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Abstract: Hydrogen storage for energy applications is of significant interest to researchers seeking to
enable a transition to lower-pollution energy systems. Two of the key drawbacks of using hydrogen
for energy storage are the low gas-phase storage density and the high energy cost of the gas-phase
compression. Metal hydride materials have the potential to increase hydrogen storage density and
decrease the energy cost of compression by storing the hydrogen as a solid solution. In this article,
the technical viability of core-shell VgyAljp-PdggAgyg as a hydrogen storage material is discussed.
LaNis, LaNi5 /acrylonitrile-butadiene-styrene copolymer mixtures, core-shell V-Pd, and core-shell
VgpAljp-PdggAgyg are directly compared in terms of reversible hydrogen-storage content by weight
and volume. The kinetic information for each of the materials is also compared; however, this
work highlights missing information that would enable computational dynamics modelling. Results
of this technical evaluation show that VgyAljg-PdggAgyg has the potential to increase gravimetric
and volumetric hydrogen capacity by 1.4 times compared to LaNis5/acrylonitrile-butadiene-styrene
copolymer mixtures. In addition, the literature shows that PdgyAgyp and VggAljg both have similarly
good hydrogen permeabilities, thermal conductivities, and specific heats. In summary, this evaluation
demonstrates that core-shell Vg Aljp-PdggAgog could be an excellent, less-expensive hydrogen storage
material with the advantages of improved storage capacity, handleability, and safety compared to
current ABs-polymer mixtures.

Keywords: palladium; vanadium; hydrogen storage; alloys

1. Introduction

Intermetallic and solid hydrides have been proposed as hydrogen storage solutions
instead of high-pressure gaseous hydrogen, having improved storage density and duration
at lower pressures. LaNi5 is a well-studied representative of the ABs metal alloys for
hydrogen storage and has also been studied for other commercial and domestic applications,
including heat pumps [1] and high-pressure actuators [2].

While there are many potential metal alloys that can absorb hydrogen under a variety
of conditions, every material explored has all or many of the following problems that
occur with use: decrepitation, sintering, passivation, hysteresis, low effective thermal
conductivity, and high chemical reactivity.

Decrepitation is the process wherein metal particles break into smaller particles, ef-
fectively being pulverized into a fine powder. One of the causes of decrepitation is the
cycling of the metal hydride from a high hydrogen to low hydrogen concentration at a
temperature at which different phases form at different hydrogen concentrations [3]. This
is because the difference in unit cell size and shape between different phases causes ‘fault’
lines where the particles break apart from other forces, such as gravity and thermal and
physical expansion [3]. These effects pulverize the alloys during repeated cycling and
result in both benefits and drawbacks. The benefits include a larger surface area to interior
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ratio and increasing the speed of hydrogen ad- and absorption [3]. The drawbacks include
increased difficulty in handling, increased poisoning effects of contamination, and reduced
heat kinetics due to poor particle packing and gaps between the particles, thereby decreas-
ing the effective thermal conductivity [3]. Sintering can also occur in some alloys, where
rather than fragmenting over temperature and pressure cycling, the particles join into larger
crystals. This has the same drawbacks and benefits as decrepitation, just reversed.

Hysteresis in metal hydrides is where it takes a higher pressure to absorb hydrogen
into the material than when it is released. This increases the energy cost of storage of
hydrogen and the pressure rating requirements. There are several factors that contribute to
hysteresis; however, the requirement for dislocations to be performed and propagated in
the metal’s crystal structure with the addition and subtraction of hydrogen is regarded as a
major contributing factor [4].

The effects of hysteresis and decrepitation combine to lead to low effective thermal
conductivity in metal hydride beds, especially as the material creates inter-particle gaps
upon decrepitation, leading to gas-phase convection and gas conduction providing most of
the thermal redistribution, rather than conduction within the metal. This increases the time
taken to heat and cool the metal hydride bed, decreasing the efficiency.

Other than tank design incorporating thermal management devices at the system level,
there have been several methods proposed in the literature to address these issues at the
material level. One is coating or embedding the metal hydrides in hydrogen-permeable
materials such as polymers [5]. This offers the possibility of improving the effective thermal
conductivity and handleability, and reducing the deactivation/poisoning and the chance of
run-away reactions in the case of accidental air exposure [5]. Another method proposed
is the modification of the metal hydrides to change the critical temperature, which is
the temperature whereat further cooling results in a phase change in the alloy, to enable
phase-transition free operation at convenient temperatures [6].

Suppression of the critical temperature of the hydride phase for alloys has been of
interest in metal hydride research for the purpose of producing efficient and cheaper solid-
state hydrogen-purification membranes [6]. Vanadium, palladium, tantalum, niobium, and
zirconium, are of significant interest due to having higher hydrogen permeability at lower
temperatures [7]. However, the high cost and low availability of metals such as Pd, Ta, and
Nb significantly limits their application as hydrogen-storage alloys. The significantly lower
cost of using V alloys in hydrogen purification technologies highlights the attraction to
them. In late 2022, the cost of V (as ferrovandium) of $32 USD/kg, was approximately 0.05%
of the cost of Pd, which was around $75,000 USD/kg [8]. High purity vanadium fetches
a higher price of up to $1000 USD/kg depending on market and purity requirements;
however, alloying with much cheaper Al and volume production may reduce this cost.

However, vanadium has the disadvantage of low surface catalytic activity for Hp
dissociation. In addition, the surface oxides that form readily on the native metal inhibit
H; permeation and reduce the Hj-dissociative activity of the surface [9]. For this reason,
several surface modifications have been employed, including thin coatings of Pd, resulting
in core-shell like materials [10], and oxide modifications that improve permeability [9].

In this paper, we aim to develop an understanding of the potential technical advan-
tages and disadvantages of core-shell-like-plated, critical-temperature-suppressed alloys
for hydrogen storage by assessing the technical merits of the materials. We aim to determine
the value of pursuing experimental works on these materials. We also aim to develop a
clear understanding of gaps in knowledge that further research should address. We do
this by comparing the known technical aspects of the unmodified hydrogen-storage alloy
LaNis, LaNi5 modified by doping in a polymer matrix, a modified PdgyAgpg coated on
the published VgpAl;g alloy with a suppressed critical temperature, and pure Pd coated
on pure V. The purpose of comparing these four potential combinations of materials was
to determine if the modified alloys are likely to present advantages over the unmodified
metals that would be more practical to produce.
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2. Results and Discussion
2.1. Description of Materials for Comparison
2.1.1. LaNi5 Powder

The properties of LaNis powder taken from the literature are used directly here. There
are some variations in the values quoted in the literature for the apparent or effective
thermal conductivities and absorption kinetics which are due to the variations in particle
sizes and other micro-effects [11]. The properties of LaNis that has been pelletized or treated
further are not included here to enable a comparison to a well-known material. The density
of LaNis ingots is 7.95 g/cm?; however, the powder has a much lower effective density due
to the packing of fine particles, which is usually in the range of 0.4 to 0.6 g/cm? [12,13].

2.1.2. LaNis-like Alloy Powder in ABS Copolymer

For the mixed LaNis-like alloy (ABs) powder and acrylonitrile-butadiene—styrene
powder (ABS), thermal and kinetic properties for each material have been investigated
separately. The exceptions are those properties quoted by Pentimalli et al. [5] for the
composite materials they published. The LaNis-like alloy was purchased from Ergenics
and was the patented Hy—Stor® material MmNiy 5Aly 5, where Mm (mischmetal) is 34%
lanthanum, 49% cerium, 13% neodymium, and 4% praseodymium [5]. The composite was
then hot pressed into pellets with a diameter of 6 mm, with the composition being 80 wt.%
ABs and 20 wt.% ABS [5]. The length of the pellet was not defined by the authors, so this
has been assumed to be 10 mm length for further calculations. The density of the ABs
alloy was taken from another study which measured the packed powder density to be
4.67 g/cm? with a porosity of 0.43, giving a solid density of 8.192 g/cm?3 [14]. If the ABS,
which has a density of around 1 g/cm?, can fill 90% of the packing voids when compressed
under 6 kN and above 130 °C, we assume that the proportion of ABS would be near 0.387,
with the remaining 0.043 fraction being voids between the particles. Using these estimates,
the effective composite density is 3.909 g/cm?.

2.1.3. Core-Shell Vanadium-Palladium

For calculations in this work, the bulk vanadium properties were used, which are
assumed to be insensitive to particle size unless the particle size becomes powder-like. The
palladium coating on vanadium (C-S V-Pd) has been shown to be effective at catalyzing
hydrogen permeation at a thickness of 0.5 um. To enable comparison to the ABs/ABS
composite, in the calculations we assumed a 6 mm diameter for 10 mm cylindrical pellets
with a 0.5 um thick Pd layer. For each pellet of PcV, the volume of the V per pellet is
0.28 cm3, and the Pd volume is 0.0001225 cm?, leading to a mass of V per pelletof 1.71 g
and 0.00147 g of Pd.

2.1.4. Core-Shell Vanadium—Aluminium Alloy-Palladium-Silver Alloy

As with the C-S V-Pd, the calculations for the core-shell VggAljg-PdggAgyy (C-S VAI-
PdAg), we assumed a 6 mm diameter for 10 mm long cylindrical pellets with a 5 pm thick
layer of Pd alloy on the surface. The volume of the pellets was the same as that of PcV
pellets, though the weight was assumed to be different. Literature on the density of the
alloys was also not found, so they were calculated from the quoted lattice parameters of
~3.1 A in the body-centered cubic « phase [6], leading to a density of 5.428 g/cm> and
a weight per pellet of 1.519 g. Similarly, the PdgyAgyo density was calculated from the
lattice parameters, 3.9 A in the body-centered cubic & phase [15], leading to a density of
5.97 g/cm3 and a weight per pellet of 0.0006 g.

2.1.5. Summary of Material Densities

A summary of the densities of the materials considered here is contained in Table 1.
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Table 1. Bulk and effective densities of the materials used in this study.

Densities—First

. Mate- First Material Second
Materials r1a1/Sec.ond Weight per Material Weight Reference
Material Pellet (g) r Pellet ()
(Effective s perteliel’s
Density) g/cm?

LaNis 7.95 (4.37) 1.24 N/A [11]
ABs5/ABS 8.91/1.03 (3.91 %) 2.52 0.11 [5,14]
C-SV-Pd 6.1/12 (6.10 %) 1.72 0.0015 [16]

C-SVAI-PdAg  543/5.97(5.24%) 1.53 0.006 [15]

* Calculated values.

2.2. Comparison of Hydrogen Storage Capacities

Each of the four metallic compounds presented here, V, VggAl;p, Pd, and LaNis, absorb
hydrogen to form a solid solution which either retains the initial phase of the material or
undergoes a phase transition, depending on the temperature and pressure.

Figure 1 shows a summary of the hydrogen contents of the five materials compared
in this study at different temperatures and pressures. In most metal hydrides, higher
hydrogen absorption will occur at higher pressures and lower temperatures, and this trend
can be seen here by the larger circles clustered at the top left of the graph. However, in
most cases, the maximum hydrogen content does not change significantly over the range
of temperatures examined here; rather, the pressure required to reach that concentration is
low. In addition, the reversible hydrogen content will be discussed further; however, the
total hydrogen content is required to understand the dynamics of the materials.

At alow pressure of hydrogen, around 0.2 MPa, and at RT, LaNi5 experiences a phase
transition to LaNisHg, starting with the solid solution of hydrogen (the « phase), followed
by an inhomogeneous phase mixture (the & + 8 phase) corresponding to a plateau region
or equilibrium pressure, and finally, a high concentration of hydrogen (the B phase) [17].

Like LaNis hydride, palladium hydride has two potential phases, the « and  phases.
The « + § mixed phase occurs at temperatures below 568 K and at less than 2 MPa of
H; pressure. Palladium silver alloys have been proposed, as they have suppressed « to
B miscibility gaps [18]. The miscibility gap refers to the area in a phase diagram of a
multi-component material where two phases can coexist. In the case of PdAg alloys, there
are temperature and pressure conditions where both the « and  exist, and suppressing
these conditions leads to less decrepitation of the material. In addition, the PdgyAgyg has
higher permeability for hydrogen, which represents an advantage for improving hydrogen
storage performance [18].

Pure vanadium also has phase transitions in the temperature range considered here—
there being a change from « to « + 1 to 1 + B2 to By + ¥ to pure ¥ phase at the maximum
hydrogen concentration, which is near 4 wt.% [19]. The high stability of the § phase,
however, means that the practical reversable hydrogen storage quantity is closer to 2
wt.% [19].

VgpAljg does not have a phase change in the temperature range considered here; hence,
it should show better reversibility and increased stability of the particles compared to pure
hydride V.

2.3. Comparison of Hydrogen Storage Properties

There are several properties that are of particular interest for materials for hydrogen
storage, in addition to the hydrogen absorption capacity. These include the reversible
hydrogen storage capacity, the hydrogen permeation rate, and the physical expansion and
contraction of the material during hydriding and dehydriding.



Molecules 2023, 28, 3024

50f12

Pressure (MPa)

1.0 x 102
ABS v
0.1 wt.% H, 3.7 WF.% H,
1.0 x 10! 7). f Vaatit VoA
1.75 wt.% H, | 1.9 wt.% H, L3 wt% H,
o Al 2.6 Wt% H, . o
LaNig =" Pd
Lox 1ot 16 wiZo Hs W 5w,
0x 10
: o 2w H Voohlyg Vaohlig
LaNi; #~ WL T 0.6wt%H,  0.4wt%H,
Lox 102 0.1 wi% H, oAlig 2.1 wi% H, » ‘
0Ox10- s e Y
1.0x 103 @ Pd-1.2 wi% H,
1.0x 104
@ Pd 0.5 wt.% H->
1.0x 10
200 300 400 500 600 700
Temperature (K)

Figure 1. Hydrogen uptake in wt.% in the materials at different temperatures and pressures. The size
of the circle corresponds with the gravimetric hydrogen capacity; elements are as labelled [6,20-23].

2.3.1. Reversible Hydrogen Storage Capacity

As discussed briefly above, the quantity of hydrogen dissolved in a material is deter-
mined by the material’s characteristics, including the thermodynamics of the reaction, and
by the temperature and partial pressure of the hydrogen in gas phase around the material.
LaNis’s reversible storage capacity reduces by more than 60% over continuous cycling at
temperature, which limits practical applications [24]. This reduction in storage capacity
is due to disproportionation of the alloy and the formation of a highly stable La-hydride
phase that is not reversible under standard cycling conditions [25]. This is the reason for
the development of ABs-type alloys that do not form the stable La-hydride phase, such as
the one used for the AB5/ABS experiments which demonstrated increased cyclability [5].

Pure V has even less reversibility. The 8 phase is formed (VH/V;H) with the initial
introduction of hydrogen even at low pressures. This § phase has very high stability and
requires the use of vacuum pumps to near 0.1 Pa to reduce the V back to the « phase [21].
The phase change is suppressed in VggAlyg materials to well below room temperature to
above 0.8 H/M [6]. This should lead to very high reversibility of hydrogen absorption
of near 1.65 wt.%; however, no data for hydrogen desorption was found for this alloy in
the literature.

Palladium also undergoes a phase change with hydrogen introduction that can be
irreversible if the palladium has a high number of defect sites, consistent with being a
highly disordered powder [26]. In most metallic states, Pd has a hydrogen uptake of around
1.8 wt.%. The hydrogen uptake of PdAg alloys shows a continuous decline with increasing
Ag content. H, uptake reaches zero at ~60-70% Ag [15]. No discussion of the irreversibility
of hydrogen storage in Pd was found in the literature, so we have assumed the reversible
hydrogen content per Pd is the same per Pd atom (1.8 wt.%), and no uptake is associated
with Ag. This leads to an uptake of 1.35 wt.%, accounting for the reduced Pd content
and associated hydrogen, and the addition of Ag atoms with no associated hydrogen. A
summary of the reversible hydrogen storage capacity of each of the materials considered in
this study is found below in Table 2.
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Table 2. Reversible hydrogen storage for each material considered in this study.

Reversible Storage Capacity

Material . o Reference
in wt.%

LaNis 0.55 [24]

ABs5/ABS 1.2 [5]

\% 1 [19]

Pd 1.8 [27]
VoggAlyg 1.65 Calculated from information in [6]
PdgpAgog 1.35 Calculated from information in [15]

With this information, we can compare the reversible hydrogen storage potential for
the pelletized composites discussed here. Figure 2 shows the volume and weight of pellets
of each material needed to store 1 kg of Hj, along with the density of liquid hydrogen
for easier comparison to other methods of hydrogen storage [28]. It can be seen here that
the C-S Vgg-Aljg-PdggAgyp composite has higher reversible hydrogen storage density by
weight and volume compared to all the other materials presented here.

age (dm?)

=]

Volume for 1 ke H, stor

70

60

50

40

20

P Lliguid H,

@ LaNi
@ AB./ABS
@ CS5V-Pd
@ C-5VAI-PdAg
50 100 150 200 250
Weight for 1 kg of H, storage (kg)

Figure 2. Reversible hydrogen storage of the pelleted materials, except LaNis, which is a powder, as
the total weight and volume to store 1 kg of hydrogen at the maximum disordered packing fraction
of 0.72 [29].

2.3.2. Hydrogen Diffusion Coefficient

The rate of diffusion of hydrogen is one of the key factors that determine the time
taken to hydride and dehydride a material, and this becomes increasingly important as the
particle size and packed bed volume increase [30]. Hydrogen diffusion in metals and metal
alloys is usually high due to the formation of a so-called ‘solid solution’, where the Hj
disassociates to protons which diffuse between different sites in the metal crystal lattice. The
absolute quantity of hydrogen that can be transported through a material is the permeation
rate. The permeation of hydrogen through a material is a product of the solubility and
diffusivity of hydrogen in the material. The permeability, quoted in SI units of mol Hj
m~!s7! Pa~! is strongly dependent on the partial pressure differential of hydrogen in the
materials. The solubility of hydrogen determines the number of hydrogen atoms that can
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be absorbed by the material, which determines the reversible and irreversible hydrogen
storage capacity discussed above. The diffusion coefficient describes the ease with which
protons move through the material, which considers the activation energy for diffusion.
Figure 3 shows the diffusion coefficients in cm? /s of each of the materials discussed. What
can be seen here is that vanadium has a much higher hydrogen diffusion coefficient than all
the other materials, and the VggAl;g alloy has the second-highest diffusivity. Palladium has
different diffusivities depending on the phase. LaNis and ABS have similar diffusivities.
The diffusivity of the exact ABs used in the AB5/ABS study was not found in the literature.

Diffusion coefficient (cm?/s)

1.0x 10+

1.0x10°

1.0x 10°

1.0x 107

1.0x 108

‘ @]
: @
- ®
[
®
e ®
200 300 400 500 600 700

® LaNisH® VH, ©“Pdoa ®Pdp ®VyuAl, ©ABS

Temperature (K)

Figure 3. Diffusion coefficients for the materials compared in this study. Coefficient data taken
from [19,31-35].

2.3.3. Physical Expansion and Contraction

The physical expansion and contraction of metal hydrides and hydride materials
derives from two sources, the thermal expansion of the materials and the physical expansion
of the lattice because of the introduction of hydrogen into the crystal structure.

As can be seen in Table 3, the thermal expansion values of the materials are significantly
less than the physical expansion values of the lattice due to hydrogen absorption. Vanadium
has the highest expansion value due to the formation of the  phase at the temperatures
and pressures considered. The VggAl;g alloy has a significantly reduced lattice expansion
value, more similar to those of Pd and the PdgyAgy alloy. In contrast, the ABs alloy had a
larger lattice expansion than pure LaNis.
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Table 3. The thermal and hydrogen-driven expansion of the compared materials. The expansion over
a temperature range of 200 K is represented in percent change to highlight the difference between
thermal and hydrogen-driven expansion. The lattice expansions are compared at room temperature.

Vgo AIw'P dmAgzu

. Thermal Expansion over Therm.al Lattice Expansion with Lattlc.e
Material . 1 o Expansion . o Expansion
Expansion, K 200K, % Full Hydrogenation, %
Reference Reference
LaNis 45 x 1075 0.90 [36] 74 [17]
ABs 16 [37]
ABS 82 x 107> 1.64 [38] None
Vv 8.4 x 107° 0.17 [39] 37.7 (phase change) [40]
Pd 118 x 107> 0.24 [41] 255 [42]
VogoAlyg Not found 3.278 [6]
PdgpAgpo Not found 2.651 [15]
It is known that the thermal expansion and lattice expansion of materials produce
internal strain in them and cause the decrepitation and pulverization of alloys [3]. Figure 4
shows an illustration of the processes that occur in the four pellets discussed here before,
during, and after hydrogenation. This illustration is to demonstrate the differences in
cycling behavior between the materials discussed in this article. It shows how the LaNis is
pulverized by decrepitation as a single material pellet [24], whereas the ABS protects the
AB;s alloy from pulverizing [5]. It also illustrates how the V-Pd core-shell material can crack
due to the same issue of decrepitation within the VHy solid solution [6], whereas the VAl
alloy should not be affected [6].
Starting Hydregenation Hydrogenated Dehydrogenation Dehydrogenated
V_Pd @

0

-
=

Figure 4. Illustrations of the physical dynamics of hydrogenation and dehydrogenation of the
pellets discussed in this article. Within the pellets, the darker color indicates a greater amount of
hydrogenation. Orange represents for the ABs/ABS the ABS, and the blueish color represents the
internal core of V or VggAlyg. The grey outside for the core-shell pellets represents the Pd or PdggAgyg
external shell.

2.4. Comparison by Kinetics of Hydrogen Absorption and Desorption

The kinetics of hydrogen absorption and desorption by LaNis and similar alloys in
powder form are extensively presented and discussed in the literature, and as noted above,
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do not perform well compared to the composite materials presented. As can be seen, there
are several values missing from Tables 3 and 4 that are required in order to complete full
computational dynamics models of the potential for hydrogen storage in these materials.
However, from the data available, we can see that the VggAlyg likely has good thermal
conductivity and low hydrogen absorption energy in comparison with the proposed AB5
and AB5/ABS composites [5].

The ideal materials for hydrogen storage by thermal/pressure cycling are those that
have high thermal conductivity, low specific heats, and good hydrogen absorption ener-
gies [43]. A low absorption energy means the partial pressure of hydrogen will be low in
the material, whereas a very high absorption energy means the hydrogen will be difficult
to remove from the solid solution, requiring high temperatures. From the data that are
available, and presented in Table 4, LaNis powder is shown to have very poor effective
thermal conductivity; however, it is similar to those of the ABs + ABS materials. The low
thermal conductivity and higher specific heat of ABS means it is not an ideal material for
using as a filler for the hydrogen storage bed, as a significant portion of the heat put into the
bed will be used to heat the ABS for no hydrogen desorption. The VgpAly alloy does not
have as good a thermal conductivity as V; however, the higher thermal conductivity of the
PdgpAgpp alloy coating should allow the transfer of the heat around the surface of the pellet
and result in more uniform dehydrogenation. This could be shown with computational
dynamics modelling once further properties of the materials are known.

Table 4. The kinetic properties of the materials presented in this study. Room-temperature values are
used, except for PdggAgjp.

Thermal Hydrogen Hydrogen
Material Conductivit Specific Heat, J/g-K Absorption Energy, Desorption Energy, Phase Transition
/mK [ ﬂy’ [ref] Average or (1st/2nd) Total or (1st/2nd) Losses, kJ/mol
wim- Lre KkJ/mol H [ref] KkJ/mol H [ref]
LaNis 0.72 [44] 53.2 [44,45]
LaNisHg 0.98 [44] 0.35 [46]
ABs 1.2[14] 45.5[47]
ABS 0.25 [48] 1.9 [38]
ABs/ABS 48.6 [5]
\% 40 [49] 0.71 [50] (34/40.6) [51] (20/157) [20]
Pd 68.8 [52] 0.24 19.1 [53] 18.7 [53] 0.95 [54]
VooAlyy 12 (Estimate from) 29.6 [56]
[55]
PdggAgzo 27.4 [52] 7.81 (PdgoAg]o) * [57]
*573.15 K.
3. Methods

The physical properties of four materials in the context of hydrogen storage are com-
pared: LaNis, LaNis-like alloy (ABs) and acrylonitrile-butadiene-styrene (ABS) copolymer
mixtures, core-shell V-Pd, and core-shell VgyAl;p-PdgpAgyp.

To enable this comparison, the specifics of each of the materials were compared
while assuming they are produced as pellets like the AB5/ABS mixture. This was due to
significant unknowns about the properties of each component in the ABs/ABS mixture
which did not allow disentangling the behavior of the materials to an absolute scale. The
other materials discussed here do have intrinsic properties, such as bulk permeabilities,
which are available for comparison. For this reason, we completed calculations of the
materials as cylinder-shaped pellets 10 mm in length and 6 mm in diameter.

To determine if there is any benefit to further research on these materials, we have
calculated the relative densities, calculated reversible hydrogen storage per pellet and at
maximum packing densities for cylinders, and reported the thermal and physical expansion,
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hydrogen permeabilities, and hydrogen absorption kinetics. Modelling of the system using
dynamic systems software was not carried out due to a lack of knowledge of the materials
discussed. Software used for the calculations here was Microsoft Excel 365 and the open-
source Python 3 packages through Anaconda3.

Properties reported here were either taken from the literature directly, which is cited, or
calculated using established methods. Calculated densities were derived from the known
crystal structure and d-spacing at room temperature using Equation (1).

zxX M

Prr = Ny @

where py—qy is the theoretical density from X-ray data, z is the average molecular weight
per unit cell, M is the number of molecules per unit cell, N4 is Avogadro’s number, and V
is the volume of the unit cell derived from the X-ray diffraction data.

The density of the materials combined with the volume of the pellets enable the
calculation of the weight per pellet using Equation (2).

W=pxV @)

where W is the weight of the pellet in each material, p is the density of the material, and V' is
the volume of the pellet. For ease of understanding, g/cm? are the units used in this work.

The effective density of the materials was either taken from the literature or calculated
using an average of the two materials densities based on the proportion of each. For
example, the ABs/ABS mixture was quoted as having an 80:20 weight ratio, resulting
in a 65:35 volume ratio [5]; hence, the effective density of the pellet was calculated to be
proportional to the contribution of each material.

4. Conclusions and Recommendations

This desktop technical evaluation of PdgyAgyo-coated VgpAljg for the purpose of
hydrogen storage has shown that it has excellent potential. VgpAljg has higher reversible
hydrogen-storage content than the other materials considered here, though does not have
the highest of all metal hydrides. The combination of good reversible hydrogen-storage
content and the use of lighter alloying metals increased the gravimetric hydrogen storage
by 1.4 times compared to V/Pd composites. The PdgyAgy and VgpAlyg alloys both also
retained the good hydrogen permeabilities, thermal conductivities, and specific heats of
the pure Pd and V, respectively.

The main advantage of the VggAlj is in the much lower lattice expansion compared
to V. In addition, the increased stability of PdgyAgyg also represents an improvement on
Pd. Core-shell materials made from VgypAljp-PdgyAgyg that we discussed here have the
potential to reversibly store up to 1.65 wt.% of hydrogen, and provide advantages such as
no pulverizing of the hydride bed and stability in air for transport and safe maintenance of
a system.

The discussion here focused mainly on cylindrical pellets; however, the high perme-
ability and performance of the vanadium storage materials could allow different shapes
and sizes, which could decrease the amount of Pd required to achieve similar hydrogen
storage quantities.

Recommendations for future work are experimental determination of the materials’
characteristics to complete the tables above, particularly for information relating to the
VgoAl;g and PdgyAgyg alloys. This will then allow computation kinetic studies to determine
a path forward in terms of size and shape for materials, to take into account thermal and
lattice expansion and increase the packing density and accessible surfaces for heat transfer.
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Molecules 2023, 28, 3024 11 of 12

Funding: This research received no external funding.
Data Availability Statement: The data presented in this study are available in the article.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. James, N.; Braun, J.E.; Groll, E.A.; Horton, W.T. Compressor driven metal hydride heat pumps using an adsorptive slurry and
isothermal compression. Sci. Technol. Built Environ. 2016, 22, 565-575. [CrossRef]

2. Goto, K.; Hirata, T.; Yamamoto, I.; Nakao, W. Suitability Evaluation of LaNi5 as Hydrogen-Storage-Alloy Actuator by In-Situ
Displacement Measurement during Hydrogen Pressure Change. Molecules 2019, 24, 2420. [CrossRef] [PubMed]

3. Joubert, ].M.; Paul-Boncour, V.; Cuevas, F; Zhang, J.; Latroche, M. LaNi5 related AB5 compounds: Structure, properties and
applications. . Alloys Compd. 2021, 862, 158163. [CrossRef]

4. Flanagan, T.B.; Clewley, ].D. Hysteresis in metal hydrides. J. Less Common Met. 1982, 83, 127-141. [CrossRef]

5. Pentimalli, M.; Padella, F; Pilloni, L.; Imperi, E.; Matricardi, P. AB5/ABS composite material for hydrogen storage. . Hydrogen
Energy 2009, 34, 4592-4596. [CrossRef]

6. Dolan, M.D.; McLennan, K.G.; Chandra, D.; Kochanek, M.A.; Song, G. Suppression of the critical temperature in binary vanadium
hydrides. J. Alloys Compd. 2014, 586, 385-391. [CrossRef]

7. Buxbaum, R.E.; Marker, T.L. Hydrogen transport through non-porous membranes of palladium-coated niobium, tantalum and
vanadium. J. Membr. Sci. 1993, 85, 29-38. [CrossRef]

8.  Palladium Spot Price Live Chart. BullionVault n.d. Available online: https://www.bullionvault.com/palladium-price-chart.do
(accessed on 23 September 2022).

9.  Fuerst, T.F,; Petsalis, E.P.; Lundin, S.-T.B.; Wilcox, J.; Way, ].D.; Wolden, C.A. Experimental and Theoretical Insights into the
Potential of V,03 Surface Coatings for Hydrogen Permeable Vanadium Membranes. J. Phys. Chem. C 2018, 122, 3488-3496.
[CrossRef]

10. Dolan, M.D.; Lamb, K.E.; Evtimova, ].B.; Viano, D.M. Deuterium enrichment using vanadium membranes. J. Hydrogen Energy
2017, 42, 24183-24188. [CrossRef]

11.  Blinov, D.V,; Dunikov, D.O.; Kazakov, A.N.; Romanov, I.A. Influence of geometrical non-uniformities of LaNis metal hydride bed
on its structure and heat and mass transfer at hydrogen absorption. J. Phys. Conf. Ser. 2017, 891, 012119. [CrossRef]

12.  Mostofinejad, D.; Reisi, M. A new DEM-based method to predict packing density of coarse aggregates considering their grading
and shapes. Constr. Build. Mater. 2012, 35, 414—420. [CrossRef]

13.  Jia, X.; Gan, M.; Williams, R.A.; Rhodes, D. Validation of a digital packing algorithm in predicting powder packing densities.
Powder Technol. 2007, 174, 10-13. [CrossRef]

14. Kumar, E.A ; Maiya, M.P,; Murthy, S5.S. Measurement and Analysis of Effective Thermal Conductivity of MmNiy 5Aly 5 Hydride
Bed. Ind. Eng. Chem. Res. 2011, 50, 12990-12999. [CrossRef]

15. Axelrod, S.D.; Makrides, A.C. X-ray Studies of Hydrogen—Silver—Palladium Electrodes. |. Phys. Chem. 1964, 68, 2154-2159.
[CrossRef]

16. Lodders, K. Solar system abundances and condensation temperatures of the elements. Astrophys. J. 2003, 591, 1220. [CrossRef]

17.  Briki, C.; Rango, P; Belkhiria, S.; Dhaou, H.; Jemni, A. Measurements of expansion of LaNi5 compacted powder during hydrogen
absorption/desorption cycles and their influences on the reactor wall. Int. ]. Hydrogen Energy 2019, 44, 13647-13654. [CrossRef]

18. Knapton, A.G. Palladium alloys for hydrogen diffusion membranes. Platin. Met. Rev. 1977, 21, 44-50.

19. Kumar, S; Jain, A.; Ichikawa, T.; Kojima, Y.; Dey, G.K. Development of vanadium based hydrogen storage material: A review.
Renew. Sustain. Energy Rev. 2017, 72, 791-800. [CrossRef]

20. Kumar, S;; Jain, A.; Kojima, Y. Thermodynamics and kinetics of hydrogen absorption—-desorption of vanadium synthesized by
aluminothermy. . Therm. Anal. Calorim. 2017, 130, 721-726. [CrossRef]

21. Reilly, J.J.; Wiswall, R.H. Higher hydrides of vanadium and niobium. Inorg. Chem. 1970, 9, 1678-1682. [CrossRef]

22.  Kuji, T.; Matsumura, Y.; Uchida, H.; Aizawa, T. Hydrogen absorption of nanocrystalline palladium. J. Alloys Compd. 2002, 330-332,
718-722. [CrossRef]

23.  Van Krevelen, D.W. (Ed.) Chapter 18—Properties Determining Mass Transfer in Polymeric Systems. In Properties of Polymers, 3rd
ed.; Elsevier: Amsterdam, The Netherlands, 1997; pp. 535-583. [CrossRef]

24. Cohen, R.L.; West, KW.; Wernick, ].H. Degradation of Lanis hydrogen-absorbing material by cycling. J. Less Common Met. 1980,
70,229-241. [CrossRef]

25. Park, J.-M.; Lee, J.-Y. The intrinsic degradation phenomena of LaNis and LaNis 7Aly3 by temperature induced hydrogen
absorption-desorption cycling. Mater. Res. Bull. 1987, 22, 455-465. [CrossRef]

26. Wicke, E.; Brodowsky, H.; Ziichner, H. Hydrogen in palladium and palladium alloys. In Hydrogen in Metals II: Application-Oriented
Properties; Alefeld, G., VOIkl, J., Eds.; Springer: Berlin/Heidelberg, Germany, 1978; pp. 73-155. [CrossRef]

27. Wiswall, R. Hydrogen storage in metals. In Hydrogen in Metals II; Alefeld, G., VOIKl, J., Eds.; Springer: Berlin/Heidelberg,

Germany, 1978; Volume 29, pp. 201-242. [CrossRef]


http://doi.org/10.1080/23744731.2016.1182413
http://doi.org/10.3390/molecules24132420
http://www.ncbi.nlm.nih.gov/pubmed/31266151
http://doi.org/10.1016/j.jallcom.2020.158163
http://doi.org/10.1016/0022-5088(82)90176-X
http://doi.org/10.1016/j.ijhydene.2008.10.013
http://doi.org/10.1016/j.jallcom.2013.10.075
http://doi.org/10.1016/0376-7388(93)85004-G
https://www.bullionvault.com/palladium-price-chart.do
http://doi.org/10.1021/acs.jpcc.7b12132
http://doi.org/10.1016/j.ijhydene.2017.07.185
http://doi.org/10.1088/1742-6596/891/1/012119
http://doi.org/10.1016/j.conbuildmat.2012.04.008
http://doi.org/10.1016/j.powtec.2006.10.013
http://doi.org/10.1021/ie200116d
http://doi.org/10.1021/j100790a022
http://doi.org/10.1086/375492
http://doi.org/10.1016/j.ijhydene.2019.04.010
http://doi.org/10.1016/j.rser.2017.01.063
http://doi.org/10.1007/s10973-017-6430-1
http://doi.org/10.1021/ic50089a013
http://doi.org/10.1016/S0925-8388(01)01597-3
http://doi.org/10.1016/B978-0-444-82877-4.50025-1
http://doi.org/10.1016/0022-5088(80)90232-5
http://doi.org/10.1016/0025-5408(87)90255-8
http://doi.org/10.1007/3-540-08883-0_19
http://doi.org/10.1007/3-540-08883-0_21

Molecules 2023, 28, 3024 12 of 12

28. Leung, W.B.; March, N.H.; Motz, H. Primitive phase diagram for hydrogen. Phys. Lett. A 1976, 56, 425-426. [CrossRef]

29. 1i,S.; Zhao,]; Lu, P; Xie, Y. Maximum packing densities of basic 3D objects. Chin. Sci. Bull. 2010, 55, 114-119. [CrossRef]

30. Yao, X.; Zhu, Z.H.; Cheng, HM.,; Lu, G.Q. Hydrogen diffusion and effect of grain size on hydrogenation kinetics in magnesium
hydrides. J. Mater. Res. 2008, 23, 336-340. [CrossRef]

31. Bowman, R.C,; Fultz, B. Metallic Hydrides I: Hydrogen Storage and Other Gas-Phase Applications. MRS Bull. 2002, 27, 688—693.
[CrossRef]

32. Nakajima, H.; Yoshioka, M.; Koiwa, M. Electromigration of hydrogen in vanadium and its alloys. Acta Metall. 1987, 35, 2731-2736.
[CrossRef]

33. Jung, ] K, Kim, I.G.; Kim, K.T.; Ryu, K.S.; Chung, K.S. Evaluation techniques of hydrogen permeation in sealing rubber materials.
Polym. Test. 2021, 93, 107016. [CrossRef]

34. Catalano, J.; Giacinti Baschetti, M.; Sarti, G.C. Hydrogen permeation in palladium-based membranes in the presence of carbon
monoxide. J. Membr. Sci. 2010, 362, 221-233. [CrossRef]

35. Zhang, Y.,; Ozaki, T.; Komaki, M.; Nishimura, C. Hydrogen permeation characteristics of vanadium-aluminium alloys. Scr. Mater.
2002, 47, 601-606. [CrossRef]

36. Chen, D; Chen, ].-D.; Zhao, L.-H.; Wang, C.-L.; Yu, B.-H.; Shi, D.-H. First-principles calculations of elasticity and thermodynamic
properties of LaNis5 crystal under pressure. Chin. Phys. B 2009, 18, 738. [CrossRef]

37. Lototskyy, M.V.; Tolj, I; Davids, M.W.; Klochko, Y.; Parsons, A.; Swanepoel, D.; Smith, E; Pollet, B.G.; Sita, C.; Linkov, V. Metal
Hydride Hydrogen Storage and Supply Systems for Electric Forklift with LT PEMFC Power Module. In Proceedings of the 10th
Conference on Sustainable Development of Energy, Water and Environment Systems (SWEDES2015), Dubrovnik, Croatia, 27
September—3 October 2015.

38. Modern Plastics Handbook. McGraw-Hill Education—Access Engineering n.d. Available online: https:/ /www.accessengineeringlibrary.
com/content/book /9780070267145 (accessed on 23 December 2022).

39. Westlake, D.G.; Ockers, S.T. Thermal expansion of vanadium and vanadium hydride at low temperature. . Less Common Met.
1970, 22, 225-230. [CrossRef]

40. Maeland, A.]. Investigation of the Vanadium—Hydrogen System by X-ray Diffraction Techniques. J. Phys. Chem. 1964, 68,
2197-2200. [CrossRef]

41. White, G.K,; Pawlowicz, A.T. Thermal expansion of rhodium, iridium, and palladium at low temperatures. . Low Temp. Phys.
1970, 2, 631-639. [CrossRef]

42. Suleiman, M.; Jisrawi, N.M.; Dankert, O.; Reetz, M.T.; Bdhtz, C.; Kirchheim, R.; Pundt, A. Phase transition and lattice expansion
during hydrogen loading of nanometer sized palladium clusters. J. Alloys Compd. 2003, 356-357, 644-648. [CrossRef]

43. Rusman, N.N.A_; Dahari, M. A review on the current progress of metal hydrides material for solid-state hydrogen storage
applications. Int. J. Hydrogen Energy 2016, 48, 12108-12126. [CrossRef]

44. Yang, Y.; Mou, X,; Zhu, Z.; Bao, Z. Measurement and analysis of effective thermal conductivity of LaNi5 and its hydride under
different gas atmospheres. Int. . Hydrogen Energy 2021, 46, 19467-19477. [CrossRef]

45.  Boser, O. Hydrogen sorption in LaNis. J. Less Common Met. 1976, 46, 91-99. [CrossRef]

46. Gorbachuk, N.P; Muratov, V.B. Heat Capacity and Enthalpy of LaNis in the Temperature Range 57-1542 K. Powder Met. Met
Ceram 2005, 44, 467-471. [CrossRef]

47. Wang, X.-L,; Suda, S. Reaction kinetics of the mmni4.5al0.5-h system. J. Alloys Compd. 1992, 184, 109-120. [CrossRef]

48. Sonsalla, T.; Moore, A.L.; Meng, W].; Radadia, A.D.; Weiss, L. 3-D printer settings effects on the thermal conductivity of
acrylonitrile butadiene styrene (ABS). Polym. Test. 2018, 70, 389-395. [CrossRef]

49. Jung, W.D.; Schmidt, EA.; Danielson, G.C. Thermal conductivity of high-purity vanadium. Phys. Rev. B 1977, 15, 659-665.
[CrossRef]

50. Watanabe, K.; Fukai, Y. Calorimetric Studies of the Behavior of Hydrogen in Vanadium and Vanadium Alloys. J. Phys. Soc. Jpn.
1985, 54, 3415-3424. [CrossRef]

51. Bowman, R.C.; Freeman, B.D.; Phillips, J.R. Application of Vanadium Hydride Compressors for Joule-Thomson Cryocoolers. In
Advances in Cryogenic Engineering; Fast, RW., Ed.; Springer: Boston, MA, USA, 1991; pp. 973-980. [CrossRef]

52. Ho, C.Y,; Ackerman, M.W.; Wu, K.Y.; Oh, S.G.; Havill, T.N. Thermal conductivity of ten selected binary alloy systems. J. Phys.
Chem. Ref. Data 1978, 7, 959-1178. [CrossRef]

53. Lasser, R.; Klatt, K.-H. Solubility of hydrogen isotopes in palladium. Phys. Rev. B 1983, 29, 748-758. [CrossRef]

54. Flanagan, T.B.; Oates, W.A. The Palladium-Hydrogen System. Annu. Rev. Mater. Sci. 1991, 21, 269-304. [CrossRef]

55.  Klemens, P.G.; Williams, R.K. Thermal conductivity of metals and alloys. Int. Met. Rev. 1986, 31, 197-215. [CrossRef]

56. Kumar, S.; Krishnamurthy, N. Variation of activation energy of hydrogen absorption of vanadium as a function of aluminum. Int.
J. Hydrogen Energy 2012, 37, 13429-13436. [CrossRef]

57. Arratibel, A.; Pacheco Tanaka, A.; Laso, I.; van Sint Annaland, M.; Gallucci, F. Development of Pd-based double-skinned
membranes for hydrogen production in fluidized bed membrane reactors. J. Membr. Sci. 2018, 550, 536-544. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/0375-9601(76)90713-1
http://doi.org/10.1007/s11434-009-0650-0
http://doi.org/10.1557/JMR.2008.0063
http://doi.org/10.1557/mrs2002.223
http://doi.org/10.1016/0001-6160(87)90272-0
http://doi.org/10.1016/j.polymertesting.2020.107016
http://doi.org/10.1016/j.memsci.2010.06.055
http://doi.org/10.1016/S1359-6462(02)00218-X
http://doi.org/10.1088/1674-1056/18/2/054
https://www.accessengineeringlibrary.com/content/book/9780070267145
https://www.accessengineeringlibrary.com/content/book/9780070267145
http://doi.org/10.1016/0022-5088(70)90023-8
http://doi.org/10.1021/j100790a028
http://doi.org/10.1007/BF00628279
http://doi.org/10.1016/S0925-8388(02)01286-0
http://doi.org/10.1016/j.ijhydene.2016.05.244
http://doi.org/10.1016/j.ijhydene.2021.03.097
http://doi.org/10.1016/0022-5088(76)90182-X
http://doi.org/10.1007/s11106-006-0011-3
http://doi.org/10.1016/0925-8388(92)90459-M
http://doi.org/10.1016/j.polymertesting.2018.07.018
http://doi.org/10.1103/PhysRevB.15.659
http://doi.org/10.1143/JPSJ.54.3415
http://doi.org/10.1007/978-1-4615-3368-9_26
http://doi.org/10.1063/1.555583
http://doi.org/10.1103/PhysRevB.28.748
http://doi.org/10.1146/annurev.ms.21.080191.001413
http://doi.org/10.1179/095066086790324294
http://doi.org/10.1016/j.ijhydene.2012.06.115
http://doi.org/10.1016/j.memsci.2017.10.064

	Introduction 
	Results and Discussion 
	Description of Materials for Comparison 
	LaNi5 Powder 
	LaNi5-like Alloy Powder in ABS Copolymer 
	Core-Shell Vanadium–Palladium 
	Core-Shell Vanadium–Aluminium Alloy–Palladium–Silver Alloy 
	Summary of Material Densities 

	Comparison of Hydrogen Storage Capacities 
	Comparison of Hydrogen Storage Properties 
	Reversible Hydrogen Storage Capacity 
	Hydrogen Diffusion Coefficient 
	Physical Expansion and Contraction 

	Comparison by Kinetics of Hydrogen Absorption and Desorption 

	Methods 
	Conclusions and Recommendations 
	References

