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Abstract

Vanadium-based alloys are promising for the reversible, compressed storage of renewable
hydrogen. To improve the hydrogen desorption plateau pressure of vanadium hydrides, V-3A
binary alloys (i.e. Vg¢;Al;, VosMns, and V¢7Ru3) were prepared by vacuum arc melting.
Hydrogen absorption and desorption properties of the newly prepared V-3A samples were
studied, and compared to vanadium hydrides, by pressure-composition-temperature
measurements and first-principles calculations. Among V-3A binary alloys, Vg¢7Rus achieved
the highest hydrogen desorption plateau pressure while accommodating the highest atomic

percentage of hydrogen. Meanwhile, it was also the alloy with the highest measured hardness.



Hydrogen desorption plateau pressures of V-3A alloys were complemented with DFT
calculated formation energies. Calculated DOS, ELF and Bader charges showed that the
influence of alloying on the electronic properties of the hydrides was comparable for Mn and
Ru; whereas for Al alloying, vanadium dihydride bonding interactions were modified the

most.
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1. Introduction

In recent years, the transition to renewable energy has attracted interest in developing efficient
ways of producing and storing hydrogen [1]. For the latter, compressing of hydrogen using
hydride forming metals, alloys or intermetallics offers a compact, safe, and reliable approach
with simple design and operation principles [2]. Vanadium-based solid metallic compounds
are interesting materials for reversible hydrogen storage with their fast hydrogen kinetics and
steep temperature dependence of equilibrium pressure [3-6]. In a thermally driven vanadium
hydride hydrogen compressor, hydrogen absorption takes place at low temperatures and
accompanied with heat release as a result of an exothermic reaction between hydrogen and the
body-centered cubic (bcc) structured host metal.

Incremental loading of vanadium with hydrogen results in vanadium hydrides with low, VH,,,

and high, VH,.,, hydrogen atomic percentages. Phase transition between the two hydrides is



reversible and shows a steep dependence of temperature to pressure and composition [7-9].
Hence, hydrogen desorption plateau pressures can be tuned through alloying and
compositional variance, as has been shown in a number of studies [4, 10-17]. However, in
these former studies, pressure-composition-temperature (PCT) isotherms were mostly
collected at ambient temperature and the corresponding desorption pressures were not
sufficient enough for high-pressure applications. Here, we studied, both experimentally and
computationally, the effects of alloying elements, utilized in small amounts (~3 at. %), on the
hydrogen desorption properties of vanadium hydrides. Al, Mn, and Ru were chosen as
candidate-alloying elements at a relatively small atomic percentage to promote a bcc packing
of metal solid solutions [11, 15-17]. The effects of alloying on the energetics and the
electronic properties of the newly prepared hydrides were studied via PCT measurements and

first-principles calculations.

2. Methods

2.1. Sample preparation

The alloy specimens used in the present investigation were ~ 25 g buttons that were prepared
by vacuum arc melting method using high purity (>99.9%) elemental components with
nominal composition of 3 mol%, i.e. V-3A alloys, where A= Al, Mn, and Ru. Contamination
during arc melting was avoided by maintaining ultra-high purity inert atmosphere in the arc
melting chamber. To ensure the homogeneity of new alloys, melting procedure was repeated a
minimum of five times and the alloys were homogenized at 1373 K for 86.4 ks in a high

purity argon gas atmosphere. Buttons were broken into pieces of approximately 1 mm in



thickness and were subsequently treated with acetone to remove oil, with 13% HNOs; to

remove surface oxide layers, and with 99% ethyl alcohol for a final cleaning.

2.2. Materials characterization

X-ray diffraction (XRD) data was measured using Bruker D8 ADVANCE X-ray
diffractometer, within the 26 region between 10° and 90° at a voltage of 40 kV and current of
40 mA. Uniformity of the prepared V-3A alloy samples was studied by Energy Dispersive
X-ray Spectroscopy (EDS). Hardness of alloys was measured by Vickers indentation method,
with a load of 9.8 N for 10 s. Newly prepared alloys were put into a modified Sieverts-type
apparatus that achieved a maximum pressure of approximately 100 MPa for the activation of
samples and the PCT measurements. The temperature sensor of the apparatus had a maximum
measurement error of =1 K while the pressure sensor had a maximum measurement error of
0.1% relative. The alloys were first activated at 773 K, in a vacuum of 1x107 Pa for 7.2 ks.
Next, at room temperature, hydrogen gas at 6 MPa pressure was pumped into the apparatus.
The activation procedure was repeated for three times for each sample. Hydrogen atomic
content in alloys was calculated by using the van der Waals equation. When pressure is far
from a standard atmospheric pressure, the influence of compression factor cannot be ignored.
Therefore, we used a compression factor equation [18] that agrees with the National Institute
of Standards and Technology (NIST) density data to within 0.01% from 220 K to 500 K with
pressures from 0.1 MPa to 100 MPa. During hydrogen absorption and desorption processes,

the changes in volumes of V-3A alloys were also taken into account.



2. 3. Computational methods

We carried out density functional theory (DFT) calculations to study the structure, energetics,
and the electronic properties of the compounds in the present work. A plane wave basis and
the projector augmented wave method (PAW) [19, 20] were employed as implemented in the
Vienna 4b Initio Simulation Package (VASP) [21-23]. The plane-wave kinetic energy cut-off
was set at 500 eV. Perdew—Burke—Ernzerhof (PBE) [24] functional was used as the
generalized gradient approximation (GGA) to exchange and correlation. Brillouin zones were
sampled using the Monkhorst—Pack scheme [25].

Metal alloys and their respective hydrides were treated using supercell geometries, whereas
hydrogen molecule was calculated using a cubic box of 15 A edge length. For the former, a
bce 2 x 2 x 4 supercell with a total of 32 metal atoms was used and sampled with a 12 x 12 x
6 k-point mesh. V-3 A binary alloys were achieved by substituting a V atom with an alloying
atom, A, where A = Al, Mn, and Ru.

To model the hydrides with low and high hydrogen content, 2 x 2 X 2 supercells of
monoclinic V,H with space group C2/m, and cubic VH and VH, both with space group
Fm3m were constructed. The monoclinic and cubic supercells cells were sampled with
k-point meshes of 6 X 9 x 6 and 6 x 6 x 6, respectively. Similar to alloys, to achieve 3 at. %
metal alloying in the hydride phases, a V atom was substituted with an alloying element in the
supercells that contained a total of 32 metal atoms. All the newly generated alloys and
hydrides were fully optimized until the total forces acting on each atom were smaller than
0.01 eV/A. The zero-point energy (ZPE), particularly for compounds that contain lightweight

elements such as hydrogen, is not negligible [26-30]. Therefore, in addition to the formation



energy of the hydrides, here we also report the ZPE corrected formation energies.

3. Results and discussion

Figure 1. EDS element maps of V-3Ru with (a) the measured cross-section, (b, c¢) spatial

distributions of V and Ru, respectively.

We first studied the structural features of the newly produced V-3A alloys. XRD results of
V-3A (where A =V, Al, Mn, and Ru), as shown in Supporting Information (SI) Fig. S1,
confirmed that all the compounds were solid solutions of their constituting elements with bcc
structure. EDS was used to determine the spatial distribution of chemical elements within the
alloy samples. Fig. 1 shows EDS produced element maps of a two dimensional cross-section
through the V-3Ru alloy. Similar to V-3Ru, we found that all the other V-3 A matrix alloys

in our study were constituted of uniformly distributed elemental components.



Figure 2. Volume change of vanadium hydrides as a result of hydrogen loading. Both
experimental [31-35] (blue squares) and simulated [36] (red triangles) data were used to

construct a curve (black line) with polynomial fitting.

All alloy samples were activated prior to PCT measurements. Alloying was found to improve
the activation performance of V. Although pure V required activation twice, the newly
prepared V-3A alloys were active after a single activation procedure. As the volume change
of the alloys as a result of hydrogen loading and unloading was not negligible, the PCT
measurements required metal alloy volumes to be rectified. For this purpose, we collected the
volumes of the vanadium hydrides with different hydrogen loading ratios from literature and
developed a fitting curve, as shown in Fig. 2, with
V1= Vo+ Vi (0.132x+0.032x%) (1)

where Vj is the volume of the V-3A alloy preceding to hydrogen absorption, x and V, are the
H/M atomic ratio and the volume of V-3A alloy proceeding to hydrogen absorption,

respectively.



Figure 3. Desorption PCT curves of V-3A alloy hydrides, where A is (a) V, (b) Al, (¢) Mn,

and (d) Ru.

PCT isotherms of pure V and V-3A alloys are shown in Fig. 3. For each sample, the
measurements were done between 373 and 433 K with 20 K intervals. The pressure value at
the center of each plateau was referred to as the plateau pressure. As shown in Fig. 3(a), an

increase in temperature was followed by an increase in hydrogen pressure, thereby indicating
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a decrease in the total hydrogen content of vanadium hydride. This is also true for V-3A
hydrides. However, Fig. 3(b-d) show that adding any of the alloying elements to vanadium
matrix shifted the center of plateaus to the left and decreased the widths of plateaus. Among
the hydrides, hydrogen desorption plateau widths were found to decrease in the following
order: Ru < Mn < Al Particularly for V-3Al, compressed hydrogen capacity of the alloy
hydrides were significantly lower than pure V hydrides. Nevertheless, within the temperature
range of our experiments, hydrogen desorption pressures of V-3A hydrides were all higher
than that of pure V hydrides (see Fig. 4). For instance at 7 = 393 K, the measured plateau
pressures of V, V-3Al, V-3Mn, and V-3Ru hydrides were 10.91, 25.85, 14.10, and 28.29

MPa, respectively (see Fig. S2).

Figure 4. The van’t Hoff plots of V-3A alloy hydrides, showing hydrogen desorption

pressures and temperatures, obtained from data in Fig. 3.



\4 V-3Al V-3Mn V-3Ru

AH [kJ/(mol H»)] -39.63 -33.02 -37.08 -32.37

AS [J/(mol H, K)] -120.71 -111.06 -116.35 -110.16

Table 1. Experimental values of the change in enthalpies (AH) and entropies (AS) for the V—

3A hydrides.

Table 1 includes the experimental values of the enthalpy of hydride formation, AH, and the
changes in entropy, AS, which were evaluated using the van't Hoff plots shown in Fig. 4. In
our experiments, the enthalpy of VH, formation was -39.63 kJ/mol, which is in good
agreement with the earlier reported results of -41.2 kJ/mol [3] and -40.26 kJ/mol [35]. For all
the hydrides in our study, the changes in entropy during dehydrogenation were similar and the
plateau pressures were determined mainly by AH. As shown in Table 1, all of the V-3A
hydrides had AH values larger than that of pure vanadium hydride.

As shown in Fig. 2, during hydrogenation and dehydrogenation cycling of vanadium hydrides
the materials experienced severe expansion and compression, respectively. If the residual
stress during hydrogen cycling is difficult to accommodate, it may crack the alloy structure
into smaller particles and pulverization occurs [37]. Considering a practical application of
V-based alloys, pulverization cannot be ignored. To learn about the pulverization resistance of
our V-3A alloys, we measured their Vickers Hardness [38]. Fig. 5 shows the measured values
of hardness for our alloys as a bar graph. Adding Mn, Al and Ru into V matrix added on the

hardness of compounds with an increasing order.
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Figure 5. Vickers hardness of V-3A alloys.

Figure 6. SEM micrographs of V-3A alloys after 20 hydrogen absorption/desorption cycles,
where A is (a) V, (b) Al, (c) Mn, and (d) Ru.
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Fig. 6 shows SEM measurements on V-3A compounds after 20 subsequent
hydrogenation/dehydrogenation cycles. Visible cracks are apparent on the surfaces of all
alloys. Particularly, the surface of V-3Ru has a whisker-like structure that would indicate a
poor pulverization resistance, which is in line with our Vickers hardness measurements.
We performed DFT calculations to further investigate the effects of alloying on V compounds.
First, we calculated the formation energies of alloys using a supercell approach. We used a 2
x 2 x 4 supercell of bcc crystal structure of V. To achieve an alloying composition as in our
experiments, we substituted a single V atom with an atom of the alloying element, leading to
approximately 3 at. % alloying element in the metal matrix. Alloy formation energies were
calculated using

Ennoy=[EV73% —(31EV + E™)]/32 ()
where EV™3A EV, and E? are DFT calculated total energies of 32 atom V-3A alloy
supercells, per atom energies of pure vanadium and alloying elements in bulk form,
respectively.
DFT calculated results confirmed the stability of V-3A alloys with respect to decomposition
into their constituting metals. We found that Al, Mn, and Ru all form stable alloys with V,
with alloy formation energies per atom (Eajoy) of -0.018, -0.019, and -0.044 eV/atom,
respectively. Inclusion of ZPE was found to have little effect on the metallic alloy formation
energies. The ZPE corrected alloy formation energies per atom (E Eﬁgy) at 0 K were calculated
as -0.015, -0.017, and -0.041 eV/atom, for V-3Al, V-3Mn, and V-3Ru, respectively.
Next, we studied the energetics of metal hydride formation from the newly generated V-3A

alloys and H, gas. We calculated the formation energy per metal (Eyyq) of higher hydrides

12



(V-3A-H,) from lower hydrides (V-3A-H;), with2 > 4 > [ = 0, using
Euya = Ex07H — [EY AR (0 B 3)

V-3A-H
Eh

where, and E/73A7H are the total energies of the hydrides per metal atom with

high and low hydrogen content, respectively. Note that in the lower limit when / reaches zero,
E)/73A7H represents the total energy of V-3A alloy with no hydrogen inserted. EY) is the
total energy of H, molecule in a 15 A edge cubic box with periodicity. Table 2 shows the
DFT calculated energies of hydride formation from V-3A metal alloys as well as from the
lower hydrides.

The ZPE corrected hydride formation energies are also shown in Table 2. ZPE correction
influenced the formation energies of hydrides more significantly than formation energies of
V-3A alloys with no hydrogens. Because the atomic weight of hydrogen is small, its
contribution to ZPE was significant [28, 39]. As shown in Fig. 7, for V-3A metal hydrides
with equal hydrogen content, the ZPE contributions to the hydride formation energies were
found to be similar, whereas increasing amount of hydrogen inside metal hydrides resulted in
increasingly higher ZPE contributions. As a result, ZPE contributions were largest (i.e. ~0.2
eV/metal atom) when the formation energies of the fully hydrogenated hydrides are calculated
directly from pure V-3A alloys. Clearly, alloying increased the hydride formation energy for
all the phases of vanadium hydrides, as shown in Fig. 7. Particularly, the ZPE corrected

formation energies for the fully hydrogenated V-3A alloys were in good agreement with our

experimentally determined energies.
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From V,H to From VH to From V,H to
From V to V,H From V to VH From V to VH,
VH VH, VH,

ZPE ZPE ZPE ZPE ZPE ZPE

EHyd EHyd EHyd EHyd EHyd EHyd EHyd EHyd EHyd EHyd EHyd EHyd

\% -0.20 -0.18 -0.09 -0.07 -0.30 -0.25 -0.30 -0.13 -0.39 -0.20 -0.59 -0.38
V-3Al -0.18 -0.16 -0.09 -0.06 -0.27 -0.23 -0.24 -0.08 -0.33 -0.14 -0.51 -0.31
V-3Mn -0.18 -0.17 -0.09 -0.06 -0.27 -0.23 -0.27 -0.11 -0.36 -0.17 -0.54 -0.33
V-3Ru -0.17 -0.15 -0.08 -0.06 -0.26 -0.21 -0.25 -0.09 -0.34 -0.15 -0.51 -0.30

Table 2. DFT calculated formation energies, Eyyq (€V/metal), of hydrides from the

ZPE

hydrogenation of metal alloys and lower hydrides. ZPE corrected formation energies, Ejjyq

(eV/metal), are also provided.

Figure 7. Calculated (a) formation energies and (b) ZPE corrected formation energies of V—

3A alloys and hydrides. Data is from Table 2.

The calculated volume for bce V bulk metal is 13.2 A*/metal atom. Volume changes were not

significant for V-3A alloys, with 13.3, 13.1 and 13.2 A*/metal atom for Al, Mn, and Ru

alloying, respectively. Hydrogenation increased the volumes of all the metal alloys, as shown

in Fig. 8 and SI Table S1. The volumes of different V-3A hydrides with the same amounts of
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hydrogen were within 1% of vanadium hydrides. Volumes of fully hydrogenated V-3A alloys
increased approximately 41%, in very good agreement with the measurements shown in Fig.

2.

Figure 8. DFT optimized volumes of V-3 A metal and hydride compounds.

To study the electronic structure of V-3A alloys upon hydrogenation, we calculated density
of states (DOS) for the optimized structures of hydrides with increasing amounts of hydrogen.
The DOS show similar features for different states of hydrogenation; therefore only the DOS
for the fully hydrogenated compounds are shown here in Fig. 9, whereas the lower hydrides
are included in SI Fig. S3 and S4. For all the hydrides, the DOS peaks at low energies, i.e.
between -11 and -3 eV, resulted from bonding of hydrogens to the host metal atoms. These
bonding interactions originated from the hybridization of H s electrons and the transition
metal (V, Mn, and Ru) p and d electrons. As Al is missing d electrons, its interaction with

nearby hydrogens operated through the s and p states of the metal. Around the zero energy,
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transition metal d states dominated. At higher energies, the conduction states were populated

with transition metal d states, Al s and p states, and H s states.

Figure 9. Densities of states of V3;AHgs, A =V, Mn, Al, and Ru. For each compound, the top
figure is the total DOS, and the remaining figures represent the projected DOS on the atoms

with s, p and d contributions shown in red, green and blue, respectively. The origin of energy
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is set at the highest occupied state and indicated by a vertical dashed line.

We performed Bader charge analysis to obtain further information on bonding interactions in
V-3A hydrides [40]. The calculated V atomic charges in compounds with formula units
MH, s, MH, and MH, were +0.30, +0.64 and +1.00 e, respectively. Thus, in pure vanadium
hydrides, V atoms were depleted more with an augmentation of absorbed hydrogens. The
calculated Bader charges for Al in V3;AlH;6, V31AlH3,, and Vi3 AlHg were +0.27, +0.94, and
+2.30 e, respectively. For Mn in V3;MnH;6, V31 MnHj3;, and V3 MnHgs, Bader charges were
-0.47, +0.16, and +0.63 e, respectively. The charges on Ru atoms in V3 RuH;¢, V3;RuH3;, and
V31RuHgs were -1.05, -0.47, and +0.25 e, respectively. Interestingly, in contrary to V and Al,
both Mn and Ru were charged negatively in lower V-3 A hydrides, but they became positively
charged in higher hydrides. Fig. 10 shows Bader charges of atoms in V-3A alloys in their
fully hydrogenated states, V3;AHgs. In the pure vanadium dihydride (Fig. 10(a)), the charges
on H atoms were half of charges on V atoms but with opposite sign. As shown in Fig. 10(b),
alloying with Al created charge inhomogeneity within the whole compound and when
compared to pure vanadium dihydride it resulted in a larger charge transfer to the first
neighbor hydrogen atoms of Al. In Mn and Ru alloyed vanadium dihydrides, as shown in Fig.
10(c) and (d), Bader charges on eight of hydrogen atoms that were first order neighbors to the
alloying element were slightly different than the remainder of hydrogens in these materials. In
all of the alloyed dihydrides, the calculated Bader charges on V atoms were within 0.1 e of
each other. Further details of charge analysis for the different hydride compositions are

provided in SI Tables S2-S4.
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Figure 10. Bader charge analysis of V3;AHgs, where A is (a) V, (b) Al (c¢) Mn, and (d) Ru.

All charges are given in units of e.

Figure 11. ELFs for (a) V31AHss, (b) V31AHs, (¢) V31AH 6, where from left to right, A =V,
Al, Mn, and Ru, respectively. In representative structures for different compositions, shown
on left, V, H, and the alloying elements are colored as blue, red, and green spheres,

respectively. Cut-planes for ELF analysis are also shown as yellow shaded areas in the
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hydride structures.

Fig. 11, from (a) to (c), shows the Electron Localization Function (ELF) for the V-3A
hydrides with decreasing number of hydrogen atoms per formula unit. For all the hydride
compounds, ELF was maximized around H atoms, indicating electron localization, and it was
minimized around V atoms due to electron depletion. Additionally, ionicity in bonding
increased with increasing amount of hydrogen inserted into the metal alloys. These findings

are in line with our Bader and DOS analyses.

4. Conclusions

We studied the influence of using small amount (3 at. %) of alloying elements (Al, Mn, and
Ru) on the high-pressure plateau of vanadium hydrides. Conducting PCT measurements we
found that insertion of any of these elements into vanadium subsequently increased hydrogen
desorption pressures at high temperatures. In line with this finding, our computational
predictions confirmed that addition of these elements slightly destabilized hydride phases
with high hydrogen content, whereas the effects of alloying on lower hydrides were limited.
Nevertheless, the effective hydrogen absorption amounts in all alloyed samples were lower
than that in vanadium hydrides. Among the alloys, V-3Ru achieved the maximum effective
hydrogen absorption and the highest hydrogen release plateau pressure. However, within the
group of V-3A alloys, Ru alloyed samples also had the highest hardness, therefore were
prone to pulverization the most. According to our Bader charge analysis, DOS and ELF

calculations, hydrides of V-3Al showed different electronic properties when compared to
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hydrides alloyed with transition metals, i.e. V-3Mn and V-3Ru.
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