=8.143
CrFeMn,TiVZr (molar ratio) C14 Laves phase a =4.948 1.2 — [68]
c=8.136
CrFeMnVZr (molar ratio) C14 Laves phase + bcc a =4.990 1.19 — [68]
c=8.186
CrFeMnTig sVZr (molar ratio) C14 Laves phase + bcc a=4.976 1.25 — [68]
¢ =8.156
CrFeMnTiy sVZr (molar ratio) C14 Laves phase a =4.986 17 350 [68]
c=8.164
CrFeMnTi,VZr (molar ratio) C14 Laves phase a =5.004 1.85 — [68]
c=8.177
CrFeMnTiZr (molar ratio) C14 Laves phase + hcp a =4.956 1.54 340 [68]
c=8.133
CrFeMnTiVq sZr (molar ratio) C14 Laves phase a=4.977 174 345 [68]
c=8.158
CrFeMnTiV, sZr (molar ratio) C14 Laves phase + bcc a=4974 1.68 370 [68]
c=8.149

(Continued)
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Table 1: Continued
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Alloy Microstructures before

Lattice parameters

Hydrogen storage

hydriding before hydriding [nm] Hydrogen Desorption Ref
absorption [wt%] temperature [°C]
CrFeMnTiV,Zr (molar ratio) C14 Laves phase + bcc a=4.993 1.85 350 [68]
c=8.168
CrFeMnTiVZry 5 (molar ratio) C14 Laves phase + bcc a=4919 0.83 — [68]
¢=28.055
CrFeMnTiVZr, 5 (molar ratio) C14 Laves phase a =5.030 1.8 355 [68]
c=8.232
CrFeMnTiVZr, (molar ratio) C14 Laves phase + hcp a =5.071 1.82 345 [68]
=829
Cri3.5Feqs.gNire oTis2V22.22r6.3 (t%) C14 Laves phase + hep a = 0.4969 (C14) 1.81 — [84]
¢ =0.8126 (C14)
CrFeNiTiVZr (molar ratio) C14 Laves phase a = 0.5017 1.6 — [69]
¢=0.8191
Cro.sMgMng sNbNig sTi (molar ratio) bcc a =0.32893(9) 1.6 380 [72]
HfMoScTiZr (molar ratio) bcc a =0.3444 214 — [74]
HfNbTaTiZr (molar ratio) bcc a = 0.3399 1.66 375 [80]
Hf20M020Nby(TizeZr20 (at%) bcc a = 0.3370(2) 118 302 [75]
Hf,0Nb4oTiz0Zr20 (at%) bcc a = 0.3423(1) 112 383 [76]
Hf,0M010Nb3oTizoZro (at%) a = 0.3402(2) 1.54 332 [76]
Hf20M020Nb2TizgZrog (at%) a = 0.3370(1) 118 302 [76]
Hf,0M030Nb1oTizeZro (at%) a = 0.3357(1) 1.4 164 [76]
Hf,0M040Tiz0Zr0 (at%) a = 0.3327(1) 0.92 168 [76]
HfNbTiVZr (molar ratio) bcc a =0.33659(2) 1.8 500 [81]
_ 2.7 400 [5]
MoNDbTiVZr (molar ratio) bcc + orthorhombic NbTi4- a = 0.325 2.3 — [116]
type phase
NbTaTiZr (molar ratio) bcc a = 0.33647 1.67 — [17]
NbTaTiZr (molar ratio) bcc a = 0.33647 1.6 — [118]
Nb,3Tay5TizeVo6 (at%) bcc — 1.86 12 [82]
Nb,oTixVo7Zr6 (at%) — 2.83 300 [82]
Nb1gTixVa1Zra; (at%) — 2.66 390 [82]
Nby7 5Tizs 5V7.52r12 5 (at%) bcc a = 0.3261(1) 2.5 250 [771
a = 0.3270(1) 2.5 430 [771
a = 0.3277(1) 2 400 [771
Nb, 5TaTisV, 5Zr (molar ratio) bcc a =0.3263(1) 2.5 262 [78]

-: Non reported; am: amorphous phase.

results show that Ti and Zr are H-absorbing A elements,
while the other four are H-desorbing B elements in AB,. Ti
and Zr increase the maximum hydrogen absorption, while
Cr, Fe, and Mn decrease the hydrogen absorption. Although
V is the B element in AB,, the amount of V in the alloy has
no significant effect on hydrogen absorption.

In contrast, the kinetic parameter can be defined by
employing the oo indicator, which is the time necessary for
the alloy or system to absorb 90% of the total hydrogen
absorption capacity. The kinetic parameter increases with
increasing Cr,, Fe,, and Mn,, but decreases with increasing
Zr,, while there is no regular trend with Ti, and V,. The

lowering of the kinetic parameter with Zr, is ascribed to
the atomic size of Zr, which is the largest among different
atoms, giving the easiest way for H diffusion.
Zadorozhnyy et al. [69] and Sarac et al. [70] reported
single-phase CrFeNiTiVZr and CoFeMnTiVZr HEAs, both
alloys exhibiting C14 Laves phase. These authors compared
the absorption capacity by either solid-gas reaction or
electrochemical methods in an Ar-saturated 6 M KOH solu-
tion. CrFeNiTiVZr reached 1.6 wt% by both methodologies,
while the CoFeMnTiVZr alloy reached 1.7 and 1.9 wt% by
solid-gas reaction and electrochemical testing, respectively.
Based on these results, the electrochemical method seems
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appropriate to describe the hydrogen sorption/desorption
kinetics and their hydrogen storage capacity for the mate-
rials with shallow hydrogen storage capacity, which might
not be possible to detect using the gas-solid reactions
method. A similar microstructure was observed in the
CrFeMnNiTiZr alloy [71], reaching 1.6 wt% of hydrogen
absorption during the first hydriding cycle without any acti-
vation process, and 1.7 wt% in the third cycle. Moreover,
hydrogen desorption occurred almost without hysteresis
in the PCT isotherms.

Marques et al. [72] analyzed the hydrogen storage
behavior of MgTiNbCrysMng;sNig5 obtained by reactive
milling. The two phases obtained correspond to the bcc
and fcc structures. By thermal analysis, two endothermic
peaks were determined to be attributed to the desorption
process of Mg,NiH,, which occurs at approximately 250°C,
and the second peak is associated with the desorption of
the fcc hydride, which occurs at about 380°C. The forma-
tion of Mg,NiH, is because the Mg exhibited a high positive
AH™ (indicating immiscibility) with most elements except
Mg-Ni, which has AH™* (4 kJ-mol ), indicating a tendency
to form intermediate phases as Mg,Ni, which is the pre-
cursor of Mg,NiH, [73].

In contrast, Hu et al. [74] determined the structural
and electronic properties of hydriding HfMoScTiZr under
different hydrogen concentrations using the density func-
tional theory method. The results showed that the bcc
HfMoScTiZr alloy reached a maximum of 2.14 wt%, attri-
butable to an increase in the lattice parameter due to the
addition of hydrogen. Additionally, the results indicate that
hydrogen was located in both tetrahedral and octahedral
interstitial sites. Shen et al. [75,76] studied the Hf,,Mo,Nb,,.
TizgZr,g (with x + y = 40 at%, and x = 0, 10, 20, 30, and 40 at
%) HEAs, analyzing the Mo effect on their hydriding per-
formance. The authors reported that the hydride-forming
capacity decreases as the Mo content increases, while a bcc
SPSS microstructure is observed in all the alloys. The max-
imum hydrogen storage capacity (1.54 wt%) was obtained
with x = 10% in the sample, indicating that increasing the
Mo concentration decreased the cell volume. Likewise, the
desorption temperature decreases with increasing Mo con-
tent, reaching the lowest value at 30 at% Mo (164°C). This
indicates that the thermal stability can be correlated to the
increasing weakness of the bond between hydrogen and the
Hf,0Mo,Nb, TizoZr, alloys as the Mo content increased. Mon-
tero et al [77,78] reported that the bce SPSS NbTaTiVZr alloy
forms a hydride compound with fcc (Fm3m space group) or
body-centered tetragonal (bct) lattice structure (I4/mmm
space group) after the hydrogen absorption process. The
bct lattice can be interpreted as a slightly distorted fcc
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lattice. This transformation (bcc — fcc (or bct)) has also
been reported in other HEAs [5,75-77,79-81]. In particular,
the NbTaTiVZr alloy reached its maximum absorption (2.5
wt%) in just 2 min at 100°C, presenting a fast absorption rate
in a single step [78]. Nygard et al. [82] studied the effect of Zr
in the bee NbTiVZr HEAs and found that as the amount of Zr
increased, the stability of the hydride formed also increased.
This may result in a disadvantage since the total desorption
of the NhgTiyV,1Zry, (at%) alloy was reached at 900°C.

Dewangan et al. [83] reported a microstructure com-
posed of fcc + bcc phases in the AlCrFeMnNiW alloy
regarding MP HEAs. The hydrogen sorption was measured
through the volumetric method at RT and atmospheric
pressure, resulting in a maximum storage capacity of
0.616 wt% after a single exposure and a desorption activa-
tion energy of —8.16 k]'mol . Kunce et al. [84] reported C14
Laves phase + hcp in the CrFeNiTiVZr alloy. After the
hydrogen desorption, the C14 hydride phase was observed
too. The heat-treated sample — subjected to heating at
1,000°C for 24 h - has a lower hydrogen absorption capa-
city than the untreated sample (1.56 and 1.81 wt%, respec-
tively). This difference may be associated with a more
relaxed crystal lattice due to a more homogeneous compo-
sition resulting from the heat treatment. de Marco et al.
[85] reported the CrFeMgTiV alloy with a bcc + amorphous
phase microstructure. The results showed that the alloy
could only absorb hydrogen at 350°C with a hydrogen
storage capacity of 0.3 wt%. Additionally, there was no
evidence of a defined pressure plateau associated with amor-
phous phases, hindering hydrogen atom reorganization.

HEAs have high hydrogen solubility and can quickly
form hydrides, making them promising for hydrogen
storage; however, this can cause mechanical and chemical
degradation. The HEAS’ nature can also lead to phase trans-
formations, affecting their properties during repeated
hydrogen absorption and release. The thermodynamics and
kinetics of hydrogen transport in HEAs are complex and need
to be better understood [86,87]. The cost and scalability of
producing HEAs for hydrogen storage also need further inves-
tigation. HEAs show promise for metal storage via interstitial
hydrogen or hydride formation [5,15], but optimizing their
properties and evaluating their long-term durability and relia-
bility is necessary.

2.2 Molten salt storage

Table 2 presents the available data related to corrosion
studies of HEAs exposed to simulated conditions of CSP
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Table 2: Summary of the microstructure and corrosion test data of HEAs exposed to molten salts

Alloy Microstructure Corrosion test
Technique Exposure conditions Molten salt Corrosion rate
employed [h/°C] (original unit)
Al> 4C0,43Crp45F€24.4Nizg 4 (at%) — Electrochemical 1/750 Na,S0,4-25 wt 31 mpy [89]
% Nacl
Al,C0,,CryoFe;Nig,Tig (at%) — Gravimetric 200/900 NayS0,4-25 wt 2.9 mg'cm'2 [90]
Al;C0o2CrioFenNig,Tig (at%) 200/1100 % Nacl 14.3mg'cm™2 [90]
AlsCo4gCryFegNis Tis (at%) 200/900 1.9 mg-cm ™2 [90]
AlsCo4gCryFegNis Tis (at%) 200/1100 2.0 mg'cm™2 [90]
CoCrFeMnNi (molar ratio) fcc Electrochemical 50/500 Solar salt - [98]
CoCrFeNiTig 5 (molar ratio) — Gravimetric 150/750 Na,S04-25 wt% 1.4 mg'cm’2 [104]
K50,
Na,S0,4-25 wt 2.27 mg'cm'2 [104]
% Nacl
CrygFey7.5MnyNis, 5 (at%) fec Gravimetric 1,000/700 FLiBe -3.4 mg'cm’2 [102]

(direct contact with molten salts at high temperatures).
These studies were carried out on a laboratory scale
because the metallic materials are encapsulated in closed
and isolated systems (to avoid thermal losses) [22]; thus, it
is challenging to perform these studies in CSP plants. Con-
sequently, the most accurate strategy to test new metallic
materials involves examining the laboratory specimens
through gravimetric and electrochemical techniques [22].
The gravimetric test is the most straightforward metho-
dology, which compares the initial weight of a coupon
with the weight after exposure to the corrosive medium.
The difference in weight (loss or gain, depending on the
oxide layer’s adherence) determines the corrosion rate and
its mathematical function. However, this method has sig-
nificant disadvantages. The most important are (i) the time
interval selection may not include changes or critical
aspects of the corrosion mechanism and (ii) low reliability
in localized corrosion [88]. Conversely, the electrochemical
tests, i.e., electrochemical polarization and electrochemical
impedance spectroscopy, can provide corrosion rate infor-
mation and insights into the involved chemical reactions
and the corrosion product’s properties [22].

Jalbuena et al. [89] studied the Al, 4C0543Crp4 5F€24 4Nisg 4
(at%), comparing their performance with a commercial
alloy, the Haynes 718 Ni-based alloy. Similarly, Tsao et al
[90] studied Al;Co,,CryFenNigyTig and Al;CoqgCr,FegNis Tis
HEAs (at%) to compare their results with the CM247LC Ni-
based superalloy. All the alloys were exposed to the same
electrolyte; the results showed a higher corrosion resistance
for HEA in the first case. The superior performance of
Al 4C0243Cryy sFe,4 4Nipy 4 Was attributed to the development
of a protective oxide layer — with high thermal stability,
good adherence, and continuous and slow growth [91] — of

a duplex structure made of Cr,03 as the outer layer, and
AlO3 as the inner layer. The outer layer interrupts the cor-
rosive process by interacting with elements from the salt,
which generates a positive solubility gradient that retards
the process. At the same time, the inner layer extends the
initial stage of corrosion and hinders its propagation. The
alloys studied by Tsao et al. did not show Cr,03; and Al,03
layers in the initial stages of the corrosion process, which
was associated with low corrosion resistance. However, the
authors point out that the difference in Al content can influ-
ence corrosion resistance. Besides, several studies report
that an increase in Al content in the Al,CoCrFeNi HEA induces
the formation of bcc-disordered (A2) and bcec-ordered (B2)
phases in the replacement of fcc solid solution [92-95]. Yeh
et al. [55] reported that the Al,CoCrFeNi HEASs evolved from
an fcc SPSS to an MP fcc + A2/B2 alloy when the Al content
exceeded x = 0.8.

Moreover, the fcc phase was no longer observed when
the Al content was higher than x = 2.8. This phase trans-
formation is strictly related to the lattice strain imposed by
the addition of Al [65,96,97]. As Al has a larger atomic size
than Cr, Fe, and Ni [57], a significant lattice distortion is
expected. Due to the fcc phase having a higher packing
factor than the bcc phase, less lattice strain may be stored,
destabilizing the fcc phase. Consequently, and as men-
tioned previously, a bcc phase is preferred when large
values of lattice distortion are expected [65].

Moon et al. [98] analyzed the CoCrFeMnNi alloy, one of
the most widely studied HEAs as it was the first SPSS HEA
[99-101]. The results were compared with 4130 steel, 316L
stainless steel, and 800 Ni-based alloys. A similar alloy was
studied by Elbakhshwan et al. [102], who compared the fcc
SPSS CrigMny Fe,;5Niyy5 (at%) with AISI 316H stainless
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steel. Both HEAs showed higher corrosion than commercial
alloys. In the first case, this was associated with developing
a non-protective oxide layer mainly consisting of Fe-based
spinel. Even though this HEA has Cr and Ni - elements
traditionally associated with high corrosion resistance —
corrosion products could not be developed as they were
depleted with surprisingly high leaching rates. Presumably,
this is because of the high dissolution driving force of both
elements in the molten salt, which alongside its high con-
tent, induces further deterioration. This was not the case
with CrigMny;Fe,;sNiy; s, as Cr dissolution was considerably
lower. Thus, the lower corrosion resistance was attributed
to the more negative Gibbs free energy of the formation of
MnF, (730 k]'mol ™ F,) compared with CrF, (650 k]-mol™ F,),
as shown in Figure 2a. Note that the Gibbs free energy of
formation can also be used to make other types of thermo-
dynamic predictions, such as the one made by Zhao et al,
who studied a ternary mixture of molten chloride salts sub-
jected to different purification methods based on thermal
and chemical treatments associated with the reduction of
magnesium, for its potential use in solar thermal plants. The
authors indicated that the control of impurities would be
effective when generating cations with more negative Gibbs
free energy than Mg cations as the ones on the right-hand
side of Figure 2b, since these would be stable and remove
impurities in the salt, reducing its corrosivity [103].
Additionally, the higher diffusion coefficient of Mn hin-
ders Cr dissolution. However, Cr was found to be associated
with bcc precipitates related to internal corrosion in the
HEA. As the depth increased, an increase in precipitate
population and a change in their morphology (from sphe-
rical to needle-shaped) were observed. These variations
were also associated with differences in the Mn concentra-
tion through the bulk. Based on this, the authors preli-
minary concluded that Mn could act as a sacrifice element,
or well, as a salt redox buffer through the Mn/MnF, couple.

=200
-400
-600

-800

AG® (KJ/mole F)

-1000

-1200

High-entropy alloys =—— 9

Note that many other commercial and experimental
(no HEA alloy) have been studied for CSP use. Our group
describes a comprehensive overview of their performance
in the study of Walczak et al. [22]. Two carbon and low
alloy steel groups can be highlighted in general terms.
ASTM A36 and A516 gr 70 are according to the industry
guidelines; thus, they are recommended for components
of CSP plants. However, these alloys are highly affected
by some elements that, in some cases, are impurities of
molten salts, particularly chlorides. This is different for
stainless steel, from which AISI 347 and AISI 347H are
highlighted as they maintain low corrosion rates at the
highest operating temperatures of CSP. However, they
might become obsolete in the next generation of CSP, in
which the operating temperatures will increase. In this
context, the recommendation is a superalloy like Has-
telloy, Inconel, or Incoloy.

Regarding the electrolyte, Ping et al. [104] studied the
CoCrFeNiTiy s HEA by exposing it to Na,S0,—25% K,SO, and
Na,S0,4-25% NaCl molten salts. As was expected, the pre-
sence of Cl” in the electrolyte increase corrosion due to
this ion catalysing the process through the cyclic chlorina-
tion/oxidation mechanism, leading to irregular and porous
corrosion products that crack and spall with time. This
has also been observed for HEAs in other electrolytes,
for example, at 3.5 wt% NaCl solution and artificial
seawater, although unrelated to energy storage, are
related to renewable energy such as wave, tidal, and
ocean thermal [105-107]. Similarly, HEAs have attracted
the attention of the geothermal industry as their effi-
ciency can be improved using metal materials with high
mechanical strength, high oxidation resistance, and low
density [8,9,53,108-114]. However, in all cases, there is a
high risk of corrosion; thus, it will be developed as a
separate topic in an exclusive study that we hope to pub-
lish in the future.
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Figure 2: (a) Gibbs free energy of formation of different fluoride compounds at 700°C [102] and (b) Gibbs free energy of formation of different

chloride compounds at 827°C [103].
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3 Concluding remarks

The study of RES has provided significant advances in the
past years, offering a viable opportunity to mitigate the use
of fossil fuels. Consequently, the demand for new materials
that satisfy the growing need for ever-greener and cheaper
energy has become an issue. In particular, the necessity of
new materials to overcome the challenges in hydrogen and
molten salt storage has prompted research into HEAs and
RHEAs. The latter had stood out for their mechanical beha-
vior in the past. However, their corrosion had yet to be
mostly commented on, so it was convenient to study and
compare the results reported to date in this work to
address further development in the industry.

So far, the HEAs with a single-phase bcc have shown
promising results regarding hydrogen storage due to a
higher capacity to sustain lattice distortion than fcc- or
hcp-based HEAs. The higher hydrogen absorption values
are over 2 wt%, for HfNbTiVZr, MoNbTiVZr, and NbTiVZr
alloys. Conversely, MP HEAs were reported with low absorp-
tion and desorption capacities, such as AICrFeMnNiW (0.61
wt%), CoFeMnTiVZr, 4 (0.03 wt%), and CoFeMnTiVZr,; (0.49
wt%). Hence, it is necessary to enhance the design and phase
formation prediction of HEAs to establish clear guidelines
for the stability of single-phase microstructure with bcc lat-
tice structure. Although extensive advances have been made
during the last few years using semi-empirical parameters,
CALPHAD, machine learning approaches, and even com-
bined approaches, most have mainly focused on fcc-based
and 3d TM HEAs. Also, the study of the effect of the consti-
tuent elements requires further clarification since good
results were found with the addition of titanium and zirco-
nium to CoFeMn-based alloys but not with molybdenum’s
addition to the HfMo,Nb,TiZr alloy. Future investigations
are recommended to develop an HEA that has high
cyclability and lower desorption temperature. HEAs are a
promising material class for hydrogen storage due to their
high surface area, mechanical strength, and high hydrogen
solubility. These properties make HEAs well-suited for appli-
cations requiring efficient and rapid hydrogen storage and
release. HEAs also have excellent mechanical properties that
help prevent mechanical failure and degradation during
repeated hydrogen absorption/desorption cycles. However,
challenges remain in optimizing the composition and micro-
structure of HEAs for maximum hydrogen storage capacity,
and efficiency, and developing cost-effective manufacturing
and processing methods. Despite these challenges, the poten-
tial advantages of HEAs make them a promising area of
research and development in the renewable energy sector.
HEAs could play an essential role in the transition to a more

DE GRUYTER

sustainable and environmentally friendly energy system by
providing a reliable and efficient source of hydrogen storage.

In the context of solar energy, HEAs have been demon-
strated to be a competitive alternative to the current
choice. HEAS’ superior corrosion resistance was achieved
with aluminum as one of the constituent elements since it
can develop along with chromium. This protective oxide
multilayer covers the entire metallic surface hindering
further attack from molten salts. Similarly, using sacrificial
elements like manganese had benefits due to preventing
chromium depletion. This approach and theoretical ther-
modynamic analysis are suggested for further studies to
fully describe and understand the corrosion mechanism
under molten salts at high temperatures. Comparing the cor-
rosion rate, some promising alloys, such as CoCrFeNiTiys
and AlsCoy5Cr;FeqNislTis, exhibit 1.4 and 2.0 mgem 2 values,
respectively. HEAs have potential applicability in molten
salt storage as structural materials for tanks and pipes and
as phase change materials for thermal energy storage due
to their high melting points, excellent high-temperature
strength, good corrosion resistance, and the ability to tailor
their composition to specific applications. These unique
properties can reduce maintenance and replacement costs
and improve energy storage efficiency. However, more
research is needed to optimize their properties and iden-
tify suitable compositions and processing methods for spe-
cific applications. Additionally, HEASs’ long-term durability
and reliability in high-temperature and corrosive environ-
ments must be evaluated before their suitability for indus-
trial-scale applications.
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