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Abstract: The structural and sorption/desorption characteristics of multilayer Ni-Mg-Ni-Mg films
(38/37 Ni/Mg layers with a total thickness up to 45 mkm) deposited on both small-sized and
extended tape (up to 40 m) polyimide substrates by magnetron sputtering have been studied. A
pattern has been established between the growth of hydrogen mass content in the films and the
increase in the number of sorption/desorption cycles which is accompanied by the increase in MgH»
phase from 53 to 78 wt. % and Mg;NiH, phase from 0.1 to 19.9 wt. %. Long-length samples (5 m and 40
m) of Ni-Mg-Ni-Mg film structures as metal hydride hydrogen accumulators have been tested. A
reversible mass content of hydrogen in them has exceeded 4 wt. % (at outlet pressure of 1 atm). Based
on the conducted research, a prototype of film metal-hydride hydrogen accumulator was developed,
manufactured and tested. The design of the developed prototype and the results of its tests are
presented. With stored hydrogen of 3.6 g, specific gravimetric energy consumption of the prototype
accumulator was 400 W*h/kg, and specific volumetric energy consumption was 600 W*h/1.

Keywords: multilayer Ni-Mg-Ni-Mg film structure; magnetron sputtering; resistive layer;
hydride-forming material; sorption/desorption cycles; hydride phase; specific energy consumption;
film metal-hydride hydrogen accumulator

1. Introduction

Metal-hydride hydrogen storage systems based on magnesium alloys are currently being
intensively studied and are considered as most promising ones for use in practical applications of
hydrogen energy [1-9]. This interest is primarily due to high mass content of hydrogen in magnesium
hydride (7.6%), as well as its availability and cheapness. The main purpose of the ongoing research
is to increase the kinetics of sorption/desorption processes, lower their operating temperature,
enthalpy of phase transitions, and energy costs for activation. There are two approaches to solving
these problems: powder and film. The powder approach consists in reducing the dispersion of the
powder and using special technologies for its activation [10,11]. In the film approach, thin films
applied in various ways are used instead of bulk powders [12-14]. This work relates to the film
approach. Earlier studies of film structures have shown the possibility of significant decrease in
temperature and increase in kinetics of sorption/desorption processes:

- when using a nanoscale Mg/Ni sandwich-like structure, in which Ni film (4 nm thick) served

to protect against oxidation, to dissociate H2 molecules, and as a catalyst for hydrogenation of

Mg film (340 nm thick) [19];

- when using multilayer nanoscale Mg85Ni14Cel film structures (with total thickness of 50-500

nm) with a protective layer of Pd (10 nm thick) [13];

- when using multilayer nanoscale Mg/Fe films (with total thickness of 300-800 nm) with a 10

nm thick protective Pd coating [20].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Our studies of micro-sized Mg/Ni sandwich-like film structures (~5 um Mg and 200 — 400 nm
Ni) also showed possibility of achieving the sufficiently high sorption/desorption characteristics of
hydrogen, but on significantly thicker films [17]. At sorption pressure of ~ 5 atm and desorption under
vacuum conditions, the mass content of hydrogen in such films was ~ 5.4 wt. % (without significant
fluctuations during subsequent sorption cycles) with decrease in temperature peaks of desorption to
150 — 200°C and reduction in desorption time to ~ 20 min. The results of subsequent studies of
microscale Ni-Mg-Ni-Mg film structures (5 layers of Mg 1.3 — 1.8 um thick and 6 layers of Ni 0.25 -
0.35 um thick) deposited on a polyimide substrate (12.5 pm thick) showed possibility of saturating
such film structures to 7.0 — 7.5 wt. % hydrogen at pressures up to 30 atm and temperatures 200 —
250°C with reversible amount of stored hydrogen up to 3.4 wt. % when desorbed at pressure of 1 atm
and temperatures of 200 — 250°C with phase-formation enthalpy in the range of 19.8 — 46.7 kJ/mol Hz
depending on the nickel content (nickel layer thickness) [18]. These exciting results motivated us to
conduct studies of multilayer Ni-Mg-Ni-Mg film structures with increased number of layers, move
from small-sized to long-length samples, and develop a prototype of film metal-hydride hydrogen
accumulator on this basis.

The paper describes the results of studies of the characteristics of multilayer Ni-Mg-Ni-Mg film
structures (38/37 Ni/Mg layers with a total thickness up to 45 um) deposited on both small-sized and
extended (up to 40 m) polyimide substrates. The developed design of a prototype of film metal-
hydride hydrogen accumulator and the results of its tests are presented. Specific energy
characteristics of the prototype accumulator and possibility of increasing them when scaling the
prototype are discussed.

2. Materials and Methods

I[IM-132Y polyimide film 12.5 um thick was used as a substrate. The preliminary preparation of
the substrates before deposition of film structures on them was carried out according to the procedure
described in [18]. Ni-Mg-Ni-Mg film structures were deposited on the same equipment and under
the same technological conditions as in [18]. The difference was the use of four magnetron sputtering
systems (two magnetrons with magnesium cathodes and two magnetrons with nickel cathodes) and
a large rotating drum with a wound polyimide film substrate mounted in the center of the chamber
(Figure 1).
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Figure 1. Diagram of the PLASMATECH-M facility: 1—vacuum chamber; 2—magnetron with magnesium
cathode; 3—magnetron with nickel cathode; 4—rotation drive; 5—rotary table; 6—drum with polyimide

substrate; 7 —gas flow regulator (argon); 8 —outlet to vacuum pumping system.
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The distance between the axes of each pair of the magnetrons was 28 cm. Drum dimensions
(diameter 64 cm, height 55 cm) made it possible to place up to 40 m of polyimide film with a width
of 25 mm. The drum was rotated by an asynchronous motor. The distance from the magnetron target
surface to the drum was 17 cm which ensured nonuniformity of deposited film not exceeding 15%.
37 Mg and 38 Ni layers with a total thickness of 40 — 45 um were deposited layer by layer on the
polyimide tape substrate. The thickness of Mg layers was in the range of 0.9 — 1.2 um, and the
thickness of Ni layers was in the range of 0.1 — 0.2 pm. The total deposition time of such Ni-Mg-Ni-
Mg film structures on 40 m polyimide tape was about 33 h. The thicknesses of Mg and Ni cathodes
were insufficient for one-time continuous deposition of such film structure. Therefore, after cathodes
wearing the next Ni layer was deposited on the polyimide tape, and then vacuum chamber was
opened to replace the cathodes. The Nilayer protected the Mg film from air oxidation. For subsequent
studies, the finished tape with Ni-Mg-Ni-Mg film structure deposited in this way was cut into
samples of the required size. The studies were carried out with both small-sized (20 x 20 mm) and
long-length (5 m and 40 m) samples. Long-length samples with Ni-Mg-Ni-Mg film structure
deposited on the polyimide tape were wound onto a cylindrical metal shell together with the
polyimide tape of the same length with a resistive layer (copper, ~1 um thick) previously deposited
on it. This made it possible to produce their uniform heating for sorption and desorption processes
when current was passed through the resistive layer.

Saturation of the samples with hydrogen (purity >99.999%) was carried out by the Sievers
method on AKNDM automated complex of JSC “NIIEFA” (pressure up to 50 atm, temperature up to
950°C). Thermal desorption analysis of saturated samples was also carried out here. The internal
dimensions of the measuring chamber of the complex (diameter 20 mm and length 20 mm) made it
possible to test only small-sized samples. In this regard, long-length samples with a resistive layer
(wound on the cylindrical shell) were installed in the separate thermally insulated chamber, which
was connected to the gas path of the AKNDM complex and equipped with its own pressure sensor
(1-30 atm) and a thermocouple. Studies of long-length samples were carried out in this chamber with
their heating by passing current through a resistive layer. The amount of desorbed hydrogen was
determined using ideal gas law.

Desorption was carried out in the pressure range from ~1 Pa to ~1 atm. At pressure increase, a
gas portion was regularly discharged into a buffer volume, which was then evacuated to the pressure
of ~1 Pa. The error in pressure determining was: in the pressure range
1-10°...1 atm: 0.25% (ATOVAC ACM300 baratron), and in the pressure range 1...30 atm — +0.5%
(KELLER 9FLD piezometric sensor), the error in temperature determining was +2°C. The complex
was calibrated using a standard LaNi5 powder sample and allowed to determine the mass content of
hydrogen with accuracy of at least + 10%.

The microstructure of the films was studied using a Phenom 3G ProX scanning electron
microscope equipped with an energy dispersion spectrum analysis device.

X-ray diffraction analysis (XRD) before and after hydrogen saturation was performed using a
DRON-8 diffractometer equipped with a Mythen 2R linear position-sensitive detector. Diffraction
patterns were recorded at the following parameters: angle range of 26 — 20...100° scanning speed —
1°/min; scanning step — 0.1°; exposure time at the point — 3 s; voltage — 40 kV; current — 20 mA.
Diffraction pattern analysis and phase identification were performed using the COD database and
the DrWin program.

To determine the absolute hydrogen content in the films, LECO RHEN602 analyzer was used,
which provides an accuracy of 2% of the measured value. Saturated or desorbed Ni-Mg-Ni-Mg films
were separated from the substrate and placed in the crucible of the device. The data obtained was
averaged over the results of five measurements.
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3. Results

Investigations of small-sized samples of periodic Ni-Mg-Ni-Mg film structures:

Table 1 presents the list of small-sized samples showing the compositions and parameters of the
films deposited by the magnetron sputtering (38 Ni layers and 37 Mg layers).

Table 1. List of samples.

Film Thickness Q-ty of Layers,
Film (SEM), pm pcs. Mg/Ni Ratio,
Sample i eight, g Mg (09-12 Ni(0,1-0.2 at. %
pum) pum)
Mg/Nil 11.38 37.1 37 38 93.4/6.6
Mg/Ni2 11.66 44.8 37 38 92.0/8.0
Mg/Ni3 10.76 39.8 37 38 93.5/6.5
Mg/Ni4 11.96 44.2 37 38 91.1/8.9
Mg/Ni5 12.02 45.1 37 38 94.2/5.8

Figure 2 shows the sample of the microstructure of the deposited films (Mg/Ni5 sample).
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Figure 2. Sample of the microstructure of deposited films (Mg/Ni5 sample): a) SEM image; b) distribution of

o

elements along the film growth line.

The scanning electron microscope (SEM) image clearly shows the multilayer structure of the
deposited films. All samples contain oxygen (from 2 to 5 at. %) due to the fact that the samples were
at atmospheric pressure when prepared for the investigations and due to the high activity of Mg.

Figure 3 shows the dependence of the hydrogen mass content (specified by an analyzer of
hydrogen absolute content) on the saturation temperature (at saturation pressure of 20 atm and
holding for 4 h).
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Figure 3. Dependence of the hydrogen mass content on the saturation temperature.

As can be seen from Figure 3, the optimum saturation temperature at pressure of 20 atm is
220 C. The maximum content of hydrogen after the first sorption/desorption cycle was 5.2 wt. %.

Three sorption/desorption cycles were carried out with Mg/Ni2 and Mg/Ni3 samples (sorption:
temperature 220°C, pressure 20 atm, time 2 h; desorption: temperature 250°C, pressure 1 Pa, time 4
h) with determining the mass content of hydrogen on the LECO analyzer.

Table 2 presents the values of hydrogen mass content in the samples averaged over five
measurements after the first and third sorption cycles.

Table 2. Hydrogen mass content in Mg/Ni2 and Mg/Ni3 samples after the first and third sorption/desorption

cycles.
Sample Hydrogen Mass Content
First Sorption Cycle Third Sorption Cycle
Mg/Ni2 3.28% 4.94%
Mg/Ni3 3.06% 6.38%

The obtained results show the significant influence of activation (the number of performed
sorption/desorption cycles) on the amount of hydrogen stored in the film.

Figure 4 shows the results of the X-ray diffraction analysis of the Mg/Nil and Mg/Ni4 hydrogen
unsaturated samples.
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Figure 4. X-ray diffraction analysis results for hydrogen unsaturated samples:. a) Mg/Nil; b) Mg/Ni4.
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Only Mg and Ni phases are found on the diagrams, and no Mg:Ni intermetallide phases were
observed.

Then the Mg/Nil and Mg/Ni4 samples were saturated with hydrogen at 5 sorption/desorption
cycles (sorption: temperature 220°C, pressure 20 atm, time 2 h; desorption: temperature 250°C,
pressure 1 Pa, time 4 h). Figure 5 shows X-ray diffraction analysis results for the hydrogen saturated
Mg/Nil samples after the first, third and fifth sorption cycles (X-ray diffraction analysis results for
the Mg/Ni4 samples are similar).
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Figure 5. X-ray diffraction analysis results for hydrogen saturated Mg/Nil samples: a) after first sorption cycle;
b) after third sorption cycle; c) after fifth sorption cycle.

As a result of hydrogen saturation of the samples, the MgH>, Mg:Ni and Mg:NiH4 phases
appear. Table 3 presents mass fractions for the phase composition of the saturated samples after the
first, third and fifth sorption cycles.

Table 3. Mass fractions for the phase composition of the saturated Mg/Nil and Mg/Ni4 samples after the first,
third and fifth sorption cycles.

MgH:, Mg, Ni, Mg:Ni,  Mg:NiHs, wt.
wt. % wt. % wt. % wt. % %
Mg/Nil_1 sorption 49.6 19.3 21.0 10.0 0.1

Sample
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Mg/Nil_3 sorption 82.5 14.1 0.6 0.1 2.7
Mg/Nil_5 sorption 83.5 0.1 0.1 1.7 14.6
Mg/Ni4_1 sorption 57.1 2.0 23.9 16.9 0.1
Mg/Ni4_3 sorption 72.9 0.1 0.1 7.3 19.6
Mg/Ni4_5 sorption 72.7 0.1 0.1 1.9 25.2

The fraction of hydride MgH> and Mg:NiHs phases in the samples increases rapidly as far as the
number of sorption/desorption cycles increases and achieves in total ~98% at the fifth sorption cycle.
Meanwhile, the fraction of Mg and Ni phases and the fraction of Mg:Ni intermetallide (formed at the
first sorption cycle) decrease. The results obtained indicate the activation of hydride-forming material
of the film as a result of successive sorption/desorption cycles with the achievement of its almost
complete hydridization on the fifth cycle. In unsaturated Mg/Ni 1 and Mg/N 4 samples, according to
the results of both XRD and SEM EDS studies, the mass fraction of Ni was 14.6 wt.% and 19.1 wt.%,
respectively. It was not possible to understand what is the reason for the noticeably greater fraction
of the Ni phase recorded in the samples after the first sorption cycle.

Investigations of the long-length (5 m) sample with multilayer Ni-Mg-Ni-Mg film structure

deposited on the polyimide tape:

The concept of the film metal-hydride hydrogen accumulator [18] assumes heating of the Ni-
Mg-Ni-Mg film structure with the current passing through the resistive layer preliminary deposited
on the polyimide tape. To check the efficiency of such approach, the long (5 m) Mg/Ni6 sample was
manufactured with the same quantity of Mg and Ni layers on the polyimide film as for the small-
sized samples (37 Mg and 38 Ni layers). The total thickness of the hydride-formation film structure
was 44.8 um with the weight of 11.25 g and Mg/Ni ratio of 92/8 at. %. To heat this sample, the
polyimide film of the same length was prepared with the resistive layer deposited on it by magnetron
sputtering (copper ~1 um thick). The long Mg/Ni6 sample together with the tape of resistive heating
were wound on a hollow roll and loaded in the test chamber connected with the AKNDM complex
where hydrogen saturation and desorption were carried out. Saturation was carried out in the
temperature range 160-246°C, pressure 20 atm and exposure time 4 hours, desorption was carried
out in the temperature range 275-305°C in the pressure range 0.2 - 1.7 atm (at initial and final pressure
~ 1 Pa with periodic discharge of the released gas into the buffer volume at pressures exceeding 1
atm, until almost complete hydrogen release) for 2 — 4 h. The volume of the buffer volume was 2.4 1.
Nine sequential sorption/desorption cycles were performed with step-by-step determination of the
mass fraction for released hydrogen. Table 4 presents the experimental results.

Table 4. Experimental results for long Mg/Ni6 sample.

Experiment Pressure, Temperature, Mass Fraction of
bar °C Hydrogen, %
desorption 1 ~1* 292 1.6
desorption 2 ~1* 281-300 1.8
desorption 3 ~1* 285-299 2.5
desorption 4 ~1* 287-306 2.5
desorption 5 ~1* 291-304 2.2
desorption 6 ~1* 275-301 2.9
desorption 7 ~1* 291-308 4.4
desorption 8 ~1* 280-306 5.1
desorption 9 ~1* 280-306 4.9

* average desorption pressure.

Figure 6 shows the pressure diagram for the eighth desorption cycle.
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Figure 6. Pressure diagram for the eighth desorption cycle of Mg/Ni6 sample.

To accelerate the completion of the desorption process, the pressure was discharged until
achievement of the plateau. As can be seen from Figure 6, gas pressure before its discharge into the
buffer volume is above 1 atm up to the 9th cycle, which may indicate the possibility of hydrogen
release in such storage systems at operating pressures of more than 1 atm. The mass fraction of the
released hydrogen for 9 cycles of its discharge was 4.4 wt.%, for all 12 cycles of discharge 5.1 wt.%.

The experimental results for the Mg/Ni6 sample have shown the operability of the long Ni-Mg-
Ni-Mg film structure with the film resistive heater as a hydrogen accumulator. The film structure is
activated to the eighth sorption/desorption cycle with the values of hydrogen mass content similar to
those for the small-sized samples activated to the third sorption/desorption cycle.

Investigations of the long-length (40 m) sample with multilayer Ni-Mg-Ni-Mg film structure
deposited on the polyimide tape:

Similar to the Mg/Ni6 sample, the Mg/Ni7 sample was manufactured consisting of eight tapes 5
m long each and containing in total 40 m of hydride-forming film structure. Eight tapes with hydride-
forming material and the tape with the resistive layer were wound in parallel on the hollow roll which
then was mounted in the testing facility. Figure 7 shows the parallel tape winding device and winding
diagram. The total weight of the hydride-forming material was 80.1 g. The resistance of the resistive
layer was 0.6 Ohm.

During the tests, all sorption cycles were carried out at the temperature of 220°C and pressure
of 20 atm. When the pressure decreased, hydrogen was introduced to maintain it. The holding time
was from 1 to 8 h. The desorption cycles were carried out in the conditions similar to those for the
Mg/Ni6 sample, but at the temperature of 250°C. The desorption temperature was reduced to the
minimum to determine its effect on the amount and time of hydrogen discharge. The volume of the
buffer volume was 2.4 1.
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Figure 7. a) Long-length polyimide tape with deposited hydride-forming material; b) Device for parallel winding
of long-length tapes; c) Long-length sample winding diagram: 1 — polyimide tape with resistive layer, 2 —

polyimide tape with hydride-forming material (N pcs.).
Table 5 presents the test results for the Mg/Ni7 sample.

Table 5. Mg/Ni7 sample test results.

Test Time, Mass Fraction of Sorbed\Desorbed Hydrogen,
Process .
min wt. %
sorption 1 190 1.09
desorption 1 345 0.36
sorption 2 180 0.88
desorption 2 240 0.9
sorption 3 420 2.61
desorption 3 330 3.24
sorption 4 350 3.86
desorption 4 630 4.03
sorption 5 65 4.53

Figure 8 shows pressure diagrams at the sorption and desorption within the fourth test cycle.
For the fourth test cycle, the desorption was performed (due to its duration) with a stop and pause,
therefore in Figure 8 (b), the initial pressure increase is visible at the start of heating.
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Figure 8. Pressure diagram within the fourth desorption cycle of Mg/Ni7 sample: a) first stage (before pause);

b) second stage (after pause).

Development of a prototype of film metal-hydride hydrogen accumulator:
The results obtained on the high reversible amount of stored hydrogen during testing of the

Mg/Ni7 sample were the motivation for the development of a prototype of a film metal-hydride
hydrogen accumulator. Figure 9 shows the diagram of the developed accumulator prototype. The
polyimide tape with the deposited resistive layer and hydride-forming material forms a carrier
(polyimide - resist — hydride-forming material). The required amount of carrier is wound on the
hollow roll (serving as one of heating circuit electrodes). Then the hollow roll with carrier winding is
mounted in the accumulator case, and the second heating circuit electrode and temperature sensors
are mounted (thermocouple or thermal resistance).

The developed case of the accumulator prototype is optimized with respect to weight and
consists of two weldable (by laser welding) sections — cover and semi-case. Three vacuum electrical
inputs and a gas pipe are welded into the cover. On the inside of the cover there is a mounting surface
with a thread to fix the hollow roll with the wound carrier. When the hollow roll with the wound
carrier is fixed in the cover and the heating electrodes and temperature sensor are connected with the
welded electrical inputs, the cover is assembled to the semi-case, and their laser welding is
performed.

Weldable aluminum AMr6 alloy was selected as a case material which has sufficiently high
mechanical properties (tensile strength up to 340 MPa, yield strength of 285 — 315 MPa). As a result
of strength analysis in extreme operating conditions (excessive pressure of 30 atm, case temperature
of 200°C), the wall thickness for the cylindrical cell of the case was selected to be 2 mm and for the
end surfaces — 4 mm.
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Figure 9. Film hydrogen accumulator prototype: a) structural scheme: 1 — wound carrier (polyimide film with

deposited resistive layer and hydride-forming material); 2 — hollow roll; 3 — case; 4 — gas input sleeve; 5 —
electrical input sleeve; 6 — heating circuit electrical input (shown schematically); 7 — thermocouple (shown

schematically); b) carrier winding in the case cover; c) accumulator assembly.

Weight, volume and energy characteristics of the film hydrogen accumulator prototype:
hydride-forming material weight — 80.1 g, carrier winding weight (polyimide film with the deposited
resistive layer and hydride-forming material) — 100 g, weight of the aluminum case with welded
electrical inputs, inner electrodes, gas pipe and fitting — 250 g, assembled accumulator prototype
weight — 350 g, specific gravimetric energy consumption — 400 W=h/kg (3.6 g of stored hydrogen),

outer volume of the case — 0.22 1, specific volumetric energy consumption — 630 W=h/L.

4. Discussion

The experimental results for the small-sized samples have shown that the multilayer Ni-Mg-Ni-
Mg films (38 layers of Ni and 37 layers of Mg) can be saturated with the high mass percents of
hydrogen in the same manner as the similar films with a small number of layers (6 layers of Ni and
5 layers of Mg) [18]. The experimentally specified optimum sorption temperature (according to the
maximum hydrogen content) was 220°C at the pressure of 20 atm for all samples. The pattern was
established between the growth of hydrogen mass content in the multilayer films and increasing the
number of sorption/desorption cycles performed which was accompanied by the increase in MgH: and
Mg:NiH4 hydride phases. At the fifth sorption cycle the hydride phases totally reached ~98 wt. %.
This pattern allows us to assume the successive step-by-step growth of film hydrogenation along its
thickness from one sorption/desorption cycle to another until reaching the plateau of complete
hydrogenation. When the hydride phases are formed in the part of hydride-formation material at the
n-th sorption cycle, the hydride phases are certainly formed in the same part of the material at the
(n+1)-th sorption cycle with their formation having the better kinetics. This is also confirmed by long-
term cycle tests (20 sorption/desorption cycles): when an amount of sorbed/desorbed hydrogen
reached the plateau, its amount was constant within the statistical error in the subsequent cycles. It
is interesting to note the appearance of a noticeable amount of Mg:Ni intermetallide phase (which
was absent before the sorption process) in the multilayer Ni-Mg-Ni-Mg film structure at the first
sorption cycle with almost complete transition to the Mg:NiHs hydride phase during subsequent
cycles.

Testing of the five-meter sample of multilayer Ni-Mg-Ni-Mg film structure together with a
resistive layer applied to a polyimide tape of the same length (sample Mg/Ni6) showed the
operability of such a heating system for a carrier with hydride-forming film material. During all
sorption/desorption cycles the ohmic resistance of the resistive film was stable. The mass content of
hydrogen in 5 m film winding was 4.9 wt. % after the ninth sorption cycle that corresponded to its
mass content in the small-sized Mg/Ni2 sample after the third sorption cycle. During the desorption
processes, the pressure was relieved before reaching equilibrium pressure. In other words, the
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equilibrium pressure at the desorption processes was always higher than the pressure at the gas
relieve. When hydrogen content in the sample decreases (from one pressure relieve to another), the
equilibrium pressure also decreases. A tendency can be observed in Figure 6 for gas relieve pressure
reduction from 1.7 atm at its first relieve to 1 atm at its nineth relieve and to 0.3 atm at its twelfth
relieve. Thus, it can be claimed that the equilibrium pressure of the multilayer film structures of the
Mg/Ni6 sample exceeds 1 atm at the residual fraction of hydrogen 5.1 —4.4 = 0.7 wt. %, and the fraction
of reversibly stored hydrogen at the desorption pressure of ~1 atm is 4.4 wt. %.

Testing of 40 m multilayer Ni-Mg-Ni-Mg film structure with the resistive layer (by the scheme:
eight 5 m tapes with the deposited hydride-forming material and one tape with the deposited
resistive layer) have shown the similar results: increase in the mass fraction of stored hydrogen from
1.1 wt. % at the first sorption cycle to 4.5 wt. % at its fifth cycle (the amount of stored hydrogen was
3.6 g at the weight of hydride-forming material of 80.1 g). During these tests, the possibility of
reducing the desorption temperature to 250 °© C was demonstrated, but with significant increase in
the desorption cycle time.

Based on the research results, the prototype of a film metal-hydride hydrogen accumulator with
specific gravimetric energy consumption of 400 W*h/kg and specific volumetric energy consumption
of 630 W*h/I was developed, manufactured and tested. It should be noted that the body weight of
this prototype significantly exceeds the weight of the carrier (250 and 100 g, respectively). When
scaling the film accumulator, this ratio will decrease, increasing the specific gravimetric energy
consumption of the accumulator up to its maximum value of 1340 W*h/kg (the specific gravimetric
energy consumption of the carrier itself). In addition, the ratio of the carrier volume to the internal
volume of the case was 0.33 for this prototype. This small value is related to the imperfections in the
manual winding mechanism and can be significantly increased with corresponding increase in the
specific volumetric energy consumption up to 1900 W*h/l (the specific volumetric energy
consumption of the carrier itself). It is also worth noting that the specific gravimetric energy capacity
of modern electrochemical accumulators does not exceed 260 W+h/kg and their specific volumetric
energy capacity does not exceed 350 Wxh/l. This comparison may indicate the great energy potential

of film metal-hydride hydrogen accumulators and the prospects of their use in industrial applications
of hydrogen energy.

5. Conclusions

Multilayer films base on the Ni-Mg-Ni-Mg film structures up to 45 um thick can be saturated
with hydrogen up to 6.4 wt. % at the pressure up to 20 atm and temperature of 200 — 250°C. The mass
content of hydrogen in multilayer films grows significantly with increase in the number of
sorption/desorption cycles performed, which is accompanied by corresponding increase in the
content of hydride phases MgH2 and Mg:NiHs in them. The optimal temperature of hydrogen
sorption determined from experiments (in terms of the maximum amount of hydrogen content) was
220°C, minimum temperature of hydrogen desorption was 250°C, but with sufficiently long time for
its complete release (up to 8 h). For practical applications, desorption temperature of 300°C with total
hydrogen release time of ~1 h is more appropriate.

Tests of long-length (5 m and 40 m) samples of multilayer film structures with a resistive layer
have shown their operability as a metal-hydride hydrogen accumulator without arranging additional
hydrogen inlet and outlet channels. The experiments have demonstrated that such long-length carries
provide a reversible content of hydrogen exceeding 4 wt. % at the desorption pressure of ~1 atm.

Based on the conducted research, a prototype of film metal-hydride hydrogen accumulator was
developed, manufactured and tested. With a stored amount of 3.6 g of hydrogen, the specific
gravimetric energy consumption of the accumulator was 400 W=h/kg, and the specific volumetric
energy consumption was 630 W=h/l. When scaling the accumulator prototype, the ratio of the mass

and volume of the hydride-forming carrier to the mass and volume of the case will increase (in this
prototype, these ratios were 0.40 and 0.33 respectively). Along with growth of this ratio, the specific
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energy characteristics of the accumulator will also increase, reaching the specific energy
characteristics of its carrier: specific gravimetric energy consumption of 1340 W+h/kg and specific

volumetric energy consumption of 1900 W=h/L.
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