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Abstract
This paper focuses on hydrogen production for green mobility applications (other
applications are currently under investigation). Firstly, a brief state of the art of hydrogen
generation by hydrolysis with magnesium is shown. The hydrolysis performance of
Magnesium powder ball–milled along with different additives (graphite and transition
metals TM = Ni, Fe, and Al) is taken for comparison. The best performance was observed
with Mg–10 wt.% g mixtures (95% of theoretical hydrogen generation yield in about 3 min).
An efficient solution to control this hydrolysis reaction is proposed to produce hydrogen on
demand and to feed a PEM fuel cell. Tests on a bench fitted with a 100 W Proton Exchange
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Membrane (PEM) fuel cell have demonstrated the technological potential of this solution for
electric assistance applications in the field of light mobility.
Keywords
Hydrogen generation; Mg-based materials; hydrolysis reaction; command law; PEMFC; green
mobility applications

1. Introduction
Many experts see the future of mobility on hydrogen use (H 2). Due to its modularity (it can be
used in combustion engines or via a fuel cell), high conversion energy (three times that of
hydrocarbons), and harmless nature (none to very low emission of CO2 and particulate matter),
hydrogen is a promising candidate for chemical energy storage. However, the development of
hydrogen use in the public domain currently raises the question of its production and storage. In
many countries, the required infrastructure for production, transport, storage, and distribution
does not exist and would be difficult to achieve. Large scale development of hydrogen for
application in mobility is thus slowed down due to low availability. Moreover, accessible hydrogen
is mainly produced by hydrocarbon reforming, which leads to significant emission of CO 2. The
work presented in this paper is thus a contribution to improving the accessibility of hydrogen for
production, storage, and use. The photocatalysis or equivalent methods are intensively studied
and shows interesting results [1, 2]. Also, many studies have been performed on sodium
borohydride, NaBH4, or lithium borohydride, LiBH4, to examine its potential to store and release H2
gas [3-10]. This paper proposes a different approach to produce, store, and release H 2 gas
simultaneously, through production on demand. The proposed solution is new, cost-efficient, and
safe. The “on-demand hydrogen production” concept is based on water hydrolysis using a mixture
of magnesium powder and electronically controlled within a specially designed reactor. Many
studies focused on magnesium alloys or aluminum alloys for water hydrolysis, [11-14] given the
abundance of the reagents, and the large amount of energy produced by the chemical reaction. In
this study, magnesium was preferable over aluminum because of its lower cost. Thus, the “ondemand hydrogen production” concept developed in this paper seems to be a highly attractive
solution to increase autonomy not only for green mobility but also for a range of power systems.
Among fuel cell technologies, PEM is of particular interest because it works at low temperatures
with a quick start-up time and offers good power to weight ratio. These characteristics make PEM
fuel cell suitable for light mobility application, and thus coupled with the system presented here.
Such advantages also encourage studies aimed to improve PEM performance [15, 16]. It involves,
for instance, increasing the operating temperature (diminishes the sensitivity of electrodes to
impurities (carbon monoxide), reduces toxicity, and enhances reaction kinetics), improving the
proton conductivity of the electrolyte for better efficiency, or even designing smart electrodes to
get rid of expensive catalyst (Platinum) [17-19].
Some of the chemical aspects of water hydrolysis with magnesium show the potential of
transition metals (TM = Ni, Fe, and Al) and oxide additives to improve hydrolysis performance. The
solution proposed by the authors using carbon (graphite and carbon fibers) as additives is
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presented here. This mixture is used to “produce hydrogen on-demand” in a specially designed
reactor. The reactor is extensively controlled to fill a PEM fuel cell. The efficiency of the control to
maintain a constant hydrogen pressure inside a buffer tank located upstream of the fuel cell
demonstrates its promising performance in an electrically assisted bike.
2. Hydrogen Production Using Magnesium: State of the Art and a New Solution
This section recalls some results concerning the hydrolysis of water using magnesium and
proposes new results in hydrogen production.
2.1 A Review of Pure Magnesium for Hydrolysis
Magnesium is the 7th most abundant element on earth, mainly in the form of carbonates or
chlorides. Due to this abundance, it is preferable for hydrogen production. It also has other highly
relevant properties. It is cost-effective (around 2.1 €/kg), and has a high mass capacity for
hydrogen storage (7.6 wt.%) in the form of magnesium hydride (MgH 2). Magnesium hydride has
the highest energy density (9 MJ/kg Mg) among all hydrides. It also has one of the weakest volume
capacities of all hydrides (108 kg/m3), greater than that of liquid hydrogen (71 kg/m3) [20-22].
The reaction of magnesium (Mg) with water produces pure hydrogen according to the
following chemical equation:
Mg + 2 H2O = Mg(OH)2 + H2

ΔrH° = –354 kJ.mol–1

(1)

The thermodynamic diagram E versus pH, also known as Pourbaix diagrams (see Figure 1) [1921], is used to explain the water hydrolysis reaction with magnesium metal, viewed as a corrosion
process. The standard potential for the Mg2+/Mg redox couple E°(Mg2+/Mg) is –2.37 V/ESH
(corresponding to standard free energy ΔrG° = –457 kJ.mol–1). It is well below E° (H2/H2O) that is
close to –0.42 V/ESH (at pH = 7). From these comments, it is evident that the global reaction (1)
depicts a “local” electrochemical cell that undergoes the following redox and acid-base reactions:
Magnesium oxidation: Mg = Mg2+ + 2 eWater auto-protolysis: 2 H2O = 2 OH- + 2 H+
Magnesium hydroxide formation: Mg2+ + 2 OH- = Mg(OH)2
Water reduction (di-hydrogen production): 2H+ + 2e- = H2

(2)
(3)
(4)
(5)

Figure 1 E vs. pH for magnesium species and water [23].
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The hydrolysis reaction of MgH2 has the mass yield of hydrogen close to 6.4% if the mass of
water in the reaction is under consideration, and 15.2% if not. Moreover, this reaction produces
solid magnesium hydroxide Mg(OH)2. This is an advantage as Mg(OH)2 is harmless. These yields fall
with metallic Mg. They reach 3.3%, taking into account water in the computation, or 8.2% without
taking water into account. The electrolyte reaction is indeed quickly interrupted by a passive layer
of magnesium hydroxide formed at the surface of magnesium or its hydride.
Figure 2 shows an increase in the scientific studies published between 1897 and 2018 on the
production of hydrogen upon hydrolysis with magnesium and its hydride. It demonstrates that
hydrogen production using hydrolysis with magnesium has experienced a renewal of interest in
recent years, although this reaction was well known for a long time. Most of the published works
deal with solutions to overcome the passivation problem, as previously mentioned. The solutions
cited are as follows:
(i) increasing the water temperature to enhance the hydrolysis rate of Mg-H;
(ii) using additives during hydrolysis as ion exchangers or buffering agents to delay the
formation of the passive layer (Mg(OH)2);
(iii) using doping additives and mechanical grinding for exfoliation of the hydroxide layer, thus
creating numerous surface defects.
In this study, the last two classes of solutions were investigated.

Figure 2 Number of scientific articles dedicated to the hydrolysis reaction of
magnesium in the period 1897–2018. Source: SciFinder, a CAS Solution. [database].
American Chemical Society 2019.
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2.2 Analysis of the Effects of Chemical and Mechanical Parameters
Material grinding decreases the particle size, and thus increases the contact surface between
the resulting powder and water [24], thereby improving the reaction efficiency: after 30 min, the
hydrolysis reaction yield for MgH2 increases from 8% for the un-milled hydride to 33% with a
powder obtained after 3-hour grinding. However, with a 5-hour grinding, the reaction yield drops
to 24% [25]. Two phenomena explain this decrease as the grinding time increases:
(i) welding of the grains, leading to a reduction in the reaction surface;
(ii) powder surface oxidation of the powder [25, 26].
It must be noted that the crushing of pure magnesium has no impact on the hydrolysis kinetics
in pure water, as the specific surface remains almost the same. This is different for the hydride, as
it is more fragile [26, 27]. Another advantage of grinding is the creation of surface defects that are
assumed to have a positive impact on the exfoliation of the hydroxide layer.
2.3 Effect of Additives
Specific additives improved magnesium hydrolysis reaction performance. In has been shown in
the literature [27, 28] that the reaction of an MgH2/Ca mixture (with 20at.% Ca) undergoes a 75%
conversion after 30 min. In comparison with MgH2 milled alone, this highlights a real increase in
the volume of H2 produced. When salts are added during grinding (LiCl, NaCl, MgCl 2, KCl, NiCl2,
AlCl3, FeCl3) [28, 29], the efficiency and the kinetics of the reaction can be significantly improved.
Cold welding phenomena can indeed be prevented, thanks to the chlorides that produce more
defects, and a “clean” and fresh surface. For illustration, a hydrolysis yield of 98% can be obtained
after 2 min using an Mg-10% FeCl3 mixture [30]. The authors [31] explained that the metal reduced
to M0 during the grinding process as a result of the replacement reaction between Mg and the
chlorides. During hydrolysis, an electrochemical interaction (a local galvanic cell) [32-36] occurs
between metallic elements in the presence of Mg in the alkaline medium, which plays a crucial
role in the reaction efficiency improvement.
In such a context, it has been shown that mixtures with transition metals could be accelerated
to achieve the hydrolysis reaction. In an earlier study [26], it was shown that Mg-10%, along with
Ni composite, milled for 30 min produces the total theoretical hydrogen within 1 h, in a salt
solution. This is due to the presence of chloride ions, leading to the creation of a micro-galvanic
cell between dispersed Ni elements and Mg. A conducting solvent is required to create these
micro-galvanic cells, which explains the fact that no effects showed up with transition metals in
pure water. It is also necessary for the aided reagent to be a good conductor of electrons. Due to
its band gap of 5 eV, this is not the case for magnesium hydride, as the corrosion and galvanization
processes are quickly interrupted.
2.4 Proposed Mixture
In this work, another additive was tested following the results cited in the previous sections, in
terms of preparation and solution for the reaction. The mixture consisted of a ball-milled Mg
powder with carbon additive, and the hydrolysis reaction accomplished with an aqueous solution
containing NaCl. Figure 3 gives the hydrolysis reaction conversion ratio as a function of time to
compare the reactions conducted using different additives, as mentioned in the previous section.
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It shows that Mg–10 wt.% carbon in aqueous solution, along with 3.5 wt.% of NaCl, gives a better
hydrolysis reaction performance than those previously proposed in the literature [25]. For Mg–10
wt.% C (Graphite (G) or Carbon fibers (CFs)), the hydrogen generation reaches 45% of the
theoretical value after 30 s. The highest fraction of hydrogen is produced in the first few minutes,
with a conversion ratio close to 80% after 4 min (and even a full conversion after 6 to 7 min). In
comparison, a mixture with Fe and Ni needs 30 min to release 81 and 97% of the theoretical
hydrogen yield, respectively. From Figure 3, it is clear that Mg–10 wt.% Ni shows better hydrolysis
performance. It suggests that the nature of the transition metals, and not just the morphological
aspect of the grains, affect the overall hydrogen yield and reaction rate.
Beyond yield and reaction rate considerations, the proposed solution has the advantage of not
generating impurities, as residues consist only of innocuous materials. In fact, the solution also
retains the advantages of hydrogen production by water hydrolysis with magnesium, as it is free of
CO2 and particulate emission.

Figure 3 Evolution of the hydrogen conversion ratio versus time, with powders Mg
without additive and Mg–10 wt.% X (X = G, CFs (Carbon Fibers), Ni, Fe) in an aqueous
solution containing 3.5 wt.% NaCl.
The efficiency of the proposed powdered mixture can be explained using Figure 4. The
hydrolysis rate and reaction yield increase significantly in the presence of a salt. This is shown in
an earlier study [26]. Due to the chloride ions in the reaction medium (a saline solution), the
hydrolysis reaction of the mixture Mg/Ni 10wt.% is almost complete. The conversion efficiency
from Mg to Mg(OH)2 (and H2) increases in a chloride solution. This is due to the destabilization of
magnesium hydroxide (Mg(OH)2) passivation layer by chloride ions, Cl- [24, 25]. Indeed,
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magnesium chloride MgCl2 is formed by the substitution of Cl- ions instead of OH-. MgCl2 salt is
more soluble in water than Mg(OH)2. As a result, at the grain surface, there is local destruction of
the passivation layer, as illustrated in Figure 4. Also, the hydrolysis reaction performance of the
magnesium hydride, MgH2, is enhanced by reducing the pH of the reaction medium, for instance,
by increasing the acid concentration [25, 26]. In an acidic medium (pH close to 1), complete
conversion occurs within 100 s. The hydrolysis reaction thus possesses high kinetics. Due to the
kinetic factor and the substitution reaction previously described, the solution containing the
hydroxide ions are neutralized by the protons in the acid medium.

Figure 4 Schematic analysis of the impact of chloride ions on the Hydrolysis reaction.
2.5 Investigation of Magnesium Alloy Wastes for Hydrogen Production
Currently, the recycling of alloy wastes to secondary ingot concerns only high purity magnesium
(Classes 1 and 2). More than half of the Mg wastes (Classes 3 to 8, i.e., low-grade alloys) are not
recycled as it is not economically viable [36-38]. However, it was shown recently [39-41] that these
alloys (Classes 1 to 8) produce hydrogen through hydrolysis using a 3.5 mass% aqueous solution of
NaCl. The reaction is catalyzed using a platinum-coated titanium net (namely, Ti-Pt) [39-41] and
304 stainless steel [36]. The energy required to recycle the Mg alloy into the secondary ingot (see
Figure 5) is between 7.2 to 14.2 MJ/kg. This is greater than the energy required to produce
hydrogen from Mg waste evaluated to be 3.9 MJ/kg [36], for instance, for the insertion of the
catalyst. As a consequence, using Mg waste to produce hydrogen is thus economically viable. The
conversion efficiency and kinetics of the hydrolysis reaction can be improved using citric acid [42,
43]. Consequently, citric acid added to fresh seawater can be used to achieve the total reactivity of
the magnesium. As the yield and rate of H2 production are significantly increased with citric acid,
no catalyst is required [44-47].
Besides, the authors are presently working on Mg waste recycling for hydrogen production, in
an attempt to adapt the formulation proposed in Section 2.4 to achieve large yields and rate
reactions.
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Figure 5 Pictures of (a) Mg alloy wastes, (b) Mg alloys recycled for hydrogen
production, (c) recycled alloy with Ti-Pt catalyst [33].
3. Generator for Hydrogen Reaction
3.1 Description of the Hydrogen Production System
Relation (1) delineates a spontaneous and complete reaction (if the preparation is done
according to the description in Section 2.4 [48, 49]). It stops only upon complete consumption of
one of the two reagents (magnesium or water). In order to avoid using a storage tank in electrical
applications when fed with a PEM fuel cell, the best solution is to produce hydrogen on demand,
while the PEM fuel cell produces electricity [50]. An instrumental reactor was thus designed to
control the reaction kinetics. A sectional view of this reactor is shown in Figure 6. The water tank
contains an immersed peristaltic pump. Such a pump permits water flow proportional to the
control voltage applied to the motor driver and makes easier the synthesis of kinetic control law
design. The magnesium-based powder is inside the removal capsule, and the water is contained
in the compartmental tank. Reaction (1) highlights that a stoichiometry ratio of 1.5 is needed
between the mass of magnesium powder and that of water. Magnesium powder is sprayed with
water that flows through the nozzle. Hydrogen is then produced and flows into the water tank
via a non-return valve. The produced hydrogen cools and is temporarily stored in the tank
(that acts as a buffer volume), thus leading to the partial condensation of the water vapor
contained in the hydrogen. Heat-pipe cooling system mounted on the reactor permits the
thermal management of the exothermic reaction (1). Such a system limits the temperature rise
during the test to a maximum of 5 °C. The temperature of the reaction chamber is monitored and
measured using a PT1000 probe. The reactor is fitted with sensors that measure the tank and
the reaction chamber pressures. Two safety valves ensure the security of the reactor.
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Figure 6 Sectional view of the reactor designed for hydrogen production on demand.
3.2 Non-Supervised Testing
As a preliminary test, an open-loop control voltage was applied to the peristaltic pump of the
H2 production system described in the previous sub-section. The test was done with a capsule
holding 10 g of magnesium powder. Figure 7 shows the voltage control signal applied to the pump,
along with the resulting hydrogen pressure inside the reactor. This figure shows that the amount
of hydrogen produced by the reactor is directly proportional to the amount of injected water.
Upon stopping the pump and total consumption by the reaction, the hydrogen pressure inside the
tank remains constant, and the hydrolysis reaction stops. Upon successive injection of water, the
reaction restarts, and the pressure increases.

Figure 7 Voltage control signal applied to the pump (bottom green) and resulting
pressure variation (top blue).
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As:
- the flow of injected water is proportional to the pump driver control voltage,
- the reaction stoichiometry is imposed by reaction (1),
it is possible (i) to compute the amount of magnesium left unconsumed inside the capsule, and
then (ii) to create a complete reaction gauge.
4. Controlled Hydrogen Production
4.1 Description of the Test Bench
The reactor described in Section 3 is included in the test bench, as shown in Figure 8. This
bench is fitted with a 100W PEM type fuel cell. To be operational in a fuel cell, the pressure in the
hydrogen produced is regulated to 1.6 bars. A resistor that acts as a load is connected to the fuel
cell via an electronic switch controlled in PWM mode by the bench supervisor. A flow meter is
connected to the output of the reactor to measure the flow of the hydrogen produced. The
pressure and temperature inside the reactor are measured by the bench supervisor, along with
the values of current and voltage at the load terminals. The supervisor also controls several safety
devices and informs the operator when the reaction of magnesium inside the reactor is complete.
Another role of the bench supervisor is to control the hydrolysis reaction kinetics to regulate the
time evolution of hydrogen pressure inside the reactor P (t). This control is carried out by the
regulation of water that flows through the reactor by varying the pump driver voltage V (t). The
control loop that maintains the pressure at the reference value Pref (t) is represented in Figure 9.

Description

Reactor

Pressure
reducer

Bench
supervisor

Flow
meter

Load

Fuel
cell

Fuel cell
controller

Figure 8 Test bench designed on which a 100W PEMFC fuel cell (right) and the
hydrogen reactor (left) are mounted.
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Figure 9 Pressure control loop associated to the reactor.
4.2 Analysis of the Dynamic Behavior of the Pressure Control Loop
The design of a controller requires the dynamic behavior characterization of the system to be
controlled. For the reactor pressure regulation by the control of water flow, the dynamic system
that links the pump driver voltage V (t) to the reactor pressure P (t) must be calculated. To achieve
this goal, limited-duration step input voltages are applied to the pump driver to excite the system.
Figure 7 shows the resulting pressure variations and reveals a slightly non-linear system. Whatever
the operating temperature and pressure, the pressure variations are comparable, despite the
different step durations. The system can thus be represented as a linear model, whose transfer
function is denoted by H(s), where s is the Laplace variable. From Figure 10 that portrays several
parts of the curves in Figure 7, it is concluded that the pressure evolves with a transport delay
compared to the variation in the pump voltage (part 1). The pressure response exhibits a quasilinear rise (in part 2) and shows a long memory relaxation on stopping the pump (part 3).
According to this analysis, it is proposed to use the transfer function H (s) defined by:

(6)
as a dynamic model of the system. In relation (6), T (sec) denotes the model time delay, Ki (bars/V),
where i is an integer with values 1, 2, or 3 that are model gains, and i (sec) represents model time
constants.
From the time responses in Figure 10, numerical values of the parameters T, Ki, and i (sec) are
evaluated for various operating pressures using a non-linear optimization algorithm. Criterion
associated with this problem aims at minimizing the time response differences between the model
output and the recorded data, inputs being the limited duration steps in Figure 10. Such an
optimization problem solved at various operating pressures permits the following inequalities:
3.8929 × 10 -3 ≤ K1 ≤ 1.9609 × 10 -2
1.1188 × 10 -1 ≤ K2 ≤ 1.0061 × 10 2
1.1142 × 10 1 ≤ K3 ≤ 1.4938 × 10 2
4.4598 ≤ τ1 ≤ 7.4150 × 10 1
1.7927 × 10 1 ≤ τ2 ≤ 2.2138 × 10 4
1.7927 × 10 1 ≤ τ3 ≤ 7.3709 × 10 4
1s ≤ T ≤ 9s

(7)
(8)
(9)
(10)
(11)
(12)
(13)
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Figure 10 shows the comparison between the system and the model pressure responses. This
figure demonstrates that the dynamic behavior of the system is well fitted using the model
described by relation (6), and the associated parameter values (relations (7) to (13)).
Upon dynamic characterization, a switch-like controller was designed and applied in the control
loop, as in Figure 9.

Figure 10 Comparisons of the reactor internal pressure variations with the model
responses for various operating conditions: (a) from 0.7 bar to 1.2 bar, (b) from 1.3 bar
to 2.1 bar, (c) from 2.1 bar to 3 bar, (d) from 3 bar to 4.5 bar.
4.3 System Behavior in Real Operation
The behavior of the pressure regulation loop is analyzed in this sub-section. A test was
conducted using 15 g of magnesium powder, and the pressure reference was taken to be 2.5 bars.
Pressure variations within the reactor versus time were recorded and represented in Figure 11. In
Figure 11, the electrical power generated by the fuel cell and the control voltage applied to the
pump driver are also represented. In this figure, one can see that the pressure control loop started
approximately at 25 s. To increase the pressure within the reactor rapidly (around 50 mbar/s), the
maximum voltage was applied to the pump initially. The reference pressure was obtained at time t
= 100 s. The pump control voltage was then forced to zero by the control loop, and the hydrogen
pressure remained stable without consumption.
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As shown in Figure 11, upon initiation, a strong purge was applied to the fuel cell (by the fuel
cell management unit) at time t = 190 s. The purge created a decrease in the pressure inside the
reactor that was rapidly compensated by the pressure control loop. During fuel cell operation, the
management unit generates periodic purges and short circuits (every 5 s alternatively). As shown
in Figure 11, for the time interval [200–280], pressure control is not affected by these disturbances.
A variable load is applied to the fuel cell for the time interval [280–650]. It is noticed that an
increased load on the fuel cell implies a rise in the amount of hydrogen consumed, yet the
pressure remained almost constant throughout. This demonstrates the efficiency of the hydrogen
pressure control strategy. At times 380 s and 500 s, when the load was reduced, there occurred a
pressure overshoot. This behavior is a consequence of a rapid decrease in the hydrogen demand
and can be explained by the excess of water in the reactor since it is not possible to withdraw the
injected water.
At time t = 630 s, the pump control voltage had its maximal value, but the temperature in the
reactor was decreasing. It means that all the powder is consumed. The pump control voltage was
then forced two more times at 730 s and 780 s to check the progress of the reaction, thus
confirmed by the constant decrease in pressure. In Figure 12, the electrical power signal is noisy.
This is the result of the periodic short circuits and purges imposed on the fuel cell by its
management unit.

Figure 11 Closed-loop control of the reactor: control voltage applied to the pump (upgreen) and resulting pressure variation inside the reactor (up – blue), electrical power
produced by the fuel cell (down).
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Figure 12 Closed-loop control of the reactor: hydrogen flow produced by the reactor
during the test (a) and zoomed on the first 400 s (b).
Several other tests were done on the testing bench, leading to promising results. It was thus
decided to mount the reactor and its control system on an electric bike prototype. This bike was
presented at the Intelligent Transport System (ITS) World Congress, designed by a team of the
Bordeaux Institute of Technology. The bike provides electric power assistance proportional to the
mechanical power exerted by the cyclist. To this end, special pedals that permit the measurement
of pedaling effort were designed. On this bike prototype, shown in Figure 13, the electric power is
produced by a 100 W fuel cell.

Figure 13 Fuel cell and control kit (up) installed on the bike prototype (down).
5. Conclusion
In this work, a solution to produce hydrogen on demand upon water hydrolysis using
magnesium powder was presented. It involves a reactor whose internal pressure is adjusted by
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controlling the hydrolysis reaction. The control is achieved using an instrumental reactor that
maintains a constant hydrogen pressure inside a buffer tank, located upstream of the fuel cell.
This system permits a satisfactory supply to the fuel cell despite the large and abrupt variations in
the electric load. A very efficient and environmentally safe powdered mixture was found (Mg–10
wt.% G) to be used as a combustible. The hydrolysis reaction associated with the designed reactor
thus solves the twofold problem of production and storage encountered in green mobility
applications. The reasons that could limit the deployment of the solution presented in the paper
are the cost of the material used for hydrolysis (Mg), and the heat produced during the reaction.
Regarding the cost, the authors are currently seeking to use scraps of magnesium alloy and other
compounds. Regarding the heat produced, the authors are looking for solutions to improve
dissipation or use it for energy requirements.
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