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Abstract: Disproportionation and phase separation are big issues that occur under extreme pressure
and temperature conditions during hydrogen compressor cycles, which makes metal hydrides inactive
and reduces compression efficiency. It is important to identify boundary conditions to avoid such
unwanted phase separation. However, no investigation related to this problem has been carried out
so far. Thus we propose a method to investigate the critical temperature and pressure condition
for the alloy degradation during the hydrogen compressor cycle. The V,TisCryg alloy was chosen
as a model system for the purpose. The influence of two important parameters (i.e., hydrogen
content and temperature) was investigated individually. The disproportionation of V,TizpCrag alloy
during the hydrogen compressor cycle test occurred at temperatures higher than 200 °C and 75% H;
content of the total capacity at the initial condition. A clear and obvious boundary condition between
disproportionation and keeping the initial phase intact is defined herein. It can be treated as a general
method for any hydrogen storage alloy to be utilized for hydrogen compressor efficiently and safely.

Keywords: disproportionation; BCC alloys; hydrogen compressor; Vo TizpCrag

1. Introduction

Hydrogen compression based on reversible thermal energy-driven interaction of hydrogen
storage materials with hydrogen gas has been developed as a promising option for hydrogen energy
systems [1]. It works only by absorbing H, via hydride forming metals and alloys at ambient
temperature and releasing pure H, when increasing the system temperature [2-5]. Compared with
traditional mechanical compressors and newly developed methods, such as electrochemical and ionic
liquid pistons compressors, this technology offers a lot of advantages, including simplicity in design,
easy operation and repairing, compactness, safety, reliability and absence of mechanical moving parts
as well as the potential ability to utilize waste industrial heat [1,3,6]. According to the industrial
requirements of durable cycling stability and high efficiency, the hydride forming metals and alloys
should satisfy the following performance features: considerable reversible hydrogen storage capacity,
achievable hydrogen compression ratio from nice PCI (Pressure Composition Isotherm) properties,
easy and fast hydrogenation/dehydrogenation at ambient temperature and pressure, flat plateau and
narrow hysteresis, as well as easier pretreatment and activation (at less cost) [1,7]. Most importantly, the
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materials should have a good cyclic durability at extreme high temperatures and pressure conditions,
and should be stable enough to not deteriorate.

Many efforts have been made by researchers around the world to find suitable hydrogen
compression material from different categories of hydride, such as ABs-type [7-13], AB,-type [13-15],
BCC-type [16,17], and AB-type intermetallics [18-20]. However, most of the work has focused only
on hydrogenation properties at normal conditions, or cyclic compressor properties. Several reports
have shown disproportionation in the alloy, resulting in the degradation of compressor performance
with a number of cycles. However, no work has focused on identifying the boundary conditions for
temperature and pressure, where the alloys can work without disproportionation and performance
degradation. The vanadium based BCC-alloys have been extensively considered for metal hydride
based hydrogen compressors worldwide due to their excellent features, i.e., high hydrogen storage
capacity (4 wt%) and fast kinetics for hydrogen ab/desorption at ambient temperatures [1,21-27].
Nevertheless, it is still challenging to employ these alloys for practical applications owing to difficult
activation, pulverization, and bad cyclic behaviors [21,28,29]. Addition of alloying elements, such as
Ti, Cr, Fe, Co, Mo, etc., could resolve these issues significantly [21,22,28,29].

Although the hydrogen storage properties and cyclic durability of several BCC alloys were
investigated sufficiently at mild conditions [30,31], the performance under extreme conditions
for hydrogen compression application has seldom been evaluated, until now. For the hydrogen
compression cycling test, the actual operation condition and cyclic durability are key issues when
put to practical application [1]. Recently, the cyclic performance of hydrogen ab/desorption of two
different V-Ti-Cr alloys, namely V4Tiy; 5Cr3g5 and VyTizCryg were systematically investigated
for 100 cycles, allowing variation from the lower pressure (2 MPa for V4(Tiz; 5Crzg5 and 0.07 MPa
for VyTizpCryg) at room temperature to higher discharge pressure of 20 MPa at high temperature
(160 °C for V4gTip1 5Cr3g5 and 310 °C for VyTizpCrag) by our group [2]. The former one was found
stable for cyclic hydrogen storage properties after losing 22% hydrogen storage capacity in initial
ten compression cycles, whereas the hydrogen storage capacity of the latter one was decreased
continuously due to the formation of thermodynamically stable monohydride phases of V and Ti [2].
In spite of disproportionation and degradation of pristine sample, V,oTiz;Cryg alloys still have larger
potential to be used because of comparatively larger hydrogen storage capacity than the first one after
10 compressor cycles. In addition, lower V content alloy of V5 Tiz;Crsg, with a cheaper price, has a
relevant low plateau pressure, which can achieve first stage compression easily with larger hydrogen
compression ratio. Due to the above reasons, this alloy has been chosen as a model system, to know
the suitable conditions to operate this alloy for hydrogen compression without disproportionation and
degradation. Thus far, there is no experimental and analytical investigation methods to define the
suitable boundary conditions, i.e., the temperature, pressure, and hydrogen content. Thus, the case
study of VoTizpCryg alloy at different extreme conditions would be helpful to generalize this method
to all other hydrogen storage alloys, to define their critical conditions without disproportionation
and degradation.

2. Materials and Methods

V20TizpCrygg alloy was purchased from Japan Metals and Chemicals Co., Ltd. An activation process
was performed before every experiment according to the following steps: the alloy was heated to
200 °C under dynamic vacuum condition, with the heating rate of 5 °C/min, and kept for 1 h. Then,
2 MPa pure hydrogen gas was filled in the sample cell at 200 °C. The sample cell was cooled to
room temperature. All of the above processes were repeated three times to make sure that the alloy
was completely activated. The weight of the sample was 16.5 g for each experiment. A pressure
composition isotherm (PCI) measurement was conducted before every hydrogen compressor cycling
test at room temperature, with the maximum pressure of 6.5 MPa using a Sieverts-type apparatus
(Suzuki Shokan Co. Ltd.) at room temperature. The hydrogen compressor cycling test was performed
using our homemade compressor system. A closed sample cell was filled with a certain amount of
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pure hydrogen gas according to the PCI curves. The system was heated to different temperatures with
the fixed heating rate of 5 °C/min, followed by cooling to room temperature. This process was repeated
25 times for each condition. After a hydrogen compressor cycling test, the sample cell was vacuumed
again for 2 h at 200 °C in order to remove the remained hydrogen gas. The PCI measurement was
conducted again to check the hydrogen storage capacity and to evaluate the cyclic durability. Structural
changes and phase identification were characterized by X-ray diffraction (XRD) with Rigaku-RINT
2500 equipped with CuKa radiation. To prevent the oxidation from the air and moisture, the sample
was kept in a glass plate and covered by a Kapton polyimide sheet (Du Pont-Toray Co. Ltd., Japan) for
the XRD measurement. The morphology changes and composition of each sample were investigated
by using Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive X-ray Spectroscopy
(EDS) on JEOL, JSM-6380A instrument.

3. Results and Discussion

In order to define the boundary conditions (critical temperature and pressure), the sorption
properties and compressor cycle tests need to be performed at different points. It will identify the
suitable pressure and temperature values for a particular alloy to work as hydrogen compression
material without degradation. Here, the V5Ti3;Cryg alloy was investigated as a model system to
obtain the best conditions without disproportionation and phase segregation, the method can be
generalized for other systems later. To serve the purpose, four different points were selected as
starting points according to different hydrogen content on desorption curve, namely, solid solution
(0% p-phase), half saturated (50% (3-phase), 75% saturated (75% p-phase), and fully saturated (100%
B-phase). The influence of temperature at the high pressure condition and hydrogen content at the
initial condition were studied in order to understand the hydrogen compressor cyclic durability by
changing the operation temperature and hydrogen content, respectively.

3.1. The Influence of Hydrogen Content on the Cyclic Durability of VTizyCrsg Alloy

For each hydrogen compressor cycling test of Vo Tiz;Cryg alloy, the initial pressure of experiments
was fixed in between 0.03~0.1 MPa at room temperature, as decided by PCI desorption curve Figure 1ii.
Then, the sample cell was sealed by the valve and heated through a programed digital thermos heater
with the heating rate of 5 °C /min. After the system reached to desired temperature, the sample cell was
cooled down to room temperature. This whole process was treated as 1 cycle and repeated for 25 cycles.
Figure 1i shows the data of pressure and temperature changes during 25 hydrogen compressor cycling
test performed on the alloy with fully saturated H,. The maximum temperature for the test was
decided as 240 °C. The pressure was increased with increasing the temperature. At the first cycle,
when the aimed maximum temperature reached 240 °C, the pressure also reached the maximum value
of 27.8 MPa. This maximum pressure gradually reduced with number of cycles, whereas the lowest
pressure at room temperature continued to increase. The other cyclic data with the different initial
amount of stored hydrogen is available in Supplementary Materials Figures S1-S3. Please note: since
the pressure limitation of the sample cell was below 30 MPa, we could not perform the hydrogen
compressor cycling test at 260 °C for Vo Ti3yCrag alloy with fully saturated H, content.

Figure 1ii shows the PCI curves of VyTi3;Crag alloy at room temperature before and after 25
compressor cycling tests (Figure 1i and Figures S1-S3) that were performed with different initial
hydrogen content (b-solid solution, c-half saturated, d-75% saturated, e-fully saturated). The PCI
curve, just after activated sample, shows a maximum capacity of 2.7 wt% with well-defined flat
absorption and desorption plateau pressure at 0.4 and 0.045 MPa, respectively, Figure lii-a. After
performing the hydrogen compressor cycling with the fully saturated hydrogen content alloy up
to 240 °C, Figure 1i, the hydrogen capacity decreased significantly with a sloppy plateau region, as
evidenced from the PCI curve shown in Figure 1ii-b. The behavior is quite similar for the case of cycled
alloy, Figure S1, saturated 75% with hydrogen content. The total hydrogen storage capacity loss for both
the above cases is found as 20.2% and 22.7%, respectively. The increased slope indicated the possibility
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of multiple phases present in the sample, which dramatically reduced the hydrogen compression
efficiency. On the other hand, the capacity loss is found negligible for the cycled Vy(Ti3;Cryg alloy,
which contain less hydrogen initially, i.e., 50% saturated and solid solution, Figure 1ii-d and ii-e. The
PCI curves suggested a similar slope and stable capacity with a loss of 5.0% and 4.0%, respectively,
indicating the non-alteration of original hydrogen compression efficiency. Based on the above results,
it can be concluded that lower hydrogen content is better for hydrogen compressor cyclic durability
for V5 TizpCryg alloy, whereas the large amount of stored hydrogen in alloy leads to the reduction of
reversible hydrogen storage capacity during hydrogen compression process for practical usage. This
leads to the reduction of compression efficiency and increases the cost for maintenance.
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Figure 1. (i) Pressure and temperature changes during 25 cyclic compressor tests of V(Tiz;Cryg alloy
with fully saturated H, up to 240 °C; (ii) pressure composition isotherm (PCI) curves of V5 TizpCryg alloy
at room temperature(a) before and after 25 hydrogen compressor cycling tests up to high temperature
(b: up to 240 °C and ¢, d, and e: up to 260 °C). The starting point was decided according to different
hydrogen content: (a) solid solution, (b) half saturated, (c) 75% saturated, (d) fully saturated; (iii) cyclic
compressor performance comparison of Vy(Tiz;Cryg alloy with different initial hydrogen content in
terms of system pressure variation at low temperature of 32.3 °C with no. of cycles.
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To better estimate and understand the capacity degradation phenomenon, the inner pressure
at lower temperature of 32 °C was collected, as the increase in inner pressure at lower temperature
must be caused by residual H, gas that could not be absorbed by the alloy in successive cycles [3].
As shown in Figure 1iii, the pressure, at a lower temperature of 32 °C, increased significantly for the
cycled VyTizpCryg alloy, with fully saturated and 75% saturated Hjy, which indicated that the alloy
could not absorb the same amount of H, gas anymore and, thus, it gradually degraded. In contrast,
the pressure inside the sample holder with the V5 Tiz;Cryg alloy saturated with less hydrogen, i.e., 50%
and 0%, the pressure was very stable after the second cycle, indicating no degradation for Vy(TizCryg
alloy under these conditions.

The structure and phase changes were investigated by X-ray diffraction. As shown in Figure 2, the
pristine Vg TispCryg alloy showed typical BCC structure. The cycled sample with initial lower hydrogen
content (solid solution, half saturated, 75% saturated) showed similar structure as evidenced from the
peaks at the same positions. However, all of the XRD peaks broadened a lot after hydrogen compressor
cycles due to reduced crystal size caused by crystallite refinement during compressor cycles [31].
On the other hand, for the cycled sample initially loaded with fully saturated H, some multiple and
overlapped peaks appeared and new phases were confirmed as VHy gg and TiH,. It is direct and
obvious evidence for the disproportionation and phase separation for this sample [3]. Interestingly;,
according to PCI results, the sample with the initial 75% saturated H; for hydrogen compressor at
260 °C also showed large capacity lose, which was a sign of disproportionation. However, no big
changes were observed from XRD results. Thus, it is concluded that phase separation is not the only
reason for capacity fading, but the stress/strain generated in the material during the compressor test
may also be responsible for this degradation [1]. More supplementary techniques are needed to clarify
this issue.
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Figure 2. X-ray diffraction (XRD) profiles of V,Ti3;Cryg alloy before and after compressor cycling with
different initial hydrogen content.

3.2. Temperature Influence on the Cyclic Durability of VoTizpCrag Alloy with Fully Saturated Pure Hy Gas for
Hydrogen Compressor

Figure 3 shows the room temperature PCI isotherm curves of fully saturated V;(Tiz;Cryg alloy
before and after 25 hydrogen compression cycling tests, up to a maximum temperature of 240 °C,
Figure 1i; 200 °C, Figure 54; 175 °C, Figure S5; 150 °C, Figure S6; and 100 °C, Figure S7. The PCI curves
of VyoTizpCryg alloy with fully saturated Hj cycled for a hydrogen compressor at 240 °C, Figure 1i,
clearly showed worst performance with significant hydrogen storage capacity loss up to 20.2%, and
increased slope, which indicated a significant reduction in reversible capacity. For the VyTizCryg
alloy cycled for hydrogen compressor at 200 °C, Figure S4, the hydrogen storage capacity loss after 25
cycles was 17.9%, which was a little less than the V,TizCrygg alloy cycled at 240 °C. Moreover, the
slope of the PCI curves of this sample did not change as much as the former one. In both cases, the
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capacity loss was large enough, and could be treated as a result of disproportionation. On the other
hand, VyTi3yCr4g alloy cycled up to 175 °C, 150 °C, and 100 °C, and showed little hydrogen capacity
losses around 4% to 5% with similar PCI slope and stable hydrogen storage capacity. Based on the
above results, it can be concluded that lower temperature is better for the compressor cyclic durability
of Vo TizpCryg alloy, whereas higher temperature leads to the degradation of this alloy and reduces the
hydrogen storage capacity during practical usage.
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Figure 3. Comparison of pressure composition isotherm curves of V(TizCryg alloy at room temperature
before and after 25 hydrogen compression cycling tests at 240 °C, 200 °C, 175 °C, 150 °C, and 100 °C.

In addition to the hydrogen content influence on the cyclic durability of VyoTi3;Cryg alloy,
temperature impact should also not be negligible. Thus, we investigated the temperature influence on
the cyclic durability for V,TizCryg alloy employed for the compressor. The maximum temperatures
were chosen as 240 °C, 200 °C, 175 °C, 150 °C, and 100 °C for each initial hydrogen capacity, according
to the desorption PCI curve, as mentioned earlier.

Similarly, the inner pressure at a lower temperature of 32.3 °C at the end of each cycle was
also collected to evaluate the hydrogen compressor cycling behavior. As shown in Figure 4, for the
V0 TizpCryg alloy hydrogen compressor cycled up to 240 °C and 200 °C, the pressure increased with
the cycles, which indicated the gradual degradation of the alloy. In contrast, the V,TizyCryg alloy
hydrogen compressor cycled up to 175 °C, 150 °C, and 100 °C; the pressure was very stable after the
second cycle, indicating the stable cyclic durability during 25 cycles.
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Figure 4. Cyclic compressor performance of V,Tiz;Cryg alloy with fully saturated Hj in terms of
system pressure variation at low temperature of 32.3°C with no. of cycles.

The structural and phase changes were also investigated by X-ray diffraction. As shown in
Figure 5, the pristine V;(TizyCryg alloy showed typical BCC structure. The samples cycled up to
temperatures: 100 °C, 150 °C, 175 °C, and 200 °C showed similar structure as evidenced from the
presence of peaks at the same position. However, the XRD peaks were broadened after hydrogen
compressor cycles due to reduced crystallite size caused by pulverization. Moreover, the intensity of
the peak at 61.02° decreased, which was probably caused by the structure changes of metal matrix from
BCC to the BCT structure [32-35]. On the other hand, the sample cycled at 240 °C showed multiple
and overlapped peaks, which could be indexed by VHj gg and TiH; phases [3]. It is direct and obvious
evidence for the disproportionation and phase separation, which occurred at this temperature.
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Figure 5. XRD of V5(TizyCryg alloy with fully saturated H; after 25 hydrogen compressor cycles up to
100 °C, 150 °C, 175 °C, 200 °C, and 240 °C.

Interestingly, according to PCI results, the sample for the hydrogen compressor at 200 °C also
showed large capacity loss, which was a sign of disproportionation. However, no big changes or
new phase formation could be observed from XRD results. Thus, the large capacity loss could not be
explained on the basis of structural changes only, but other factors (e.g., stress/strain generation) also
play an important role for this capacity loss [15].

Figure 6 shows SEM morphology of pristine and cycled (up to 240 °C) samples of V(TizpCrsg with
fully saturated Hj. The size of the pristine samples were not so uniform and in the range of several
micrometers to hundred micrometers. After cycling, the average size of the samples was reduced,
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along with several cracks; this must have been caused by pulverization during the hydrogenation and
dehydrogenation cycling processes. Moreover, point analysis was conducted by EDS to check the
content of each components in VyTi3;Cryg alloys.

Figure 6. SEM morphology of pristine (a,b) and cycled (c¢,d) sample up to 240 °C with fully saturated Hj.

Table 1 shows the atomic percentage of elements in VyTisCryg alloy as determined by EDS
analysis. The point no. corresponds to the different positions as shown in Figure 6b,d. The atomic
percentage of V, Ti, Cr elements in pristine V;(TizCryg alloy, as determined by EDS analysis, were very
similar to the actual composition, i.e., 20, 32, 48, respectively. However, after cycling, some Ti-rich
phase was found, as shown in Figure 6d.

Table 1. Atomic percentage of elements in VyTizpCryg alloy as determined by Energy-Dispersive
X-ray Spectroscopy (EDS) analysis. The point no. corresponds to the different positions as shown in

Figure 6b,d.
Point No. \% Ti Cr
Pristine Cycled Pristine Cycled Pristine Cycled
1 19.42 10.54 32.84 63.81 47.74 25.65
2 20.02 11.63 32.01 59.39 47.97 28.98
3 19.40 9.29 32.61 67.69 47.99 23.01
4 19.14 16.23 33.00 44.98 47.86 38.80

On the basis of XRD and SEM-EDS results, a possible hypothetical qualitative reaction
corresponding to the disproportionation of V,TizCryg alloy can be proposed as:

X+

Voni32C1‘43 + >

YHy — Vao_yTigy_Crys + xVH + yTiH

According to the above reaction, the Ti atomic percentage is increased up to more than 60, followed
by the reduction of V and Cr atomic percentage, which suggest the segregation of TiH phase. This
clearly shows the disproportionation of Vy(Tiz;Crsg alloy with fully saturated Hp, cycled up to 240 °C.

3.3. Summary of Hydrogen Compressor Test of Vo TizpCrag Alloy

Various initial temperature and hydrogen content conditions were controlled for hydrogen
compressor cycling tests of V,TizCryg alloy. The summary of all the information, such as initial
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pressure, capacity, and temperature is listed in Table S1. These results are also plotted in Figure 7a—c.
The achieved max pressure and temperature were plotted in Figure 7a. As we can see, the achieved
max pressure is increased with the increase in temperature, which is quite reasonable. Hydrogen
content and temperature influence was checked by plotting the capacity loss (in percentage) with these
two parameters. Since the amount of hydrogen left in the alloy at max temperature plays an important
role in the disproportionation process, so it was calculated according to pressure, temperature, alloy
amount, and sample cell volume. In order to understand the hydrogen content influence, let’s have a
look on Figure 7b. It can be clearly seen that the alloy saturated with H, more than 75%, lost significant
hydrogen storage capacity (~20%), while for other cases, the capacity loss was quite small (<8%). Thus,
there is an obvious boundary between the conditions for disproportionation and cyclic stability.
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Figure 7. (a) The achieved max pressure of sample cell at maximum temperature for each hydrogen
compressor cycle measurement; (b) the capacity loss of each state with the changes of H content
remained in the alloy at high temperature; (c) the capacity loss of each state with max temperature for
hydrogen compressor cycle; (d) H content remained in the alloy at achieved max temperature.

The temperature effect on the compressor cycling test is shown in Figure 7c. V,TisCryg alloys
saturated with more than 75% H; were disproportionate at temperatures higher than 200 °C, which
can be considered as a boundary temperature for the disproportionation. To define a boundary line for
disproportionation, the hydrogen content remained in the alloy was plotted against the maximum
temperature, as shown in Figure 7d. At the same temperature, the sample that held more hydrogen
at the initial stage before the compressor cycle test contained more hydrogen in the solid phase after
reaching achieved temperature. In order to get a boundary, the black solid line was drawn based
on the experimental disproportionation data by combining all of the above results, including XRD.
A dashed horizontal line was drawn from experiment results in order to show the maximum hydrogen
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content that can be held by alloy. It is to be noted here that the slope line became horizontal around the
remaining hydrogen content of 2.1 wt% due to experimental limitations, as we could not perform more
experiments at more extreme conditions. If we assume that more hydrogen can remain in the alloy
by applying more extreme conditions, it may cause a disproportionation even at a low temperature.
It can be obtained, if the slope line (blue colored) is extended vertically upwards, as shown in the
Figure 7d. Thus, the area covered by the horizontal and slope line through their cross (gray colored
area in Figure 7d) can be a guide for suitable operating conditions for this alloy. The area left of the
blue colored dashed line is suitable for this alloy, whereas the rest of the conditions will give rise to
disproportionation of this alloy during cycling. If we employ this to the other alloys, it may also be
fitted in a generalized way. It is important to note here that most of the alloys in general can withstand
very high temperatures in the absence of hydrogen. Thus the disproportionation must be caused
by the solid hydrogen present in the alloy. At 240 °C, the formation of new Ti and V monohydride
phases, as detected by XRD (TiHy g6 and VHy g1) and EDS mapping (Ti-rich phase), indicated the phase
segregation due to thermodynamically favored reactions, and can be the reason for disproportionation.
However, it doesn’t happen at lower, i.e., 200 °C and 75% hydrogen content (as observed in XRD
and SEM results), which means that these hydrogenation conditions are not enough to favor the
above disproportionation reaction. However, the presence of such a high hydrogen content in the
alloy, as well as a high temperature, is enough to produce lattice stress/strains in the alloy, which
causes the reduction in hydrogen storage capacity after the compressor cycling test. Further lowering
the hydrogen content in alloy neither gives rise to the phase separation nor produces stress/strain,
resulting in a stable performance with stable hydrogen storage capacity. Thus, there is a direct relation
between the disproportionation, hydrogen content in the alloy, and temperature. The higher amount
of hydrogen remaining in alloy leads to degradation of alloy at a much lower temperature.

4. Conclusions

Boundary conditions of hydrogen compressor cycle tests for VpoTizCrsg alloy without
disproportionation was systematically investigated by changing the hydrogen content and operation
temperature for the first time. Hydrogen content, as well as temperature, both play an important role in
the disproportionation processes. The hydrogen content and temperature threshold of a model system,
i.e., VyTizyCryg alloy for the hydrogen compressor, without disproportionation, were identified as 75%
and 200 °C, respectively. A clear disproportionation area was drawn for the first time, which can be
used as guidance for safe usage of V0 Ti3pCrug alloy for hydrogen compressor application. The amount
of hydrogen in the alloy is inversely proportional to the required temperature for degradation. This
methodology can be applied to the other materials to identify the critical conditions required for safer
and stable operation during compressor cycling.
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tests of VTizpCryg alloy with 50% saturated Hy up to a maximum temperature of 260 °C. Figure S3: Pressure
and temperature changes for 25 cyclic compressor tests of V,TizCrag alloy with solid solution of H, up to a
maximum temperature of 260 °C. Figure S4: Pressure and temperature changes for 25 cyclic compressor tests
of VTizpCryg alloy with 100% saturated Hy up to a maximum temperature of 200 °C. Figure S5: Pressure and
temperature changes for 25 cyclic compressor tests of VyTizpCryg alloy with 100% saturated Hy up to a maximum
temperature of 175 °C. Figure S6: Pressure and temperature changes for 25 cyclic compressor tests of V(TizpCryg
alloy with 100% saturated H; up to a maximum temperature of 150 °C. Figure S7: Pressure and temperature
changes for 25 cyclic compressor tests of VyTizpCryg alloy with 100% saturated Hy up to a maximum temperature
of 100 °C. Table S1: Summary of detailed parameters for hydrogen compressor cycling test for V,TizCryg alloy at
various conditions.
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