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Abstract: Hydrogen has universally been considered a reliable source of future clean energy. Its
energy conversion, processing, transportation, and storage are techno-economically promising for
sustainable energy. This study attempts to maximize the production of H2 energy using nanocatalysts
from waste aluminum chips, an abundant metal that is considered a potential storage tank of H2

energy with high energy density. The present study indicates that the use of waste aluminum
chips in the production of H2 gas will be free of cost since the reaction by-product, Al2O3, is
denser and can be sold at a higher price than the raw materials, which makes the production
cost more efficient and feasible. The current framework investigates seven different copper oxide-
based graphene nanocomposites that are synthesized by utilizing green methods and that are well-
characterized in terms of their structural, morphological, and surface properties. Reduced graphene
oxide (rGO) and multi-layer graphene (MLG) are used as graphene substrates for CuO and Cu2O NPs,
respectively. These graphene materials exhibited extraordinary catalytic activity, while their copper
oxide composites exhibited a complete reaction with feasible techno-economic production. The results
revealed that the H2 production yield and rates increased twofold with the use of these nanocatalysts.
The present study recommends the optimum reactor design considerations and reaction parameters
that minimize water vaporization in the reaction and suggests practical solutions to quantify and
separate it. Furthermore, the present study affords an economic feasibility approach to producing
H2 gas that is competitive and efficient. The cost of producing 1 kg of H2 gas from waste aluminum
chips is USD 6.70, which is both economically feasible and technically applicable. The unit cost of
H2 gas can be steeply reduced by building large-scale plants offering mass production. Finally, the
predicted approach is applicable in large, medium, and small cities that can collect industrial waste
aluminum in bulk to generate large-scale energy units.

Keywords: graphene; copper oxide; waste aluminum; hydrogen production; nanocomposites; catalysts

1. Introduction

Hydrogen has universally been considered a source of future clean energy that could
replace environmentally hazardous fossil fuels [1,2]. Its energy conversion, processing,
transporting, and storage are techno-economically promising for future sustainable en-
ergy [3–5]. It is the simplest known element and is a universally abundant gas, with the
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highest heating value among other conventional fuels, being three to four times higher
than natural gas and gasoline. It is considered an ideal energy carrier that can be stored in
all matter phases (gaseous, liquid, and solid) [5,6].

Although the current processing methods commonly use fossil fuels, there are sustain-
able methodologies suggesting high-potential H2 storage systems, such as water, biomass,
and hydrated metals, which are still at the research stage and require more investigation
and manipulation [3–9]. Water-splitting, based on solar systems, using photocatalysts for
H2 production is widely investigated in the literature [10–14]. However, such approaches
are still economically unfeasible and are prone to reversible reactions [12–14]. Therefore,
efforts are being directed toward other sustainable technologies for efficient production.
In this regard, the use of solid waste materials for H2 generation paves the way for the
advantages of producing sustainable energy and saving the environment [15,16].

Aluminum is the most abundant metal on earth, with facile and low-cost processing.
It has the densest potential H2 storage capacity among all other metals, with a theoretical
capacity of ~1350 mL H2 per g of Al, under atmospheric conditions [17,18]. Furthermore,
based on the theoretical calculations, 1 kg of low-cost waste aluminum can generate 4 kWh
of electricity. It can be used as a safe, clean, and carbon-free energy carrier. Furthermore,
the byproducts of the aluminum-water reaction are aluminum oxide, which is a recy-
clable product used to produce metal aluminum. Its industrial processing leads to large
quantities of waste by-products. This process could be considered a sustainable starting
material for the bulk energy production of H2 [19]. Consequently, extensive research
studies and industrial developments have been attempted for efficient and feasible H2
production from Al precursors [17–19]. The continuous synthesis of H2 from Al-H2O is a
straightforward and sustainable reaction, especially in base and acid environments [20–23].
From a scientific point of view, studies to generate H2 gas from artificially synthesized
aluminum and its alloys and composites are progressing, in terms of ultimate conversion
efficiencies. However, the economic feasibility, process complexity, and product quality
are still questionable [24,25]. The common features of all methods in previous studies are:
(1) the use of Al and Al-based composites of pure phases, (2) the need for energy-intensive
and time-consuming processing prior to their use for releasing hydrogen, such as ball
milling, (3) the use of high-cost additives in excessive amounts to produce H2 gas, and
(4) performing the H2 production reactions in strong acidic or alkaline mediums, which
readily increase the reactor corrosion and reduce their life. Based on the above criteria, the
use of industrial waste aluminum chips without any prior treatments and with the help of
nanocatalysts could be an efficient and feasible methodology for the continuous production
of H2 gas.

Today’s energy research and technology rely mainly on hybrid nanocatalysts and their
novel properties. Copper and copper-based nanocomposites are one of the most studied
metal oxides in catalysis science and engineering [26]. The wide availability, chemical
stability, ease of processing, and extraordinary optical, electrical, thermal, and electronic
properties mean that copper-based nanocomposites are well-matched with almost all
modern industries and technologies [26–32]. Accordingly, systems based on the copper
NPs of engineered surfaces and well-dispersed particles are of great significance for diverse
applications [26].

On the other hand, graphene is an exceptional material with a 2D hexagonal structure.
It has an extremely large surface area, high chemical stability, and excellent conductiv-
ity, is rich in hydroxyl and carboxyl groups with oxygen atoms on their surfaces, and
has the ability to stabilize and disperse nanoparticles [33–35]. As a result, graphene
in copper matrices is among the few additives that can improve the physicochemical
properties of copper composites without interrupting their electrical, thermal, and elec-
tronic properties [36–41]. In addition, graphene provides stronger attractive forces with
nanoparticles than those of the particles themselves [33–35]. This explains why particles
on graphene sheets show good dispersion and have a larger surface area. To this end,
CuO and Cu2O NP-decorated graphene nanosheets possess extraordinary properties that
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enable them to meet the needs of rapid technological developments and attain high-stability
particles [36–53]. The aforementioned properties make copper–graphene composites ideal
candidates for heterogeneous catalytic applications [26].

The most effective and widely used approach to the synthesis of CuO-G and Cu2O-G
composites is the in situ reduction of G/GO and the Cu precursor in a molecular form, in the
presence of strong reducing agents [36–41]. Compared to other synthetic approaches, the
green synthesis of CuO-G or Cu2O-G has the additional merit of producing coated particles
with several valuable natural agents for enhancing the particle’s catalytic activity [29–31].
Furthermore, Cu2O NPs have shown high stability in water-based systems [54–57].

The use of graphene nanocomposites based on copper to produce hydrogen is not
a new idea. There have been several studies on this subject, as we have indicated in the
literature, but to the knowledge of the researchers, they were not sufficiently detailed and
were not extensive; instead, these studies had some shortcomings that we will address in our
current work. The present study provides a comprehensive understanding of the behavior
of copper-based graphene nanocomposites when they are introduced for the purposes of
activating the H2 released from waste aluminum. Specifically, the influence of nanocatalysts
such as rGO vs. MLG, of CuO vs. Cu2O NPs, and of CuO-rGO vs. Cu2O-MLG as catalysts
is well-studied in the present paper, and the mechanisms of reactions are also elucidated.
The current framework is distinct from previously published works in that it deals with
seven different copper oxide-based graphene nanocomposites that are synthesized using
green methods and are well-characterized in terms of their structural, morphological, and
surface properties; they are then used as nanocatalysts for H2 production from waste
aluminum, which is considered an abundant metal and can be regarded as a potential H2
energy storage tank with high energy density (1400 L H2/1 kg Al). The optimum reaction
conditions, such as temperature, pressure, and reaction speed, are also manipulated and
controlled, and, finally, an economic feasibility analysis is also conducted.

2. Methodology

To investigate the catalytic activity of copper-graphene nanocomposites for the pro-
duction of hydrogen from waste aluminum, seven different samples of copper-graphene
nanocomposites were synthesized and studied. Figure 1 presents a schematic diagram
that summarizes all experimental procedures and the total number of powder samples
of copper-based nanocomposites that are utilized in the production of H2 gas from waste
aluminum in the current framework.
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2.1. Synthesis of CuO NPs

CuO NPs were synthesized using a green method that uses the extract of Catha edulis L.
as a promoter, reducer, and capping agent. The procedure for preparing the extract solution
of Catha edulis L. was detailed in our previous works [46,47]. Briefly, a few grams of the
dry leaves were extracted in a water solvent at ~100 ◦C until it was transformed into a
reddish homogenous color. After filtering and backing the solution of the plant extract, it
was used as a reducing and stabilizing agent to synthesize CuO NPs. The reaction starts by
dissolving 3.42 g of copper (II) chloride dihydrate in 200 mL of distilled water and putting
it in a magnetic stirrer at 50 ◦C. In the next step, a NaOH solution (0.1 M) was carefully
added to the previous solution until the pH became ~12. At the same time, 50 mL of the
prepared Catha edulis L. extract solution was added to the aforementioned solution with
vigorous stirring for 1 h and then set aside to precipitate. Posteriorly, the obtained solution
was filtered, washed several times with water and alcoholic solvents, and dehydrated at
100 ◦C for 2 h. Finally, a total mass of 2.55 g of dark powder was obtained for further use.

2.2. Synthesis of Cu2O NPs

The synthesis of the Cu2O powder has been detailed in our related works [42–44]. In
short, a glass beaker was filled with 200 mL of distilled water, 3.4 g of copper chloride
dihydrate (Merck, Burlington, MA, USA, purity 99%), and a NaOH solution (pH 12). The
obtained solution was vigorously agitated with a magnetic stirrer at 50 ◦C. Immediately
after that, 0.4 g of artificially synthesized glucose was dissolved in 40 mL distilled water
and then added to the previous solution, with vigorous stirring at 50 ◦C for 1 h, until the
solution shifted to a yellowish-red color, indicating the formation of the Cu2O phase. In
the next step, the obtained precipitates were filtered by a vacuum filtration procedure,
washed using distilled water and ethanol solvent, and then dried at 100 ◦C for 2 h. Finally,
the obtained reddish-colored powder was weighed to be 1.81 g and backed for further
characterization and testing.

2.3. Synthesis of rGO and MLG

In the first step, GO was synthesized from natural graphite flakes by exfoliating the
graphite, followed by a modified Hummers method [40]. In the next step, the obtained GO
was thoroughly ultra-sonicated in a water solution for good dispersion. Simultaneously,
the glucose was extracted from palm dates in a water solution at 100 ◦C and was used as a
reducing agent. After that, both solutions were mixed together, and the obtained solution
was adjusted to pH 12 by adding 0.1 M of NaOH solution, with rapid stirring at 50 ◦C for
2 h. Finally, the obtained solution was allowed to precipitate, then washed and dried at
120 ◦C for 2 h. The obtained powder was kept for further experiments. For the synthesis of
multi-layer graphene (MLG), GO was thermally reduced at 400 ◦C for 1 h according to the
procedure described in [48,49].

2.4. Synthesis of CuO-rGO Composites

In the first step, 0.25 g (10% of CuO powder) of ready-prepared rGO was dispersed
well by the ultra-sonication device in a water-ethanol solvent system and was then added
to the precursor solution described in Section 2.1. The remaining procedure of preparing
CuO using the plant extract was strictly followed and the obtained powder was marked as
CuO-10% rGO. The experiment was also repeated with 0.5 g (20% CuO powder) of rGO,
and the obtained powder was marked as CuO-20% rGO.

2.5. Synthesis of Cu2O-MLG Composite

In the first step, 0.36 g (20% of Cu2O powder) of already prepared MLG was dispersed
well by an ultra-sonication device and then added to the precursor solution described
in Section 2.2. The remaining procedure of preparing Cu2O using glucose was strictly
followed and the obtained powder was marked as Cu2O-MLG, which contains about 20%
of MLG by mass.
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2.6. Catalytic Experiments

A schematic diagram of copper oxide-based graphene nanocatalysts is illustrated
in Figure 2. A total of 7 glass beakers were prepared, with 40 mL of distilled water and
10 mL of ethanol in each. Ethanol was added to enhance the particle’s suspension and
dispersion, especially for graphene samples. After that, 5 mg of the rGO, MLG, CuO, Cu2O,
CuO–10%rGO, CuO-20% rGO, and Cu2O-MLG powder samples were added to each beaker
and uniformly shaken, using an ultrasonic device, until they became well-dispersed and
homogenous solutions.
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Figure 2. A diagram of the experimental procedures for the syntheses of CuO, Cu2O, CuO-rGO, and
Cu2O-MLG powder samples as catalysts for the generation of H2 gas from waste aluminum.

The aluminum precursor was collected as ready-made waste chips from industrial
workshops, washed with water, and used without any other prior pretreatment. In the next
step, a 1-L glass conical flask (reactor) was put in a magnetic stirrer at 750 rpm speed and
50 ◦C temperature. The system was connected by a rubber tube to another inverted tube in
water dust, as portrayed in Figure 1. Subsequently, 100 mg of waste aluminum chips, 25 mL
of distilled water, 15 mL of 0.4 M NaOH solution, and 15 mL of well-dispersed nanocatalyst
solution were all vigorously mixed in the conical reactor at a speed of 750 rpm and 50 ◦C
temperature. After that, H2 gas was generated from the reaction and transformed into
the inverted tube, which was supplied with a volumetric meter to record the released H2
gas every 2 min until we observed no extra H2 release, indicating the completion of the
reaction. Different variables were tested, such as reaction temperature (T = 30, 50, and
70 ◦C), pH (7, 9, and 12), reaction time (2–60 min), and catalyst amounts (2.0 and 3.0%).
Finally, the released H2 amount was recorded for further analysis and interpretation.
Control experiments were also performed with only distilled water (no aluminum addition)
at different temperatures and pH, with and without nanocatalysts, to obtain the amount of
water vapor released in each experiment.
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3. Characterization and Measurement Tools

Field emission scanning electron microscope (FESEM, Ultra 55, from Carl Zeiss, Ger-
many; 5 kV accelerative voltage) and a transmission electron microscope (TEM; FEI Technai
G2 S-Twin; 200 kV accelerating voltage) were utilized for morphological studies of nanocom-
posite materials. X-ray diffraction (XRD; Bruker’s AXS Model D8, Germany; λ = 1.54 A)
was utilized for identifying the phase structure of nanostructured materials in the 2θ range
of (10–80◦). Fourier transform infrared (FTIR) spectroscopy (Nicolet 380, Thermo Scientific,
Waltham, MA, USA) was implemented to identify the functional groups and further surface
properties of the particles. To confirm the structure of graphene materials and their pres-
ence in the composites, Raman spectroscopy (532 nm Nd-YAG laser; spectral resolution of
3 cm−1) was used. An ultrasonic device (capacity 5 L; 120-watt power; frequency 40 Hz)
was employed to disperse the nanostructured materials before use in the Al-H2O exper-
iments. A pH meter (PHSG-3F) was employed to measure the pH of the solution while
performing the reactions. Distilled water was purchased from an identified local company
and was used in the laboratory.

4. Results and Discussions
4.1. Hydrogen Production

Figure 3 elucidates the phase structure and the purity of the waste Al chips and of
the by-product Al2O3 chips that were identified using X-ray diffraction technology (XRD),
without any prior treatment. The XRD results of the waste Al chips (black curve) showed
three broad peaks that correspond to the pure Al phase. In addition, the XRD results of the
by-product sample after completing the H2 production reaction indicate the presence of a
small peak at 2θ = ~26◦, which corresponds to the Al2O3 phase, as the reaction suggests.
Compared to the pure phase of the waste Al chips sample, the second diffractogram (red
color curve) shows a small uniform shift toward the lower angle for all peaks, which is
plausibly due to the diffusion of O2 atoms to the lattice parameter of the Al structure.
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There are many other indications that confirm that the reaction is proceeding in the
correct way. The color change of the waste Al chips from black to white-gray is a sign of the
formation of Al2O3 as a by-product (see inset of Figure 3). The ~50% Al2O3 mass increase,
compared to that of the reactant starting materials in Figure 3, indicates the formation of
Al2O3 as a by-product.

The reaction of Al-H2O proceeds along different pathways, producing different forms
and providing different byproducts, based on the reaction’s conditions. The favored reac-
tion, from the thermodynamic point of view, at temperatures below the boiling temperature
of the water is presented in Equation (1):

2Al + 6H2O→ 2Al(OH)3 + 3H2 (1)

The above reaction could not proceed unless a moderate heat is provided to the
reaction, which assists in destroying the protective layer of aluminum oxide (Al2O3). This
thin protective layer can also be attacked if the reaction is taking place in an acidic or
alkaline solution, despite its corrosive nature. The plausible reactions of Al-H2O in the
alkaline medium are given in Equations (2) and (3):

2Al + 2NaOH + 2H2O→ Na2Al2O4 + 3H2 (2)

2Al + 2NaOH + 6H2O→ 2NaAl(OH)4 + 3H2 (3)

Most importantly, all the proposed Al-H2O reactions, either in neutral or basic condi-
tions and with nanocatalysts, could result in an identical number of H2 moles, whatever the
reaction conditions are [46,50]. In other words, for every 2 moles of aluminum, there will
be 3 moles of hydrogen gas that are released during the reaction. This theoretical amount of
H2 from the Al-H2O reaction at room air conditions (pressure, P = 101.3 kPa, temperature,
T = 25 ◦C) will be 1346 mL. In this regard, as the reaction temperature increases, the theoreti-
cal amount also increases, according to the general law of gases, to be 1459 mL and 1549 mL
at 50 ◦C and 70 ◦C, respectively, assuming no change to the pressure during the reaction.
Of course, a small increase in the pressure above atmospheric pressure will be preferable,
to minimize water vaporization during the H2 reaction at moderate temperatures, since
the reaction itself is exothermic and releases heat. Furthermore, introducing NaOH or
nanocatalysts to the reaction does not increase the theoretical amount but does contribute
well to destroying the thin protective layer of aluminum oxide at a rapid rate.

The exothermic nature of the reaction suggests the release of heat energy into the
Al-H2O system, causing its temperature to increase slightly. The enthalpy of the Al-H2O
reaction is in the range of 277–284 kJ/mol H2 at reaction temperatures in the range of
0–100 ◦C [50]. This potential heat energy will increase the temperature of water in the
reaction if it is in the range of 25–50 mL/liter with a temperature of about (6–10 ◦C) above
the temperature provided in the reaction conditions. However, this heat is released at
the atomic level at the contact points between the activated aluminum atoms and H2O
molecules, which causes these few in-contact H2O molecules to evaporate faster and then
to transfer their heat to the surrounding H2O molecules. This explains why the released H2
gas is accompanied by water vapor, even at a reaction temperature below that of the water
evaporating point (T = 100 ◦C).

To this end, all the aforementioned calculations suggest that there is no change to
the reactor’s pressure. However, to some extent, this is not correct. The design of the
reactor with a 1-meter-height inverted tube that is filled with water at the beginning of the
reaction suggests that the pressure at its downside will be more than atmospheric pressure
by ~10%, according to the hydrostatic law. The pressure at the top of the conical flask
should be greater than that at the inverted tube, to allow the released H2 gas to flood into
the inverted tube and replace the water that fills it (the fluid flows from higher-pressure
tanks to lower-pressure tanks). However, according to Bernoulli’s principle, the reaction is
performed at a rapid speed of up to 750 rpm using a magnetic stirrer, which may create
a vacuum pressure that is plausibly a major source of water vaporization in the reaction,
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below its normal evaporating point (100 ◦C). Releasing more of the H2–steam mixture
in the reactor room increases the pressure at its upper side, which drives the flow of the
H2–steam gas mixture to the other side of the reactor for separation and storage.

Figure 4 shows the catalytic activity of different copper oxide-based graphene nanocom-
posites. It compares the catalytic activities of CuO vs. Cu2O, rGO vs. MLG, and CuO-rGO
vs. Cu2O-MLG. Figure 4a investigates the catalytic activity of cuprous and cupric oxide
nanocatalysts in activating H2 production from waste aluminum. The reaction was ex-
ecuted at many constant parameters, as shown in the figure. The results displayed the
high catalytic activity of both types of copper oxides (Cu2O and CuO), with higher priority
given to Cu2O nanoparticles. This is possibly due to its high stability, high surface area,
and higher band gap. It was reported that Cu2O nanoparticles with faceted sharp faces (as
in the present study) showed better catalytic activity than those with spherical or irregular
shapes [51–53]. Furthermore, the reaction of CuO with H2 reduces its oxidation state to
Cu2O and pure Cu [54]. The reduction reaction generates “O” vacancies due to the penetrat-
ing of H2 into the unit cell of CuO, causing it to expand and release oxygen atoms. Those
free oxygen atoms participate in weakening the aluminum oxide protective layer. As the
reaction is initiated, the released H2 is consumed in the reduction of CuO rather than being
transformed into an inverted tube. This explains why the catalytic activity of Cu2O seems
faster than that of CuO at the beginning of the Al-H2O reaction. The activation energy of
CuO reduction is almost half that of the corresponding Cu2O phase [54,55]. Additionally,
this was observed in the convergence of curves after ~20 min of the reaction. This is enough
time to reduce most of the CuO structure to metallic copper, which is always more active
than its oxide phases, as shown in Figure 4a.
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Correspondingly, Figure 4b compares the catalytic activities of rGO and MLG. The
results indicated that graphene materials (rGO and MLG) presented the highest H2 yield
among other composites. The results indicated almost similar extraordinary activity for
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both rGO and MLG, except for the fact that MLG is faster in destroying the aluminum oxide
protective layer, plausibly due to its higher surface area. On the other hand, rGO indicated
the highest yield of all the studied graphene materials, plausibly due to a functionalized
surface with oxygen and hydroxide groups, more than MLG [30,31]. Of course, graphene
materials (MLG and rGO) have been proven to be good H2 storage material, with low
capacity and low-energy binding forces [32]. This explains why, at the beginning of the
reaction, the H2 production rate was slow and then increased after a couple of minutes.
Because graphene materials are expensive and have the ability to physisorb, we recom-
mend using them as catalysts for H2 storage reactions and not as a way to increase the
production yield.

Figure 4c compares the results of the catalytic activity of the CuO-rGO and Cu2O-MLG
samples, which yield 20% graphene by weight. The results demonstrated that Cu2O-MLG
exhibited the highest H2 yield, compared to CuO-rGO. Both Cu-based graphene materials
showed higher values than the corresponding samples without graphene. The extremely
high surface area and the well-engineered surface of the graphene materials improved the
dispersion of the particles and then inhibited their aggregation.

Figure 4d represents the effects of nanocatalyst concentrations, in terms of the H2
yield and production rate. At the constant parameters in the figure, an increase in the
CuO-0.2rGO from 2 mg/100 mg Al to 3 mg/100 mg Al could increase the production
yield and rate profoundly. Similarly, an increase in the amount of rGO by 50% showed
an obvious increase in the H2 yield and the production kinetics. Further experimental
investigation is required to establish the best concentration value for improving the H2
production rate and yield, which will be considered in future works.

Figure 5a,b describes the effect of using CuO and Cu2O-based graphene nanocom-
posites as catalysts for H2 elaboration from waste aluminum chips. This removes doubts
and emphasizes the substantial effect of implementing copper oxide-based graphene as a
nanocatalyst. It reveals that H2 generation could be doubled using Cu-based nanocatalysts,
compared to H2 production without catalysts. Not only that, but the H2 production rate
also increased profoundly, especially with Cu2O-based graphene composites, as shown in
Figure 5b. Furthermore, the results of Figure 5b indicated that Cu2O-0.2MLG nanocatalysts
displayed the best production yield of all the catalysts studied in the present work. In
addition, rGO and MLG exhibited outstanding behavior for both production yield and rate,
despite their economic issues. Interestingly, as a comparison between the Cu2O sample
(red color curve) and Cu2O-0.2MLG (brown color curve) in Figure 5b, the H2 production
rate is the highest for the Cu2O sample for the first 20 min of the reaction. After that, the
production rate slows, in contrast to the Cu2O-0.2MLG sample, which is also a common
event for the MLG sample.
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To conclude, CuO-rGO and Cu2O-MLG nanocatalysts are the best candidates for
the feasible production of H2 from waste aluminum. The above experimental results
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investigated the H2 yield per 100 mg of Al, whereas the H2 yield should be multiplied by 10
to be measured in ml/g. These values are much greater than the optimum theoretical values
mentioned earlier in this paper of 1346 mL, 1459 mL, and 1549 mL at 30 ◦C, 50 ◦C, and
70 ◦C, respectively. The amount of H2 released in the experiments carried out by this study
is more than two times that of the corresponding theoretical values. This undoubtedly
implies that the H2 produced by this method is accompanied by large amounts of steam
and requires studying their quantities and making attempts to separate the two.

To verify whether water is vaporized along with H2 gas in this reactor design or not, a
series of experiments using distilled water only (without adding aluminum) at different
catalyst concentrations, pH, and temperatures were performed. Figure 6 exhibits the
findings of the water vapor in ml per 50 mL of water that is released at different reaction
temperatures and pH, without nanocatalysts. The results confirmed that the rapid stirring
of 50 mL of water at T = 30 ◦C releases zero water vapor, whatever its pH value may be.
The amount is slightly increased with the increase in temperature. It reaches up to 40 mL
and 100 mL at T = 50 ◦C and T = 70 ◦C, respectively. The results suggested that both the pH
and temperature of the reaction influence the water vaporization rate, but the role of the
reaction temperature is more pronounced. These experiments undoubtedly suggest that
the reaction of Al-H2O could release a mixture of (H2-H2O(g)) and provide an estimation of
its constituents at different levels of pH and temperatures.
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under the same conditions that were applied for the Al-H2O reaction: (A) with no catalysts; (B) with
Cu2O catalysts.

Of course, our investigation at the laboratory stage (Figure 6B) indicated that even
when adding nanocatalysts to the distilled water, there is a negligible change in the amount
of steam released. However, the exact amount of the released steam might be more than the
given quantities, due to the exothermic nature of the reaction during the Al-H2O reaction,
which generates extra heat for the reaction. To underline, the presence of water vapor
along with H2 gas is not an insurmountable problem if their concentrations are identified.
Steam can be easily separated by implementing a heat exchanger to cool the (H2-H2O(g))
gas mixture, condense water vapor molecules, and separate them from the H2 gas prior to
its storage and use. In the future, similar designs should be implemented when designing
the H2 reactor in a similar setup.

To conclude, the most efficient and feasible elaboration of H2 gas from waste aluminum
requires various design and operational considerations: (1) the reaction temperature should
be up to 50 ◦C to avoid water vaporization, (2) the speed of the magnetic stirrer should be
minimized to avoid first vacuum pressures and then water vaporization, (3) the reactor
should be supplied with a heat exchanger to condense the water vapor and separate it
from H2 gas, (4) strong basic/acidic medium reactions should be avoided due to their
corrosive nature, (5) research-based nanocatalysts to enhance the reaction rate offer an
optimal option, especially in the case of cost-effective and hybrid nanocatalysts, and
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(6) recycling the byproducts of the Al-H2O reaction by reducing Al2O3 to aluminum will
enhance the efficiency and economy of production.

4.2. Economic Feasibility Study

In many aspects, the production of H2 from waste aluminum is analogous to water
splitting by electrolysis methods. In the case of the electrolysis process, each 9 kg of water
produces 1 kg of H2. Similarly, in the production of H2 from waste aluminum, 9.33 kg of
waste aluminum produces 1 kg of H2.

On the one hand, the price of raw materials is completely different, the price of water
is much less than that of waste aluminum. On the other hand, for each 1 kg of aluminum,
there will be 1.86 kg of Al2O3 as a byproduct. The latter product is denser and more
expensive than waste aluminum. Assuming the cost of Al2O3 is similar to the cost of waste
aluminum, and assuming 80% conversion efficiency, there will be a gain of USD 0.244 for
each kg of aluminum that produces H2. This demonstrates that when transferring 1 ton of
aluminum to H2, a gain of USD 244 is made as an additional amount to be obtained from
the raw materials. One more important parameter is that the specific density of aluminum
is 2.7 and that of Al2O3 is 4.0, indicating that the volume of both waste products before and
after the hydrogenation experiments will be almost similar, but their masses are different.

Based on the theoretical calculations of producing 1kg of H2 using 9 kg of water for
producing 1.4 L H2 from 1g aluminum, an amount of ~0.1 mL H2O would be consumed for
the generation of the H2 gas, with ~1.5g of Al2O3 as a byproduct. Accordingly, if 100 mL of
H2O is used in a single reaction, it will be sufficient for ~1000 cycles to consume the whole
volume of water. This suggests that the water used for the reaction in the experiments can
be efficiently recycled dozens of times, without the need for any additions.

Table 1 elucidates the predictable quantities in kilograms per production cycle for
all raw materials (aluminum (chips and block), sodium hydroxide, copper chloride, and
distilled water). In addition, the production cycle time and the expected costs in USD per
kg and per cycle of these materials are also recorded in Table 1. The production yield of
nanocatalysts and their costs (here, only Cu2O NPs were considered for the feasibility study
analysis) were based on the obtained CuCl2/Cu2O ratio, as indicated in the methodology
section. The critical path of the lead time (the amount of time it takes to go from the raw
materials to the finished product) was set at 60 min because all H2 production experiments
that are supported by nanocatalysts do not require longer than this time.

Table 1. Quantities of the raw materials and their costs (USD) per kg for one production cycle of H2

(2021–2022).

Raw Material Cost
(USD/kg)

Quantity
(Kg/Cycle)

Cost
(USD/Cycle)

Cost
(USD/Cycle)

Cycle Time
(h)

Aluminum (Chips) 0.5 20 10 —-

1 h

Aluminum (Blocks) 1.0 20 —- 20
Al2O3 byproduct 0.5 30 −15 −15

Sodium hydroxide 2 2.5 5 5
Copper chloride 5 1 5 5
Distilled water 0.01 100 1 1

Total cost (USD/cycle) —– —- 06 16

The capital cost of the established system was estimated using the CAP COST soft-
ware [56]. In addition, the operation costs of raw materials, utilities, and labor costs were
included and estimated, based on the present market price in Yemen. The daily processed
quantity of Al in the production line is 432 kg at 90% efficiency, which produced about
581,500 L of H2 (theoretically, 1 g of Al produced 1346 mL of H2 [56]). Furthermore, the
cost analysis in Table 2 exhibits the production cost of H2 in this system, which is USD
0.0017/liter for waste aluminum chips and USD 0.0027/liter for waste aluminum blocks.
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In other words, the cost of H2 is USD 6.71/kg and USD 11.66/kg for both chips and blocks
waste, respectively (1 L of H2 = 0.081 g at 25 ◦C and atm. pressure) [56,57].

Table 2. Basis data for cost analysis of H2 production from waste aluminum.

Item Data
Waste Aluminum

Chips
Waste Aluminum

Blocks Note

Cost Cost

Capital Total fixed cost USD 120,000 USD 150,000 Depreciation period: 10 years

Operation
Raw material

Utilities *
Labor cost

USD 42,000/y
USD 12,000/y

USD 39,200/y **

USD 112,000/y
USD 18,000/y
USD 39,200/y

Year = 360 days
* Electricity

** 2800 (USD/employer year)
(14 employers, 2 batches)

Interest
Maintenance

Other

10% of capital cost
5% of utilities

1% of capital cost

USD 12,000/y
USD 1515/y
USD 1200/y

USD 15,000/y
USD 2000/y
USD 1500/y

H2 product cost USD 108/day
(USD 0.000516 /liter)

USD 521.4/day
(USD 0.0009 /liter)

Table 3 summarizes the cost per kg of H2 produced from the different waste resources
and compared it to the results of the present study. It demonstrates that the current study
provides a competitive price for the produced H2 gas. To conclude, the production of H2
from waste aluminum is a competitive alternative to water-splitting methods and the cost
is almost similar. Therefore, this technique requires more investigation for designing a
reactor that is able to elaborate upon the mass production of H2 gas for each batch. The
reduction in cost can be optimized by increasing the daily production rate and the use of
efficient conversion technologies.

Table 3. A comparative cost evaluation data from different H2 production feedstock in the literature.

Feedstock Cost of H2 Production Reference

Food waste 3.20 USD/kg [57]
Food waste 11.35 USD/kg * [58]
Food waste 14.91 USD/kg * [59]

Molasses 30.04 USD/kg * [60]
Food waste 25.48 USD/kg * [61]
Wastewater 30.04 USD/kg * [62]

Agricultural waste 30.04 USD/kg * [62]
Aluminum waste (chips) 6.71 USD/kg This study
Aluminum waste (blocks) 11.66 USD/kg

* USD/m3 was converted to USD/kg to make units comparable (m3 of H2 = 0.081 kg).

4.3. The Phase Structure and Surface Properties of Nanocomposites

XRD analysis was carried out to obtain the phase structure of copper-based graphene
nanocomposites, as portrayed in Figure 7. The results in Figure 7a demonstrate the structure
of the samples. In fact, the identification of the graphene phase is easily achieved by XRD
analysis. The presence of graphene in the samples is indicated by the broad peak at
2θ = 16.5◦ for those CuO samples that have graphene. The graphene peak in this 2θ range
is strongly based on the level of oxygen moieties, interrupted by the graphene sheets due
to the reduction process. A confirmation of the formation of GO by XRD analysis could
be obtained by shifting the (002) diffraction peak at around 26◦ of graphene to ~16◦ of
GO [63–65]. This change in position is due to the absorption of water molecules during the
oxidation process.
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The pattern of all studied samples is identical and corresponds to the crystal planes of
the monoclinic CuO structure. The results showed high-intensity peaks in the CuO-Extract
sample, as compared to CuO-rGO samples (Figure 7a,b), indicating the high crystallinity of
this CuO sample. It is notable that adding graphene materials to the CuO-Extract sample
exhibits no change in the structure of the CuO NPs but shows various differences in terms
of crystallinity, agglomeration, particle size, and atomic disorder. The intense peaks of
the CuO-rGO samples are lower than those without graphene, indicating low crystallinity,
plausibly due to the composition change of the unit cell. In addition, all XRD peaks show
a shift toward lower/higher angles due to graphene, plausibly as a result of the local
residual stresses at the grain boundaries from a composition change, due to the presence of
ultimately large surface-area graphene sheets in the powder [66–68]. In fact, doping atoms
of different structures will definitely shift the XRD peaks in either direction [69,70]. This
could be evidence of the small shift of peaks towards higher/lower angles. The broadness
of the XRD peaks of the CuO samples containing graphene indicates the fine crystallites in
the samples.

Figure 7c,d depicts the XRD pattern of the Cu2O and Cu2O-rGO powder samples.
The pattern indicates the pure structure of cupric oxide in both samples. For the Cu2O-
rGO sample (red graph in Figure 7c), an intense peak at 2θ = 26.5◦ is related to the (002)
diffraction of the graphene structure in the samples. There are few non-indexed peaks in
the Cu2O-rGO sample, which corresponds to a pure copper structure, indicating that the
presence of graphene reduces the oxidation of the nanomaterials [69]. The width of Cu2O
peaks is not broadened, which is another indication of the large particle sizes of Cu2O (black
graph in Figure 7c,d). Unlike in the case of the CuO peaks, the intensity of the Cu2O-rGO
peaks is significantly higher than those of Cu2O without graphene, plausibly due to the
graphite structure of the graphene, which shows a higher order of crystallinity than the
graphene oxides. There are large and uniform shifts toward the lower angle for Cu2O-rGO
Bragg peaks, as compared to the Cu2O peaks. This is plausibly due to divergence in the
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incident beam, due to the effect of the large-area graphene sheet, causing structure disorder,
and the reduction of defects, such as grain sizes and grain boundaries [70]. The uniform
shift and broadening of the peaks indicate that the uniform strain induced in the Cu2O-rGO
sample is due to the expansion from residual stress developed in the matrix material.

The structure of copper oxide-based graphene nanocomposites was also characterized
using Raman spectroscopy (an ideal characterization tool for carbon-based nanomateri-
als [71,72]), as shown in Figure 8. In this regard, Figure 8a describes the Raman spectrum
analysis of CuO-decked rGO samples. There are identical peaks in both CuO-rGO samples
at a Raman shift of 270, 360, and 598 cm−1 [73,74]. These peaks confirm the reduction
capability of the plant extract to reduce the copper precursor to a pure phase of CuO [75].
The presence of a broad peak at wavenumber 780 cm−1 is an indication of the fine nanopar-
ticles of CuO prepared by the extract [46,76]. Furthermore, Figure 8a shows two broad
and intense peaks at 1350 and 1550 cm−1 as an indication of the presence of graphene in
the samples [73,76]. The spectra demonstrate that the intensity of D, G, and D+G bands
increases as the amount of rGO is increased in the sample. The broadness and low intensity
of the D+G band in the wavenumber range of (2700–3200 cm−1) is an indication of the rGO
but not of multi-layer graphene. In contrast, the Raman spectra in Figure 8b display the
different characteristics of graphene materials, which are of MLG. The intensity of peaks
and their positions correspond to multi-layer graphene (MLG). The extremely high IG/ID
ratio is an indication of the MLG. Finally, there is a clear band at a Raman shift of 490 cm−1,
which is an indication of the oxidation state of cuprite oxide (Cu2O) [39,48].
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The surface functionality of copper–graphene nanocomposites was verified using
FTIR spectroscopy and is illustrated in Figure 9. The spectrum indicates clearly that the
addition of rGO to the CuO matrix illustrates a dramatic change in the surface functional
groups of particles. This, in turn, was clearly observed through varied peak intensities,
shifts through positive or negative angles, and the appearance of new peaks. An intense
peak at 596 cm−1 for the three CuO samples can be attributed to the oxidation state of the
Cu–O stretching state [77]. The stretching mode of C–O at 1366, 1490, and 1622 cm−1 is
also an obvious sign of the incomplete decomposition of the carbonyl functional groups
under the reaction conditions. In addition, the aromatic C=C peak at 1622 cm−1 was also
attributed to the skeletal pulses of the graphitic domains. The absence of stretching peaks
in the range of (1000–1300 cm−1) indicated that oxygen-containing carboxyl groups have
been removed during the reduction of graphene oxide. The presence of an intense band
at 3442 cm−1 of the C-OH of graphene oxide is a strong signal regarding the incomplete
reduction of graphene oxide [76]. Another broad peak at 3332 cm−1 could be assigned to
the O-H stretching vibration of graphene oxide [78].
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Figure 9b exhibits the FTIR spectra results of Cu2O samples without and with graphene.
The results showed many bands of various intensities, indicating rich biomolecules in
the particles. Both samples show identical peaks. The results indicated that MLG has
caused almost all peaks to shift toward a higher wavenumber. This similarity of peaks
could plausibly be due to the implementation of the same reducing agent (glucose) while
synthesizing both samples.

4.4. Morphology of the Nanocatalysts

The morphology of the powder samples was investigated, utilizing the FESEM and
TEM techniques. Figure 10 displays electron microscope micrographs of the rGO, MLG,
CuO, and CuO-rGO samples. The image of the rGO sample (Figure 10a) shows thin and
long flake-like nanosheets that are uniform and dense. Similarly, the TEM image of the
MLG powder (Figure 10b) exhibits few-nanometer thin layers of graphene sheets that have
extremely large surface areas.

The images in Figure 10c,d correspond to CuO NPs without and with rGO, respec-
tively. The morphology of CuO NPs is synthesized using Catha edulis L. extract without
rGO, resembling capsule-like shapes of an average size of 40 nm diameter and narrow
distribution. In contrast, the CuO NPs decked with rGO (Figure 10d) exhibit fine particles
with diameters less than 5 nm, which have aggregated together to form large flakes but
with fewer attraction forces. This indicates that the decoration of graphene in CuO particles
speeds the nucleation process, allows for the growth of small nanoparticles, and likely
inhibits the aggregation forces between the particles themselves. This phenomenon is in
line with the broadness of the XRD peaks for CuO samples decked with graphene oxide
sheets (Figure 7a,b).

Figure 11 offers wonderful micrographs of CuO NPs, decorated on rGO sheets. The
results indicated that the dispersion of the particles is directly proportional to the amount
of graphene that should be added to the composition. For CuO-10%rGO composites
(Figure 11a,b), the images show the graphene layers clearly, along with the particles
distributed on them. However, due to the lower percentage of rGO in the composites,
there are bands of particles that are aggregated together in large masses and are distributed
along with the graphene sheets. Furthermore, the images show that the fine particles
(≤5 nm in size) are well distributed over the graphene surfaces. This is because of the
strong interaction forces and functional groups of the rGO. The attraction forces of the rGO
and the CuO NPs are much greater than the forces between the particles themselves.
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As the proportion of rGO is increased to 20% by the weight in the composites
(Figure 11c,d), uniform and well-distributed CuO NPs are clearly shown in the micro-
graphs. The images suggest that the surface of rGO works as a sort of sticker that adheres to
individual CuO NPS and prevents particle agglomeration. In addition, the particles’ aggre-
gation phenomenon is less intense, as the amount of rGO is higher in the composites. The
well-distributed CuO NPs on the graphene sheets and the small thickness of the graphene
layers could provide a large surface area, which is a key property for the catalytic activity
of nanoparticles [79]. A brief comparison with the CuO NPs with or without graphene
could reveal the phenomenal influence of the graphene on the kinetics of the reaction and
on their catalytic properties.

Similarly, the morphology of Cu2O NPs and Cu2O-MLG samples are also depicted
by FESEM micrographs, as shown in Figure 12. The images in Figure 12a,b show few-
micron particles that are uniform and well-dispersed. The particles resemble pyramidal
faceted shapes. This pyramid morphology is common in Cu2O particles that are prepared
using glucose as a reducing and stabilizing agent and with water as a solvent [42–44].
Furthermore, remarkable images of Cu2O particles scattered on multi-layer graphene
sheets are clearly observed in Figure 12c,d. The results revealed that the graphene layers
are thin and transparent, in such a way that the particles can clearly be seen behind the
graphene sheet. The Cu2O particle is also pyramidal in its geometry, with overall average
sizes of ~ 1 µm. The size of the Cu2O particles is less than that of the corresponding Cu2O
particles without graphene, plausibly due to the graphene’s attractive forces, which reduce
the time of particle growth, making them smaller in size, but the shape of the particles
is related to the type of the solvent, wherein alcoholic solvents aid in the formation of
sphere-like particles.
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5. Conclusions

In summary, this study spotlighted the possibility of producing H2 gas from waste alu-
minum chips/blocks that are thrown away daily in tons across the globe, with a projected
energy capacity of 4 kWh/Kg of waste aluminum using nanocatalysts. The following are
the conclusions drawn from this manuscript:

(1) For the first time, the present study investigated the critical design considerations that
are important for performing the H2 elaboration efficiently, and recommended the
optimum conditions (temperatures, pressure, and speed) for high yield and quality of
H2 gas.



Sustainability 2022, 14, 15256 18 of 21

(2) The present work introduces a technology to indirectly measure the amount of water
vapor in the produced H2.

(3) The current study proposes a feasible method for separating the H2–steam mixture
before storage by using a water basin to condense the evaporated water molecules.

(4) For the first time, the phase structure of waste aluminum chips and the by-product of
Al2O3 are investigated using the XRD technique and color variations.

(5) An economic feasibility study was performed for a small town, Taiz, in Yemen, with a
daily collection of waste aluminum of up to 432 kg/day.

(6) The cost of H2 produced by this method is competitive with water-splitting tech-
nologies, and the reaction was completed in 20 min. Furthermore, an increase in the
production capacity can steeply reduce the production cost of H2 gas.

In addition, this work investigated the synthesis of seven types of CuO, Cu2O NPs,
and their graphene nanocomposites, used as catalysts to speed up the reactions in water
systems that release H2 from used aluminum chips.

(a) Images from electron microscopes showed how CuO and Cu2O NPs were well-
distributed on the graphene sheet, while the XRD and Raman spectroscopy analysis
proved their phase structure.

(b) The surface functionality of the particles represents a constant source for destroying
the aluminum laminar oxide layer, without needing an external basic/acidic medium.

(c) A comparison of rGO and MLG indicated prompt catalytic activity for the H2 produc-
tion yield and kinetics.

(d) A comparison of CuO and Cu2O NPs showed that both samples were good enough
for the efficient and feasible production of H2, with better performance for Cu2O NPs
than CuO NPs.

All in all, the production of H2 gas from the waste aluminum chips/blocks is a
techno-economically feasible system that requires more investigation for continuous and
large-scale production. The construction of H2 plants, based on waste aluminum in large
cities, is recommended for the production of clean H2 energy.
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