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Abstract: Water is a potential green source for the generation of clean elemental hydrogen without
contaminants. One of the most convenient methods for hydrogen generation is based on the oxidation
of different metals by water. The inspection of the catalytic activity toward hydrogen formation from
water performed in this study was carried out using four different metals, namely, zinc, magnesium,
iron, and manganese. The process is catalyzed by in situ-generated nickel nanoparticles. The
zinc–water system was found to be the most effective and exhibited 94% conversion in 4 h. The
solid phase in the latter system was characterized by PXRD and SEM techniques. Several blank
tests provided a fundamental understanding of the role of each constituent within the system, and
a molecular mechanism for the catalytic cycle was proposed.
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1. Introduction

The combustion of fossil fuels releases a multitude of pollutants, including greenhouse
gases, into the atmosphere, which is the primary driver of global air pollution and climate
change [1,2]. This environmental impact has spurred a global interest in alternative energy
sources that can mitigate these effects. Hydrogen gas has gained significant attention as
an alternative energy carrier, due to its high energy conversion efficiency and the clean
nature of its combustion products [3]. However, the direct utilization of hydrogen faces
significant challenges, including cost considerations, safety concerns, and transportation
issues, primarily because of its low density and high risk of explosion [4,5]. To address
these issues, the in situ generation of hydrogen has attracted more attention in recent years.
Hydrogen can be generated using three methods: biological [6,7], electrochemical [8,9], and
chemical [10,11]. The chemical method is more promising when compared to the biological
and electrochemical methods, which are inefficient and costly, respectively.

The chemical approach offers advantages such as safety in handling and ease of
transport. It involves utilizing various hydrogen carriers capable of efficiently releasing
hydrogen under controlled conditions. Examples of substances that have been advocated
for as hydrogen donors are formate salts [12–14], formic acid [15,16], metal hydrides [17,18],
saturated hydrocarbons [19,20], hypophosphites [21,22], and water [23,24]. Among the
various hydrogen carriers, water emerges as the most promising candidate for a hydrogen
source. This distinction arises from its significant hydrogen content and its safe and eco-
friendly nature. [25]. Two approaches exist for generating hydrogen from water. The
first is water splitting, with one type involving a photocatalyst. While environmentally
friendly, this approach suffers from high energy consumption and low efficiency, limiting its
commercial feasibility [11]. Another advanced method utilizes solar-driven thermochemical
redox cycles, harnessing concentrated solar radiation from sources like solar towers and
parabolic dishes, achieving high solar-to-fuel energy conversion efficiency [26,27]. The
second method involves reacting water with a reducing agent, typically a metal, in which
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hydrogen and an oxidized material (metal) are formed (Equation (1)). Typical metals used
in this reaction are alkali metals, aluminum [23,28], zinc [29] and magnesium [30].

metal + H2O → oxidized metal + H2 (1)

In this process, water molecules penetrate the metal cores, initiating an oxidation
reaction that yields oxidized metal and pure hydrogen gas. Nevertheless, the process is not
straightforward, as it involves encountering several challenges. For instance, in the case of
aluminum, using an alkaline environment or milling the metal with salt have been reported
as methods to address the thin oxide layer on the aluminum surface [23,31,32]. Additional
challenges for other metals include the requirement to accelerate the process and to activate
the metal. This is resolved by doping with additional metals, which serve as catalysts for
the reaction [33]. The current trend in the transition metal catalysis process is the growing
use of metals that are of lower price than platinum, palladium, and rhodium, although the
noble metals are still widely used. It has been reported that nickel, separately or blended
with a promoter, was found to be superior to these metals [34]. The preparation and
activation of unsupported nickel catalysts have been studied by several researchers [34,35].

Herein, our research focuses on the evolution of hydrogen from the reaction between
water and different metals in a neutral environment, catalyzed by in situ-generated nanopar-
ticles of nickel. One of the key advantages of our approach is the production of a catalyst in
situ, eliminating the need for prior catalyst preparation and recycling. Furthermore, unlike
heterogeneous catalysts, which can suffer from decreased catalytic activity over time, our
method ensures no actual damage to the catalytic activity. Additionally, we use a catalytic
amount of nickel, a cost-effective alternative to expensive noble metals. Our evaluation
of the metal with the highest rate of hydrogen generation among zinc, iron, magnesium,
and manganese is part of our study’s comprehensive comparative analysis of different
metals. This unique contribution is not found in the existing literature. Additionally,
we conducted targeted experiments and employed several characterization methods to
clarify the role of each component in the system. This approach led to the deduction of
an overall mechanism for the process. Overall, our findings contribute significantly to the
development of sustainable and efficient hydrogen production methods, which are crucial
for transitioning to a cleaner and greener energy landscape.

2. Materials and Methods

In a typical hydrogen generation experiment, 0.15 mol of powdered metal (9.8 g Zn,
3.6 g Mg, 8.4 g Fe, and 8.2 g Mn), 0.05 g NiCl2, and 20 mL deionized water were placed in
a round-bottomed flask that was connected to a reflux system in which ice water flowed,
and the latter was connected to a flow-meter system that monitored the volume of hydrogen
emitted (Figure 1). The reaction mixture was stirred at a rate of 1000 rpm, at 60 ◦C, for 24 h.
The metals tested were zinc, magnesium, iron, and manganese. When the reaction was
completed, the reaction mixture was centrifuged, and the solid phase was dried for 3 h at
70 ◦C and characterized by PXRD (X-Ray Powder Diffractometer D8 Advance, Bruker AXS,
Karlsruhe, Germany) and SEM (Analytical High Resolution Scanning Electron Microscope
Apreo 2S, Thermo Fisher Scientific, Waltham, MA, USA).

To assess the catalytic activity of the various systems tested, we compared their
respective conversion percentages. Percentage conversion quantifies the extent to which
reactants transform into products during the reaction, providing insights into catalytic
efficiency. This calculation follows the formula presented in Equation (2), where n(r)0 is
the initial reactant mole introduced into the system and n(r)end is the mole of the reactant
remaining at the end of the process.

% Conversion =
n(r)0 − n(r)end

n(r)0
× 100% (2)
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3. Results and Discussion
3.1. Hydrogen Generation

Water is an excellent source of hydrogen as it is a green liquid, environmentally
friendly, and abundant. The most common method currently used to produce hydrogen
from water is by a water-splitting reaction (electrolysis), which uses a photocatalyst. Be-
sides the high energy consumption of this method, very low amounts of hydrogen are
obtained. For this reason, we examined the alternative way to produce hydrogen from
water, that is, by reacting water with a reducing metal (Equation (1)). In this study, we
followed the generation of hydrogen using different reducing metals (i.e., Zn, Mg, Fe,
and Mn), and by adding nickel chloride, which turns into nickel nanoparticles that are
formed in situ in the system and functions as a catalyst for the hydrogen production
process. Both the metals that reduce the water and the nickel catalyst are non-noble
metals. While non-noble metals may have lower resistance to oxidation and corrosion,
they offer cost advantages and find widespread applications in various industries, par-
ticularly as catalysts in chemical reactions and hydrogen generation processes. The hy-
drogen release activity of all metal–water systems was performed under the same con-
ditions. Figure 2 demonstrates the reaction profiles for all four systems, as determined
by measuring the volume of hydrogen produced using a flow-meter system, as well
as the conversions. It is apparent that the zinc–water system demonstrates remarkable
activity. It reaches 94% conversion in about 4 h, while the magnesium–water system
reaches 32% conversion, but the value does not stabilize even after 24 h, which means that
a longer reaction time could enable the system to reach a higher % conversion. It can also
be seen that the iron–water and manganese–water systems are inefficient, they reached
only 8% and 14% conversion, respectively, when the reaction utterly stopped after 4 h.

In this system, the addition of nickel chloride to the system results in the in situ forma-
tion of catalytic nickel nanoparticles, which are formed by the reduction of the nickel ions
by the metal. In order to examine the catalytic efficiency of the nickel nanoparticles that are
formed, we performed blank experiments with and without nickel chloride. Table 1 shows
the results obtained. It can be seen that the nickel particles act as a catalyst for all four
systems. That is, for the zinc–water, iron–water, and manganese–water systems, no hydro-
gen is formed at all without the addition of nickel chloride, and for the magnesium–water
system there is a 26% improvement in conversion when nickel chloride is added. For the
zinc–water system, it is seen that the addition of nickel chloride causes the reaction to occur
under moderate conditions and reach almost complete conversion.
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Figure 2. Kinetic profiles of the hydrogen generation from different metal–water systems at 60 ◦C.

Table 1. Hydrogen generation conversion with or without the addition of NiCl2 to different
metal–water systems at 60 ◦C.

Metal % Conversion with NiCl2 % Conversion without NiCl2

Zn 94 0
Mg 32 6
Fe 8 0
Mn 14 0

The intrinsic catalytic activity is attributed to the diversity of metals, and, practi-
cally, this activity depends on the mass of the metal. Consequently, we investigated how
variations in metal and catalyst amounts impact the conversion percentage of our most
successful system, which comprises zinc, water, and nickel chloride. The results in Table 2
demonstrate the essential roles of nickel chloride and zinc in the hydrogen production reac-
tion (entries 1 and 6). Notably, the presence of nickel significantly influences the conversion
rate, with an optimal amount observed at 0.05 g, as indicated by the negligible difference
between 0.05 g and 0.1 g in terms of conversion (entries 1–5). Moreover, increasing the
quantity of zinc leads to a notable increase in the conversion percentage, reaching up to 94%
at 9.8 g (entries 4, 6–9). However, a further increase in the zinc content to 13.1 g results in
a decrease in conversion, likely due to a reduced nickel chloride to zinc ratio. This de-
crease in conversion could be attributed to a decrease in available chloride ions for surface
cleaning of zinc, highlighting the catalytic nature of nickel chloride in the reaction.
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Table 2. % Conversion of hydrogen production obtained at 60 ◦C for 24 h using varying masses of
zinc and nickel.

Entry mZn (g) mNi (g) % Conversion

1 9.8 0 0
2 9.8 0.005 54
3 9.8 0.01 90
4 9.8 0.05 94
5 9.8 0.1 95
6 0 0.05 0
7 0.3 0.05 20
8 0.7 0.05 51
9 3.2 0.05 91
10 13.1 0.05 90

3.2. Mechanistic Study

In order to determine the role of each component in the system and to appraise the
molecular mechanism of the catalytic reaction, several characteristic tests of the solid phase
were executed before and after the reaction for the best catalytic system. Figure 3 presents
the XRD patterns of fresh zinc before the reaction and the solid phase after 24 h of the
reaction. For fresh Zn, there are six peaks, at ~36.3◦, ~39.02◦, ~43.24◦, ~54.34◦, ~70.12◦, and
~70.68◦, which indexed with hexagonal closed pack (HCP) structure of the Zn particles.
These peaks correspond to the facets (002), (100), (101), (102), (103), and (110), respectively,
proving that the Zn particles are composed of pure crystalline Zn. There is a minimal
percentage of zinc oxide, which is 5.2%, and, because of this, no characteristic peaks were
observed. For the solid mixture collected after 24 h of reaction, it can be seen that the
mixture contains 86.1% zinc hydroxide, which has four main characteristic peaks located
at ~20.20◦, ~20.94◦, ~27.22◦, and ~27.8◦. These peaks correspond to the (110), (101), (111),
and (201), respectively, of the crystal planes of ϵ-Zn(OH)2 (Wulfingite, ICSD #50447). In
addition, it can be seen that the percentage of zinc oxide has not changed, so it can be
concluded that it is not created or consumed in this system.

Hydrogen 2024, 5, FOR PEER REVIEW 5 
 

This decrease in conversion could be a ributed to a decrease in available chloride ions for 
surface cleaning of zinc, highlighting the catalytic nature of nickel chloride in the reaction. 

Table 2. %Conversion of hydrogen production obtained at 60 °C for 24 h using varying masses of 
zinc and nickel. 

Entry 풎퐙퐧 (g) 풎퐍퐢 (g) % Conversion 
1 9.8 0 0 
2 9.8 0.005 54 
3 9.8 0.01 90 
4 9.8 0.05 94 
5 9.8 0.1 95 
6 0 0.05 0 
7 0.3 0.05 20 
8 0.7 0.05 51 
9 3.2 0.05 91 

10 13.1 0.05 90 

3.2. Mechanistic Study 
In order to determine the role of each component in the system and to appraise the 

molecular mechanism of the catalytic reaction, several characteristic tests of the solid 
phase were executed before and after the reaction for the best catalytic system. Figure 3 
presents the XRD pa erns of fresh zinc before the reaction and the solid phase after 24 h 
of the reaction. For fresh Zn, there are six peaks, at ~36.3°, ~39.02°, ~43.24°, ~54.34°, ~70.12°, 
and ~70.68°, which indexed with hexagonal closed pack (HCP) structure of the Zn parti-
cles. These peaks correspond to the facets (002), (100), (101), (102), (103), and (110), respec-
tively, proving that the Zn particles are composed of pure crystalline Zn. There is a mini-
mal percentage of zinc oxide, which is 5.2%, and, because of this, no characteristic peaks 
were observed. For the solid mixture collected after 24 h of reaction, it can be seen that the 
mixture contains 86.1% zinc hydroxide, which has four main characteristic peaks located 
at ~20.20°, ~20.94°, ~27.22°, and ~27.8°. These peaks correspond to the (110), (101), (111), 
and (201), respectively, of the crystal planes of ϵ-Zn(OH)2 (Wulfingite, ICSD #50447). In 
addition, it can be seen that the percentage of zinc oxide has not changed, so it can be 
concluded that it is not created or consumed in this system. 

 
Figure 3. PXRD patterns of fresh zinc before reaction (black) and of the reaction mixture after 24 h of
reaction (red).

Figure 4 shows SEM imaging of the solid phase of the reaction at three different points,
i.e., fresh zinc before the reaction, after 12 h, and after 24 h. The zinc particles before the
reaction have a spherical morphology with a size distribution of hundreds of nanometers
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to ten microns Figure 4A-1,A-2. In the solid phase after 12 h of reaction, a change is
clearly observed in the surface morphology of the particles. In Figure 4B-1 one can see
that there are exposed zinc particles that did not react, and some are almost completely
covered with a crystalline layer that characterizes zinc hydroxide. In the higher-resolution
image, the crystalline morphology of zinc hydroxide can be seen in a more focused manner
Figure 4B-2. After 24 h, the solid phase has a “broken” crystal morphology that belongs to
zinc hydroxide Figure 4C-1,C-2. There is probably a small amount of zinc particles that
have not reacted and were buried under the hydroxide surface.
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It can be seen that the reaction manages to occur almost completely, even though
zinc hydroxide is formed which blocks the surface of the zinc particles. It is assumed that
the chloride ions are responsible for scrubbing the surface of the zinc particles. To verify
this assumption, the activity of three systems was compared: zinc + water alone, zinc +
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water + nickel chloride, and zinc + water + Raney-nickel. The system with zinc and water
alone showed no reaction, while the addition of nickel chloride led to a significant 94%
conversion. In contrast, using Raney-nickel, a commercial nickel catalyst devoid of chloride
ions, resulted in only 31% conversion. This is substantial proof that chloride ions are indeed
responsible for cleaning the hydroxide layer formed during the reaction. In order to remove
the “blocked” surface after zinc hydroxide is formed a small amount of chloride is sufficient,
because there is no need for complete hydroxide removal. It is enough to create tunnels in
which new water molecules can seep and be adsorbed to the zinc surface. Figure 5 presents
the course of action for cleaning the exterior of the zinc.
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Figure 5. Cleaning process of zinc surface by chloride anion.

Figure 5 reveals that in the first step water is adsorbed on the surface of the zinc and a
hydroxide layer is formed. The chloride ions present in the solution bring about an ion-
exchange reaction with the hydroxide ions. A putative Zn(OH)Cl(aq) species is formed. This
is a soluble intermediate, so this layer breaks down from the surface of the zinc. Chloride is
released into the solution and can return for another round of cleaning. In the solution, the
zinc ions encounter the hydroxide ions and precipitate to the bottom or/and to the surface
of the zinc. This mechanism is consistent with the SEM image obtained for sample B, where
one can see exposed zinc residues and areas filled with zinc hydroxide which covers the
surface of the zinc particles.

For the hydrogen generation process, the stage of catalysis in the in situ formation is
a reduction of nickel ions by elementary zinc (Equation (3)):

Zn(s) + Ni2+
(aq) → Zn2+

(aq) + Ni(s) (3)

In this process, atom-sized particles of nickel are formed. We visualize that some of
these are nanoparticles in solution, but, as time passes, they undergo aggregation because of
the absence of any stabilizing material. This postulation also explains the plateau obtained
in the hydrogen emission graph (Figure 2). It can be concluded that zinc has two functions:
reducing the nickel ions to create metal nanoparticles of nickel, and producing hydrogen
when it is combined with water. In fact, after the first stage, in which water molecules
are adsorbed to the surface of the zinc while zinc reduces the nickel ions, metal nickel
nanoparticles encounter the water molecules on the surface of the zinc and form nickel
hydride (Figure 6).
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Figure 6. Generation reaction of nickel hydride.

There is chemisorption of hydrogen on the surface of the nickel. This nickel hydride
exists in chemical equilibrium with metallic nickel and elementary hydrogen, where there
is a transition state in which molecular hydrogen is physically adsorbed to the nickel
(Equation (4)). The Ni-H species, being a transitional species, undergoes rapid decompo-
sition into nickel and hydrogen The metallic nickel is reconstructed and can continue to
release more elementary hydrogen.

2NiH(s) ⇌ 2Ni···H2 ⇌ 2Ni(s) + H2(g)
(4)

We further validated the essential role of nickel in this system by conducting exper-
iments using other chloride-containing salts with metals capable of forming hydrides,
specifically NaCl and MgCl2 (Table 3). Table 3 illustrates that, despite the presence of
chloride ions in sodium and magnesium chloride salts, the reaction did not proceed. There-
fore, it can be inferred that nickel is indispensable in this process, and the synergistic
combination of nickel and chloride is crucial for hydrogen release.

Table 3. Hydrogen generation conversion using different chloride-containing salts reacting with zinc
and water at 60 ◦C for 24 h.

Salt % Conversion

NaCl 3
MgCl2 0.8
NiCl2 94

Based on the experimental observations and characterizations, a putative catalytic
cycle is herewith proposed (Figure 7). In the first step, water molecules adsorb to the
surface of the zinc. At the same time, the reduction of nickel ions to metallic nickel by
zinc is taking place. In the following stage, the nickel nanoparticles arrive at the surface of
the zinc, where there are water molecules, and pick one hydrogen atom from each water
molecule. Nickel hydride is formed. This is actually an aggregation of nickel particles,
and, on some sites, there are chemisorbed hydrogen atoms on the surface of the nickel.
Then, elemental hydrogen is released from the nickel hydride intermediate. Meanwhile,
in order for the hydrogen generation to continue, it is important to clean parts of the zinc
hydroxide layer that is formed on the zinc surface, so that additional water molecules can
continue to be adsorbed. The chloride ions present in the solution perform an ion-exchange
reaction with the hydroxide ions. A water-soluble species of Zn(OH)Cl(aq) is formed, which
disintegrates from the surface of the zinc. The zinc ions meet the hydroxide ions in the
solution and sediment, in part, at the bottom of the solution, and, partly, on the surface of
the zinc. Chloride ions are restored and perform the cleaning process repeatedly.
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4. Conclusions

In conclusion, in this study, we advocate for the use of water as a source of hydrogen
gas. Hydrogen generation was tested while examining the activity of four different metals
as reducing agents, namely, zinc, magnesium, iron, and manganese. This process is
catalyzed by in situ-generated nickel nanoparticles. The zinc–water system was found
to be the most efficient for hydrogen production, which reached 94% conversion within
4 h. Based on this system, the role of each component was investigated and the catalytic
mechanism for this reaction was proposed. It was found that the nickel ions were reduced
in situ in the system by the metal to metallic nickel nanoparticles, which were used as
a catalyst for the production of hydrogen. In this reaction, water is adsorbed to the zinc
surface, nickel picks up hydrogen and releases it as elemental hydrogen, and zinc hydroxide
is formed. In addition, the chloride ions play a critical role in cleaning the zinc surface in
order to allow the reaction to proceed to completion. Consequently, we believe that these
findings will encourage further research that will use water as a green hydrogen source
combined with cheap metals under mild conditions.
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