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Abstract: Here, the authors report the results of their study on the key characteristics of microscale
periodic Ni-Mg-Ni-Mg film structures as metal-hydride hydrogen accumulators, namely, the mi-
crostructure, phase state, operation temperatures and rate of the sorption/desorption processes,
complete and reversible mass content of hydrogen, and enthalpy of metal hydrides’ phase-formation.
The study has shown that hydride-formation films can be saturated with up to 7.0–7.5 wt.% of
hydrogen at pressures up to 30 atm and temperatures of 200–250 ◦C, with a reversible amount
of stored hydrogen up to 3.4 wt.% during its desorption at a pressure of 1 atm and temperatures
of 250–300 ◦C with the phase-formation enthalpy in the range of 19.8–46.7 kJ/mol H2 depending
on the nickel content (the thickness of the nickel layer). Structural and constructive schemes are
proposed for film metal-hydride hydrogen accumulators for various applications of the hydrogen
power industry.

Keywords: metal hydride; hydrogen accumulator; Ni-Mg-Ni-Mg film structure; X-ray diffraction
analysis; sorption/desorption process; mass content of hydrogen; phase-formation enthalpy

1. Introduction

Nowadays, metal-hydride hydrogen storage systems are considered as promising
ones for hydrogen transport, lifting and handling equipment, autonomous devices, backup
and emergency power supply, etc. [1–4]. They favorably differ from alternative storage sys-
tems (liquid-state or high-pressure cylinders) by the higher packing density of hydrogen
atoms, safety, the absence of leaks, and the low energy costs of hydride synthesis. The main
disadvantage of metal-hydride systems is the presence of a metal matrix, which signifi-
cantly increases the gravimetric density of these hydrogen storage systems. At present,
LaNi5 powders are mainly used in commercially available metal-hydride hydrogen ac-
cumulators [5–7]. Their advantages are the low temperature of the sorption/desorption
processes (from room temperature to ~100 ◦C) and the low value of phase-formation
enthalpy (31 kJ/mol H2); their disadvantage is the low mass content of hydrogen (no more
than 1.8%). Metal hydrides based on Mg alloys, wherein the mass content of hydrogen may
be as high as 7.6% [8,9], would be more effective for practical application. However, there
are serious barriers to the realization of this: the high temperature (300–350 ◦C) and low
kinetics of sorption/desorption processes and high values of the phase-formation enthalpy
(76 kJ/mol H2) and energy consumption for activation. These barriers can essentially
be mitigated by reducing the dispersion of powder (to the nanoscale) and using special
technologies to grind them [10–13]. Another approach consists of the use of amorphous
(nanoscale) films deposited in one way or another instead of bulk powder material [14,15].
As shown theoretically [16] and verified experimentally [17], the thinner a film, the better
its thermodynamics and the lower the temperature of the sorption/desorption processes.
As reported in [18], a hydrogen mass content of 5.58 wt.% was attained at a desorption
temperature of 230 ◦C on multilayer nano-size (from 300 nm to 800 nm) Mg/Fe films
with a protective Pd coating deposited via the method of resistive heating on polyimide
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substrates. Fe films alternating with Mg films served as mechanically stable interlayers
with a high value of hydrogen diffusion therein without producing hydrides at moderate
temperatures and pressure. In addition, as is known, minor additives of Fe for powder
materials improve the desorption characteristics of MgH2 [19,20]. However, from the PCT
diagrams presented in this work at a temperature of 200 ◦C, it follows that the mass con-
tent of hydrogen (5.56 wt.%) obtained at a pressure of ~9 atm is not reversible: when the
pressure drops to ~2 atm (no measurements were carried out at lower pressures), the yield
of hydrogen was only ~2 wt.%. Multilayer nano-size (from 50 nm to 500 nm) amorphous
films obtained via the method of magnetron sputtering with alternating Mg85Ni14Ce1
and Pd layers were studied in [14]. It was shown that such sandwich-like structures
can reversely absorb and desorb hydrogen at a temperature of 120 ◦C with an excellent
capacity for cycling (however, with a reverse mass content of hydrogen only to 1.4 wt.%
and desorption at a pressure of 10 Pa). In [21], a nanoscale Mg/Ni sandwich-like film
structure was experimentally investigated for the first time, in which the Ni film (4 nm
thick) served to protect against oxidation for the dissociation of H2 molecules and as
a catalyst for the hydrogenation of the Mg film (340 nm thick). As these experiments
have shown, when hydrogenated for 1 h at room temperature and a hydrogen pressure
of ~1 atm, the hydride fraction (the ratio of hydrogen atoms absorbed by magnesium
to the total number of magnesium atoms) reached 0.35, and its maximum value (close
to 1.0) was recorded at a magnesium film thickness of ~100 nm, falling sharply in the
direction of tungsten substrate. With an increase in the hydrogenation time under the same
conditions to 42 h, the peak value of the hydride fraction at a magnesium film thickness of
~100 nm increased to a value close to full hydrogenation with the same sharp decline to
the substrate. Ni has worse solubility of hydrogen compared to Pd and is a less effective
means of delivering it to the interface with Mg; however, this can be compensated for by
an increase in hydrogenation pressure. In addition, a theoretical study of the absorption
characteristics of hydrogen by the Mg/Ni interface through the analysis of electronic
structures showed that the presence of the Mg/Ni interface improves the hydrogenation
properties of Mg/Ni film systems, with a significant role of Ni in the adsorption of H
atoms due to its stronger binding interaction with hydrogen [22]. Additionally, taking
into account its high catalytic activity, the availability and cheapness of Ni leave no other
alternative for practical applications of hydrogen energy. Our previous studies of thicker
(microscale) Mg/Ni film structures (Mg ~5 microns with 200–400 nm Ni coating) [23] have
shown the possibility of achieving sufficiently high sorption/desorption characteristics
of hydrogen on them: the mass content of hydrogen was up to 5.4 wt.% (at sorption
pressure of ~5 atm and desorption in vacuum conditions) without significant changes
with subsequent oversaturation, the temperature peaks of desorption were reduced to
150–200 ◦C, and the hydrogen release time was reduced to ~20 min. The presence of
a Ni coating demonstrated considerable improvements in hydrogen saturation and the
kinetics of sorption/desorption processes in these micro-sized Mg/Ni films compared to
the same films without a Ni coating. The results obtained have encouraged the current
more detailed investigations of microscaled periodic Ni-Mg-Ni-Mg film structures as film
metal-hydride hydrogen accumulators, the competitiveness of which is determined by
the following main characteristics: reversible mass content of hydrogen at a desorption
pressure of ~1 atm; the temperature and kinetics of sorption/desorption processes; the
value of phase formation enthalpy, which determines the energy costs for decomposi-
tion of hydrides, as well as the cost and availability of the materials used. The paper
investigates the key characteristics of microscaled periodic Ni-Mg-Ni-Mg film structures:
microstructure, phase state, operating temperatures and rates of sorption/desorption
processes; complete and reversible mass content of hydrogen (at a desorption pressure
of ~1 atm); and enthalpy of the phase formation of metal hydrides. Based on the results
attained, a possible constructive scheme of a film metal-hydride hydrogen accumulator
based on periodic Ni-Mg-Ni-Mg film structures deposited on a polymer carrier with a
resistive layer is proposed for practical applications.
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2. Materials and Methods

Ni-Mg-Ni-Mg film structures were deposited in vacuum chamber 1 of the PLASMATECH-
M facility of JSC NIIEFA (Figure 1) under vacuum conditions in Ar medium (at pressure of
0.5 Pa) using two magnetrons 2,3 with the sequential sputtering of targets of Mg (99.95%)
and Ni (99.95%) with the final layer of Ni. The diameter of the targets was 100 mm, the thick-
ness of the Mg target was 8 mm, and the thickness of the Ni target was 4 mm. The smaller
thickness of the Ni target was associated with providing the necessary magnitude of the
magnetic field on the surface of the ferromagnetic material. The sputtering of targets was
carried out via the HIPIMS method (by means of high-power pulses). The sputtering time
of the magnetron with a magnesium target was 30–35 min per layer at its power of 300 W.
The sputtering time of a magnetron with a nickel target was 4–5 min per layer at the same
power of 300 W.
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Figure 1. Diagram of the PLASMATECH-M facility: 1—vacuum chamber; 2—magnetron with
magnesium target; 3—magnetron with nickel target; 4—rotation drive; 5—cylindrical shell;
6—stepper motor; 7—bipolar bias voltage power supply; 8—gas flow regulator (argon).

ΠМ-1ЭУ polyimide film, which was 12.5 µm in thickness, was used as a substrate.
The following stages of the preliminary preparation of the substrates were carried out:
washing in an ultrasonic bath in purified gasoline for 20 min, washing in distilled water,
and drying in a drying cabinet at a temperature of 80 ◦C. After preliminary preparation, the
substrates were installed in the vacuum chamber of the facility and degassed in vacuum
conditions at a temperature of 200 ◦C for 8 h. After degassing, the substrates were cleaned
and activated in a glow discharge in an argon medium for 30 min while a bipolar bias
voltage was applied to them.

A sufficiently large number of samples was required to provide a full cycle of
experiments. For their production, polyimide tape was used, which was wound on
cylindrical shell 5, which was made of stainless steel with a diameter of 75 mm and
a height of 90 mm (placed on the shaft of stepper motor 6). Herewith, the stepper
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motor was fixed on the bracket of rotation drive 4 with a shaft located along the axis
of the vacuum chamber. To apply layer-by-layer films, a cylindrical shell was placed
opposite one of the magnetrons and rotated around its axis using a stepper motor. After
applying the appropriate layer, the cylindrical shell was exposed opposite another
magnetron, and the next layer of the film structure was applied, and so on, until a
predetermined number of layers was applied. For subsequent studies of the Ni-Mg-Ni-
Mg film structures deposited in this way, the resulting tape was cut into samples of the
required size. The mass of hydride-forming films in samples obtained in this way was
in the range of 2–5 mg.

The saturation of the samples with hydrogen (purity > 99.999%) was carried out via
the Sieverts method on the AKNDM automated complex of JSC NIIEFA (with pressure
up to 50 atm and temperature up to 950 ◦C). The thermal desorption analysis of saturated
samples was also carried out here. The internal dimensions of the measuring chamber of
the complex were a diameter of 20 mm and a length of 20 mm. For the analysis, the sample
was placed in the chamber located in the controlled heating furnace. The complex made
it possible to determine the amount of desorbed hydrogen by the equation of state of the
gas, taking into account the compressibility factor. The error in determining the pressure
was ±2%, and the temperature was ±20 ◦C. The complex was calibrated according to the
standard LaNi5 powder sample and allowed the mass content of hydrogen in the sample
to be determined with a relative accuracy of at least ±10%.

The microstructure of the films was studied using a Phenom 3G ProX scanning electron
microscope (Phenom-World B.V., Eindhoven, The Netherlands) with an attachment for the
analysis of the energy dispersion spectrum. The samples were poured into resin and then
polished according to their cross-section. A holder for non-conducting samples was used
for microstructural studies.

X-ray diffraction analysis (XRD) before and after hydrogen saturation was carried
out using a DRON-8 diffractometer equipped with a Mythen 2R linear position-sensitive
detector (Dectris Ltd., Baden-Dättwil, Switzerland). Diffraction patterns were recorded at
the following parameters: angle range of 2θ–20—100◦; scanning speed—1◦/min; scanning
step—0.1◦; exposure time at the point—3 s; voltage—40 kV; current—20 mA. The anal-
ysis of diffractograms and phase identification was carried out using the COD database
and the DrWin program (LECO Corporation, St. Joseph, MI, USA, software version:
6.00.95, 09.2009).

To determine the absolute hydrogen content in the films, a LECO RHEN602 analyzer
was used. This device allows the user to determine the presence of hydrogen in samples
when they are burned in a carbon crucible in an inert gas stream (argon). The released
hydrogen passes through the filter system (chromatographic column) and enters the thermal
conductivity cell. By changing the thermal conductivity of the gas flow, the hydrogen
content in a sample is determined with an accuracy of 2% of the measured value. The 502-
706-HAZ standard (titanium hydride powder) is used for calibration. To determine the
mass content of hydrogen saturated, desorbed, or passed through colorimetric analysis,
Ni-Mg-Ni-Mg film structures were separated from the substrate and placed in the crucible
of the device. The mass of the analyzed samples of film structures was in the range of
2–5 mg.

Calorimetric analysis (determination of the enthalpy of hydride phase formation) was
carried out using a DSC 3 Mettler-Toledo (Mettler-Toledo, Columbus, OH, USA) differential
scanning calorimeter. The essence of the method is to compare the temperature of the
analyzed crucible (with the sample) with the temperature of the comparison crucible when
they are heated at a constant rate.

The device allows the temperature peaks of phase formation reactions to be determined
with an absolute error of ±0.5 ◦C, as well as the specific heat of phase formation with a
relative error of ±2.5%. During the analysis, a constant heating rate of 5 ◦C/min was
maintained at an initial temperature of 150 ◦C and a final temperature of 350 ◦C. Standard
aluminum crucibles with a lid with a volume of 100 µL were used. Argon with a flow
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of 30–50 slm was used as a purge gas. To determine the enthalpy of the formation of the
hydride phase, Ni-Mg-Ni-Mg film structures were separated from the substrate and placed
in the crucible of the device. The mass of the analyzed samples of film structures was in the
range of 1.5–4 mg.

3. Results

Table 1 presents the list of samples showing the compositions and parameters of the
films deposited by the magnetron sputtering.

Table 1. List of samples.

Sample Sputtering
Method

Layer Thickness, µm Q-ty of Layers Ni Protection
Layer

Mg/Ni ratio,
at.%Mg Ni Mg Ni

Mg/Ni1 Layer-by-layer 1.4 0.25 5 6 + 96/4

Mg/Ni2 Layer-by-layer 1.8 0.34 5 6 + 92/8

Mg/Ni3 Layer-by-layer 1.3 0.35 5 6 + 88/12

Figure 2 shows the sample of the microstructure of the deposited films (Mg/Ni2 sample).
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Figure 2. Sample of the microstructure of deposited films (Mg/Ni2 sample).

The image analysis shows that the films had an amorphous structure and good adhe-
sion to the polyimide substrate, since the interface did not have any defects or delamina-
tions.

The samples were saturated with hydrogen in the pressure range of 10–30 atm and
temperature range of 200–300 ◦C for 4 h. Figure 3 shows the dependence of the hydrogen
mass content on the saturation pressure at a temperature of 300 ◦C.



Hydrogen 2023, 4 231

Hydrogen 2023, 4, FOR PEER REVIEW 5 
 

and placed in the crucible of the device. The mass of the analyzed samples of film struc-
tures was in the range of 1.5–4 mg. 

3. Results 
Table 1 presents the list of samples showing the compositions and parameters of the 

films deposited by the magnetron sputtering. 

Table 1. List of samples. 

Sample Sputtering 
Method 

Layer Thickness, 
µm 

Q-ty of 
Layers Ni Protection 

Layer 
Mg/Ni ratio, at. 

% 
Mg Ni Mg Ni 

Mg/Ni1 Layer-by-layer 1.4 0.25 5 6 + 96/4 
Mg/Ni2 Layer-by-layer 1.8 0.34 5 6 + 92/8 
Mg/Ni3 Layer-by-layer 1.3 0.35 5 6 + 88/12 

Figure 2 shows the sample of the microstructure of the deposited films (Mg/Ni2 sam-
ple). 

 
Figure 2. Sample of the microstructure of deposited films (Mg/Ni2 sample). 

The image analysis shows that the films had an amorphous structure and good ad-
hesion to the polyimide substrate, since the interface did not have any defects or delam-
inations. 

The samples were saturated with hydrogen in the pressure range of 10–30 atm and 
temperature range of 200–300 °С for 4 h. Figure 3 shows the dependence of the hydro-
gen mass content on the saturation pressure at a temperature of 300 °С. 

 
Figure 3. Dependences of the hydrogen mass content (WH2) on the saturation pressure (P) at a
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The mass content of hydrogen in the samples was determined on the LECO RHEN602
analyzer after their corresponding saturation on the AKNDM complex.

As can be seen from Figure 3, a sufficiently high value of the mass content of hydrogen
was already achieved on the samples at a saturation pressure of 10 atm (Mg/Ni2: 4.9 wt.%;
Mg/Ni3: 7.1 wt.%). It is interesting to note that an increase in saturation pressure was not
always accompanied by an increase in the mass content of hydrogen: on Mg/Ni3 samples
at a saturation pressure of 20 atm, the mass content of hydrogen was 7.6 wt.%, and at a
saturation pressure of 30 atm—6.8 wt.%.

Figure 4 shows the dependences of the hydrogen mass content on the saturation
temperature at a saturation pressure of 30 atm.
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As can be seen from Figure 4, a sufficiently high value of the mass content of hydrogen
was already achieved on samples at a temperature of ~200 ◦C (Mg/Ni1: 6.1 wt.%, Mg/Ni2:
5.3 wt.%, Mg/Ni3: 6.0 wt.%) with its growth when the temperature rose to 300 ◦C.

Figure 5 shows the results of the X-ray diffraction analysis of the samples before and
after saturation. The most intensive was the magnesium peak. The relative intensity of
the nickel peak increased from Mg/Ni1 to Mg/Ni3. Peaks of magnesium hydride and
Mg2NiH4 intermetallide hydride were observed in the saturated samples. The signal of the
Mg2NiH4 intermetallide hydride also increased from Mg/Ni1 to Mg/Ni3. The intensive
signal corresponding to Θ = 29.4◦ was not found in the available database. The signals
Θ = 47.5◦ and 48.4◦ were related to the composition fixing the samples on the object table
of the diffractometer.

Hydrogen 2023, 4, FOR PEER REVIEW 7 
 

  
(а) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 5. X-ray diffraction analysis of samples: before saturation: (а) Mg/Ni1; (b) Mg/Ni2; (c) 
Mg/Ni3; after saturation: (d) Mg/Ni1; (e) Mg/Ni2; (f) Mg/Ni3. 

Table 2 presents the mass fractions of hydrides in the saturated samples at a tem-
perature of 300 °С and a hydrogen pressure of 30 atm. 

Table 2. Mass fractions of hydrides. 

wt.% Mg/Ni1 Mg/Ni2 Mg/Ni3 
MgH2 80.3 76.3 61.7 

Mg2NiH4 13.5 15.1 36.3 

A distinctly higher proportion of Mg2NiH4 phase in the Mg/Ni3 series sample was 
noteworthy. 

The calorimetric analysis of the samples was performed at a heating rate of 5 
°С/min from 150 °С to 350 °С in the argon atmosphere. Figure 6 presents the calorimetry 
results. Two thermal peaks were seen on all curves at a temperature of 240 °С and 270–
300 °С. For the Mg/Ni3 sample, two peaks of 265 °С and 300 °С were seen instead of one 

Figure 5. X-ray diffraction analysis of samples: before saturation: (a) Mg/Ni1; (b) Mg/Ni2;
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Table 2 presents the mass fractions of hydrides in the saturated samples at a tempera-
ture of 300 ◦C and a hydrogen pressure of 30 atm.
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Table 2. Mass fractions of hydrides.

wt.% Mg/Ni1 Mg/Ni2 Mg/Ni3

MgH2 80.3 76.3 61.7

Mg2NiH4 13.5 15.1 36.3

A distinctly higher proportion of Mg2NiH4 phase in the Mg/Ni3 series sample
was noteworthy.

The calorimetric analysis of the samples was performed at a heating rate of 5 ◦C/min
from 150 ◦C to 350 ◦C in the argon atmosphere. Figure 6 presents the calorimetry results.
Two thermal peaks were seen on all curves at a temperature of 240 ◦C and 270–300 ◦C.
For the Mg/Ni3 sample, two peaks of 265 ◦C and 300 ◦C were seen instead of one high-
temperature peak. The area of the 240 ◦C peak grew with an increase in the nickel dose,
but the area of the high-temperature peak(-s) continued to prevailing.
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Figure 6. Calorimetric curves of the samples.

In practical applications (for example, in hydrogen fuel cells), the supply of hydrogen
should occur, as a rule, at a pressure of ~1 atm and more. Therefore, in addition to the
complete stored mass content of hydrogen in Ni-Mg-Ni-Mg film structures, its reversible-
stored amount was studied; that is, the mass amount of hydrogen desorbed from hydrogen-
saturated Ni-Mg-Ni-Mg film structures at a pressure of 1 atm. To achieve this, saturated
samples were placed in the chamber of the AKNDM complex, a hydrogen pressure equal
to one atmosphere was set in the chamber, and the samples were heated to a predetermined
temperature (within 300 ◦C). When the pressure increased during desorption, part of the
gas was discharged into the calibrated volume of the complex to maintain the pressure in
the chamber equal to one atmosphere in this way. The desorption procedure continued
until the equilibrium state of the hydrogen concentration in the sample was reached, as
evidenced by the constancy of the pressure in the chamber. The duration of the process
was about 1 h.

Table 3 shows the results of measurements of the mass content of hydrogen and the
calorimetric analysis of the samples. The mass content of hydrogen was measured in the
samples both after their saturation at a temperature of 300 ◦C and pressure of 30 atm, and
after desorption of hydrogen from them (at a hydrogen pressure of 1 atm and temperature
of 300 ◦C). Thus, the mass content of reversibly stored hydrogen in the samples was
determined. The values of the enthalpy of phase formation (the amount of heat spent on
hydrogen output) were determined by the sum of the areas of all endothermic temperature
peaks of desorption (Figure 6) and the difference in the mass content of hydrogen in the
samples before and after the calorimetric analysis.
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Table 3. Results of measurements of the mass hydrogen content and calorimetric analysis of the samples.

Sample
WH2

after Saturation,
wt.%

WH2
after Desorption,

wt.%

DWH2 of
Reversibly Stored,

wt.%
E(dH), kJ/mol Temperature of Desorption Peaks,

◦C

Mg/Ni1 7.5 4.9 2.6 46.7 236.7 292.9

Mg/Ni2 7.2 4.3 2.9 31.9 240 275

Mg/Ni3 7.0 3.6 3.4 19.8 240.2 260/290–300

4. Discussion

The maximum hydrogen content achieved was 7.5% wt.% in the Mg/Ni1 sample
with magnesium content of 96 at.% and nickel of 4 at.%. At the same time, the maximum
amount of reversibly stored hydrogen amounted to 3.4 wt.% for the Mg/Ni3 sample
with a magnesium content of 88 at.% and nickel content of 12 at.% (during hydrogen
desorption at a pressure of 1 atm and a temperature of 300 ◦C), with a hydrogen content
of 7.0 wt.% in the sample in the saturated state. Thus, despite the decreased content of
hydrogen in the saturated state, its reversibly desorbed amount was not decreased with an
increase in the amount of nickel in the sample (as the ratio of thicknesses of the nickel and
magnesium layers increased). On the contrary, it increased, testifying that the nickel content
has an essential impact on the kinetics of the desorption processes. The optimal ratio of
the thicknesses of the nickel and magnesium layers ensuring the maximum reversible
amount of desorbed hydrogen has not been found in these experiments. This should be
studied in future work. The enthalpy of the phase formation of bulk magnesium hydride
MgH2 was 76 kJ/mol H2; the enthalpy of the phase formation of Mg2NiH4 intermetallic
hydride is estimated differently in different sources and is in the range of 30–60 kJ/mol
H2 [24]. The enthalpy of the phase formation for the Mg/Ni1, Mg/Ni2, and Mg/Ni3
samples measured in the experiments was 46.7, 31.9, and 19.8 kJ/mol H2, respectively,
and corresponded to the increase in the nickel content of 4, 8, and 12 at.%, respectively,
in these samples. The high-temperature peaks of Mg/Ni1 (290 ◦C), Mg/Ni2 (275 ◦C), and
Mg/Ni3 (300 ◦C) corresponded to the decomposition of magnesium hydride. The low-
temperature peaks of Mg/Ni1 (235 ◦C), Mg/Ni2 (237 ◦C), and Mg/Ni3 (237 ◦C), as well
as the additional low-temperature peak of Mg/Ni3 (262 ◦C), were presumably associated
with the decomposition of Mg2NiH4.

As is known from the literature, Mg2NiH4 intermetallide hydride undergoes a transi-
tion from the cubic to monoclinic phase at temperatures of 210–260 ◦C [25], and equilibrium
pressure of hydrogen during its desorption from Mg2NiH4 in the temperature range of
300–350 ◦C amounts to 3.3–10.0 atm [26]. The presence of three peaks in the obtained
calorimetric graphs of Mg/Ni3 can be interpreted using the three states of phase transfor-
mations with a rising temperature: the transition of Mg2NiH4 intermetallide from the cubic
to monoclinic phase (240 ◦C), the decomposition of intermetallide hydride (265 ◦C), and
the decomposition of magnesium hydride (300 ◦C). However, it should be noted that the
unambiguous identification of low-temperature peaks of Mg2NiH4 decomposition requires
additional X-ray studies. In all cases, the temperature of hydrogen desorption from the film
metal-hydride samples was no more than 300 ◦C, which was considerably lower than the
values for powder magnesium hydride (~350 ◦C).

The results of the presented experiments show that the use of microscale periodic
Ni-Mg-Ni-Mg film structures causes higher sorption–desorption characteristics for the
accumulation and yield of hydrogen and a lower enthalpy of phase formation compared
with bulk powder materials. As well as recently studied Mg-Fe-Mg-Fe nanoscale film
structures with a protective Pd coating and nanoscale film structures with alternating
Mg85Ni14Ce1 and Pd layers [14,18], they are able to work effectively as a hydrogen
accumulator, but without using expensive materials in their composition. Their use as
metal-hydride hydrogen accumulators can be energetically more efficient than the use
of powders based on both Mg and LaNi5 intermetallic compounds. Figure 7 shows the
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structural and constructive schemes of such a film metal-hydride accumulator, which
is a development of its previously proposed versions [27,28]. It is made as a periodic
Ni/Mg/Ni/Mg film structure consisting of alternating layers of Ni and Mg deposited on a
polymer substrate with a resistive layer. The accumulator is charged (hydrogen sorption)
and discharged (hydrogen desorption) during the heating of the film structure by current
passing through the resistive layer. This practically inertialess and uniform heating of
the film structure compares favorably with the rather inertial and nonuniform heating of
powder metal-hydride systems.
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5. Conclusions

Microscale periodic Ni-Mg-Ni-Mg film structures can be saturated by hydrogen to
about the same percent content as volume powder materials (7.0–7.5 wt.%) but at lower
pressures (~20–30 atm) and temperatures (200–250 ◦C). Hydrogen is also desorbed there-
from at lower temperatures (250–300 ◦C) with better kinetics and considerably lower values
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phase formation from 46.7 to 19.8 kJ/mol H2. The significantly lower value of the enthalpy
of phase formation in these films compared to the bulk material of the same composi-
tion may be a consequence of the amorphous nature of their structure and the developed
“magnesium–nickel” contact interface in them. The maximum content of reversibly stored
hydrogen obtained in the experiments was 3.4 wt.% at a hydrogen pressure of 1 atm and a
desorption temperature of 300 ◦C.
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