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Abstract: The increasing production of electronic waste and the rising demand for renewable energy
are currently subjects of debate. Sustainable processes based on a circular economy are required.
Then, electronic devices could be the main source for the synthesis of new materials. Thus, this
work aimed to synthesize graphene oxide (GO) from graphite rod of spent Zn-C batteries. This was
used as support for Ni/Co bimetallic nanocatalysts in the evolution of hydrogen from NaBH4 for
the first time. The graphene oxide (GO) exhibited a diffraction peak at 2θ = 9.1◦, as observed using
X-ray diffraction (XRD), along with the presence of oxygenated groups as identified using FTIR.
Characteristic bands at 1345 and 1574 cm−1 were observed using Raman spectroscopy. A leaf-shaped
morphology was observed using SEM. GO sheets was observed using TEM, with an interplanar
distance of 0.680 nm. Ni/Co nanoparticles, with an approximate size of 2 nm, were observed after
deposition on GO. The material was used in the evolution of hydrogen from NaBH4, obtaining an
efficiency close to 90%, with a kinetic constant of 0.0230 s−1 at 296.15 K and activation energy of
46.7 kJ mol−1. The material showed an efficiency in seven reuse cycles. Therefore, a route of a new
material with added value from electronic waste was obtained from an eco-friendly process, which
can be used in NaBH4 hydrolysis.

Keywords: e-waste; metallic nanoparticles; catalysis; eco-friendly process; sustainability

1. Introduction

Demand for portable electrical energy storage devices has increased in recent years due
to rapid technological advances and the lifestyle adopted by society. This phenomenon has
led to an increase in the disposal of obsolete equipment, which is denominated e-waste [1].
According to the report of the International Renewable Energy Agency, in 2023, batteries
will be responsible for the storage of 14,000 MW of charge, with an annual revenue of USD
18 billion [2].

Among the different types of batteries, Zn-C cells have a cathode made of graphite
carbon, which can be used as a precursor for graphene oxide (GO). Among various types of
batteries, Zn-C cells feature a cathode constructed from graphite carbon, which can serve
as a precursor for graphene oxide (GO). Moreover, within this type of battery, zinc cups
are still available for metal recycling [3], and the electrolytic paste contains zinc manganite
dispersed in graphite powder, which has demonstrated utility as a photocatalytic to various
catalytic reactions [4].

Graphene oxide is a material that precedes graphene or reduced graphene oxide (GO-r)
in graphite chemical exfoliation processes. This material is obtained from graphite through
an oxidation reaction, leading to the formation of surface oxygenated groups, including
carbonyls, carboxyls, and epoxy groups. This creates a carbon-rich structure with sp3

hybridization. Despite the structural differences, which lead to specific chemical behavior,
GO has thermal, optical and mechanical properties similar to graphene [5]. Graphene oxide
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has been obtained using different raw materials, from graphite to pomelo peels [6]. This
combination of characteristics makes this material highly appealing for a wide range of
applications, paving the way for exploring new methods of synthesis [7].

There are different chemical exfoliation processes for graphite to obtain GO such as
the Staudenmaier method [8], the Hoffman method [9] and the Hummers method [10]. In
general, such processes differ from each other according to the type of oxidizing agent used,
as well as different concentrations of reagents [11]. The Staudenmaier method uses fuming
nitric acid, concentrated sulfuric acid and potassium chlorate to promote the oxidation
of graphite. For the method proposed by Hoffman, the fuming nitric acid is replaced by
concentrated nitric acid [9]. For the Hummers method, concentrated sulfuric acid, sodium
nitrate and potassium permanganate are used [10]. In all three cases, the product obtained
is always the same, with subtle structural differences that do not affect its properties.
The Hummers method has variations in the literature that make it more environmentally
friendly. Among these modifications, Loudiki et al. performed the ultrasound-assisted
oxidation of graphite [12]. According to the authors, the amount of reagent used is smaller
compared to the original method, reducing production costs, generating less waste, and
making the method eco-friendly. Furthermore, the material presented better characteristics,
as its performance was evaluated using voltametric techniques.

Graphene oxide can be used for different purposes [13]. An interesting application
consists in its use as a support for metallic nanoparticles [14]. The advantage of the support
is to minimize the agglomeration of these materials at a nanometer scale, improving the
efficiency of the nanocatalysts [15]. In addition, they configure a heterogeneous system,
allowing their reuse in other catalytic cycles, in addition to preventing their leaching. Grad
et al. used GO as a nanoparticle support for formic acid dehydrogenation [16]. Singla
et al. used carbon-based nanomaterials, including GO, as photosensitizers in photocatalytic
water separation reactions [17]. Another application that has shown to be very promising is
its use in sodium borohydride decomposition reactions for the production of hydrogen [18].

Hydrogen gas is a strong candidate to replace fossil fuels due to its high specific heat
of 28.851 J/(mol × K), in addition to generating water vapor as a combustion product [19].
However, its storage and transport cause serious risks because it is a flammable gas.
Therefore, generating hydrogen in the place where it will be consumed is a highly promising
alternative. This technology may be possible through the evolution of hydrogen from metal
hydrides. These substances are solid at room temperature and have large amounts of
hydrogen in their composition. Sodium borohydride, for example, contains 10.5% (w/w) of
hydrogen, whose decomposition produces hydrogen gas (Equation (1)). Several catalysts
can be used in the process, such as Co [18], Ni [20], Au [21] and Pt [16], among others.

NaBH4 + 2H2O→ NaBO2 + 4H2 (1)

The bimetallic composition, which involves more than one metal, has been highlighted
due to the synergistic effect between the two metals. Among the bimetallic compositions,
those of nickel and cobalt, which are anchored in different support materials, stand out.
Sun et al. synthesized a Co-Ni bimetallic inlaid carbon sphere catalyst that showed promise
in the evolution of hydrogen from NaBH4 [22]. According to the authors, a hydrogen
generation rate (HGR) of 6364 mL min−1gcat.−1 was obtained, with an efficiency of 83.4%
after five cycles of use. Chou et al. produced a bimetallic catalyst of Ni and Co anchored in
reduced graphene oxide that presented a hydrogen generation rate of 1280 mL min−1gcat.−1,
with an activation energy of 55.12 kJ mol−1 [23]. A three-dimensional graphene network-
supported nickel–cobalt bimetallic alloy nanocatalyst was prepared by Karaman [24]. This
catalyst showed a hydrogen production rate of 82.65 mL min−1gcat.−1, with an efficiency
of 95.96% after five cycles of use [25]. Didehban et al. anchored nickel and cobalt bimetallic
nanoparticles on magnetic zeolite and bentonite to produce a catalyst for the borohydride
hydrolysis reaction [25]. The catalyst anchored in magnetic bentonite showed a hydrogen
evolution rate of 186 mL min−1gcat.−1. According to the authors, activation energies of
37.62 and 44.98 kJ mol−1 were obtained for nanoparticles anchored in magnetic zeolite and
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bentonite, respectively. Yue et al. produced nickel and cobalt microfibers decorated with
Pd nanocatalysts for the evolution of hydrogen from NaBH4 [26]. According to the authors,
a hydrogen evolution rate of 680 mL min−1gcat.−1 was obtained, maintaining 90% of its
catalytic activity after 10 cycles.

In view of the above, this work aims to synthesize GO from spent Zn-C batteries as
a support of metallic nanoparticles (Co and Ni) for the first time for use in borohydride
hydrolysis catalysis to produce hydrogen gas. Although other components of the Zn-C cell
can be recovered for diverse applications, the aim of this study was solely to enhance the
value of the graphite component.

2. Materials and Methods
2.1. Standards and Reagents

Analytical-grade reagents were used in this work. Sodium nitrate 99% (CAS 7631-99-4)
and sulfuric acid 97% (CAS 7664-93-9) were purchased from NEON (Suzano/São Paulo–
Brazil). Potassium permanganate 99% (CAS 7722-64-7), hydrogen peroxide 30% (CAS 7722-
84-1), sodium borohydride 98% (CAS 16940-66-2), nickel sulfate heptahydrate 98% (CAS
10101-97-0) and cobalt nitrate hexahydrate 98% (CAS 10026-22-9) were purchased from
VETEC (Duque de Caxias/Rio de Janeiro–Brazil). Hydrochloric acid 37% (CAS7647-01-0)
was obtained from ALPHATEC (São Bernardo do Campo/São Paulo–Brazil). Graphite
(CAS 7782-42-5) was purchased from ACS Cientifica (Sumaré/São Paulo–Brazil). All
solutions were prepared using type 1 water, obtained with the Milli-Q system (Millipore
Corporation, São Paulo/São Paulo–Brazil), and were always freshly prepared.

2.2. Obtaining and Processing of Raw Material

Zn-C batteries were purchased at a used battery collection center in the city of Viçosa,
Minas Gerais, Brazil. Seven Zn-C batteries were opened with pliers to break the external
zinc cup. The rod-shaped carbon cathode was removed with pliers and crushed to obtain a
fine powder. Then, the material was sieved through an 80-mesh screen.

2.3. Synthesis of Graphene Oxide

The graphene oxide was synthesized according to the adapted Hummers method [10].
Then, 1000 g of processed graphite from spent Zn-C batteries, 1000 g of sodium nitrate
and 50.00 mL of concentrated sulfuric acid were added to a round-bottomed flask. The
system was affixed on an ultrasound device (frequency 40 kHz) containing an ice bath in
its vat, for temperature control at 0 ◦C. The system was kept in an exhaust hood for 15 min.
A dark green color was observed. Subsequently, 6000 g of potassium permanganate was
added slowly to the system at 0 ◦C under sonication. A violet coloration was observed
due to the presence of manganese (+7). The system was maintained under sonication at
0 ◦C for another hour. Then, the color of the system changed from violet to brown, due
to the change in the oxidation state of manganese. After this time, 100 mL of type 1 water
was slowly added to the system, and the color changed to a dark brown. The system was
sonicated for another two hours, and its temperature was controlled to not exceed 80 ◦C.
Then, another 400 mL of type 1 water was added, followed by the addition of 12 mL of
hydrogen peroxide (30%). This step was necessary to eliminate the permanganate residues.
Then, the system was centrifuged at 6000 rpm for 7 min, followed by three wash steps with
hydrochloric acid 3% v/v solution. The solid GO was dried in an oven at 35 ◦C for 12 h
and stored at room temperature (25 ◦C). For the sake of comparison, an identical synthesis
was performed using analytical-grade graphite.

2.4. Synthesis of Metallic Nanoparticles Decorated on GO (NPs-M/GO)

For the NPs-M/GO synthesis, where M is the metal decorated on GO, 100 mg of
GO was dispersed in 10 mL of type 1 water in a beaker. Subsequently, a certain amount
of the metal precursor salt, NiSO4·7H2O and/or Co(NO3)2·7H2O, according to Table 1,
were added to the system, which remained under stirring for 15 min at room temperature
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(25 ◦C). Then, 1.00 mL of a solution of NaBH4 (1.00 mol L−1) was added to the system,
which remained under stirring for another 15 min. The system was centrifuged at 6000 rpm
for 7 min and washed three times with type 1 water. The freshly prepared material was
used in the hydrogen evolution. Six different compositions of GO-decorated nanoparticles
were prepared, as described in Table 1.

Table 1. Composition of nanoparticles decorated in graphene oxide.

System Composition

NiNPs-GO NiNPs
Co/Ni-NPs-GO (20:80 w/w) Co/Ni ratio 20:80 w/w
Co/Ni-NPs-GO (40:60 w/w) Co/Ni ratio 40:60 w/w
Co/Ni-NPs-GO (60:40 w/w) Co/Ni ratio 60:40 w/w
Co/Ni-NPs-GO (80:20 w/w) Co/Ni ratio 80:20 w/w

CoNPs-GO CoNPs

2.5. Characterization of Materials

The materials were characterized using different techniques. X-Ray diffraction was
performed with a Bruker D8-Discovery diffractor (Billerica, MA, USA), using copper metal
as a target, working with a wavelength of 1.54 Å and horny of 45 kV. The sweep speed
was 0.05◦ 2.5 s −1 in a range of 5◦ to 40◦. The materials were also characterized using
Raman spectroscopy, using a MicroRaman—InVia Renishaw equipment (Kansai, Japan).
A laser with a wavelength of 633 nm and power of 3 mW was used, with a number of co-
additions equal to 5 and an integration time of 30 s. Thermogravimetric analysis was carried
out using a NETZSCH (Selb, Germany), STA 449, with a reading range of 25 to 900 ◦C,
with a variation of 10 ◦C min−1, in a synthetic air atmosphere. The size of the metallic
nanoparticles was evaluated and characterized using Transmission Electron Microscopy
(TEM) with the equipment Tecnai, G2-20 Supertwin FEI–200 kV (Hillsboro, OR, USA). The
particle size and interplanar distance were determined using ImageJ software (Version:
1.8.0). The morphology was evaluated using Scanning Electron Microscopy (SEM) in a FEI
Quanta and model 200 FEG device coupled with an X-ray energy dispersive detector. The
functional groups present in the material were evaluated with Fourier Transform Infrared
Spectroscopy. A VARIAN 660-IR instrument (Palo Alto, CA, USA) with a PIKE GladiATR
attenuated total reflectance accessory with diamond crystal was used. The measure was
evaluated in the wave number range from 200 to 4000 cm−1. An analysis of the surface area
of the material as well as its element was performed using Scanning Electron Microscopy
(SEM) and an Energy-Dispersive X-ray Spectrometer (EDS). The equipment used was a
JEOL Scanning Electron Microscope (Kyoto, Japan), model JSM-6010LA, with a resolution
of 4 nm and 20 kV, with application from 8 times to 300,000 times, accelerated voltage
from 500 V to 20 kV, and an electron gun with formed tungsten filament pre-centered.
An Everhart–Thornley detector for secondary electron imaging and a solid state detector
for backscattered electrons with topography contrast, composition and variable shading
were used. A silicon drift detector was used for EDS analysis with 133 eV resolution. The
samples were also subjected to nitrogen adsorption measurement at −196 ◦C using a Nova
Station A surface area analyzer from Quantachrome Instruments (Boynton Beach, FL, USA).
Before conducting the measurements, the sample underwent a vacuum drying process at
100 ◦C for 4 h to eliminate any remaining water and gases. The specific surface area of the
sample was then calculated using the BET method.

2.6. Hydrogen Evolution from Borohydride

An image of the reactor used in the catalysis of hydrogen evolution from borohydride
catalysis is shown in Figure S1. The conditions used in this work were made according
to (Su et al., 2023 [27]). The freshly prepared NPs-M/GO were dispersed in 10.00 mL of
type 1 water in a kitassate, which was sealed with a rubber septum. The system was stirred
on a magnetic stirrer at controlled temperature. The system was connected through the
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kitassato side outlet to the hydrogen gas collector by a rubber hose. Subsequently, 1.00 mL
of sodium borohydride solution (0.500 mol L−1) was introduced into the system with the
aid of a syringe and the reaction time was timed.

2.7. Reaction Parameters Evaluation

Under the conditions mentioned above, assays were carried out to evaluate the influ-
ence of (1) different concentrations of NaBH4, (2) different dose of the catalyst, (3) different
concentrations of NaOH, (4) different temperatures, and (5) reuse of the material.

2.7.1. Evaluation of the Influence of NaBH4 Concentration

The hydrogen evolution was carried out using different NaBH4 concentrations, i.e.,
0.200, 0.300, 0.400 and 0.500 mol L−1. The amount of catalyst Ni/Co NPs (60:40 w/w) was
fixed in 0.700 mmol anchored in 100 mg of GO support; volume of 1.00 mL NaBH4 solution
(at the target concentration); temperature at 296.15 K.

2.7.2. Evaluation of the Influence of Catalyst Dose

Hydrogen evolution was carried out using different Ni/Co NPs (60:40 w/w) doses,
i.e., 0.175, 0.350, 0.525, 0.700 mmol. In these assays, other parameters were fixed, such as
GO support mass (100 mg) and volume of 1.00 mL NaBH4 solution (0.500 mol L−1).

2.7.3. Temperature

Hydrogen evolution was carried out at different temperatures: 296.15; 304.15; 313.15 and
321.15 K. In these assays, the other parameters were fixed, such as 0.700 mmol of Ni/Co NPs
(60:40 w/w), GO support mass (100 mg); volume of 1.00 mL NaBH4 solution (0.500 mol L−1).

2.7.4. NaOH Influence

Four sodium hydroxide solutions were prepared: 0.010, 0.050, 0.100, 0.200 mol L−1

in type 1 water. The nanoparticles were dispersed in 10.00 mL of each alkaline solution.
In these assays, the other parameters were fixed, such as GO support mass (100 mg);
0.700 mmol of Ni/Co NPs (60:40 w/w); volume of 1.00 mL NaBH4 solution (0.500 mol L−1);
temperature at 296.15 K.

2.7.5. Reuse of the Material

The reuse of Ni/Co-GO NPs was evaluated. For this, the above-mentioned initial con-
ditions were used, setting the parameters as follows: mass of catalyst (100 mg); 0.700 mmol
of Ni/Co NPs (60:40 w/w); 1.00 mL of NaBH4 solution (0.500 mol L−1); temperature at
296.15 K. Following every cycle, the resulting suspension was washed with 30 mL of
type 1 water, followed by centrifugation at 5000 rpm for 7 min to recover the solid material.
The recovered solid was dispersed again in 10.00 mL of type 1 water and reintroduced into
the kitassate for another cycle. This operation was carried out until the deactivation of the
catalyst was observed.

2.7.6. Activation Energy

Firstly, the kinetic constant of the reaction was determined according to Equation
(2) for each temperature; the procedure is described in Section 2.7.3. The temperatures
evaluated were 296.15; 304.15; 313.15 and 321.15 K.

k = −4d[NaBH4]/t = d[H2]/dt (2)

The activation energy was calculated using the Arrhenius equation (Equation (3)).

ln(k) = ln(A)− Ea
RT

(3)
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where k is the kinetic constant of the reaction, A is the pre-exponential factor, Ea is the
apparent activation energy in kJ/mol, R is the universal gas constant and T is the abso-
lute temperature.

3. Results and Discussion
3.1. Material Characterization

The obtained graphene oxide from the graphite of spent batteries showed a 95% yield.
The small loss of material can be attributed to stages of purification, i.e., washing and
centrifugation steps. The GO presented a black color (Figure S2). Its appearance in powder
form showed good separation between its grains, which provides good dispersion in water.
Similar results were obtained by Loudiki et al. [12]. The SEM image of GO is shown in
Figure 1. It can be seen that GO has a leaf-like morphology with different sizes and a highly
porous structure. The material had a specific surface area of 31.048 m2 g−1. Jia et al. [18]
reached a value of 89 m2 g−1 for the formation of a GO-supported phosphorus/cobalt
boride catalyst via in situ reduction. This catalyst was employed in the hydrolysis of NaBH4
to generate hydrogen gas. Liu et al. [20] found a specific surface area of 1.98 m2 g−1 and
1.15 m2 g−1 for Ni powder and Co powder, respectively. These materials were utilized in
the hydrolysis reaction of borohydride for hydrogen production.
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Figure 1. Scanning Electron Microscopy of graphene oxide obtained from spent Zn-C batteries
synthesized using the adapted Hummers method.

XRD analysis was used to investigate the conversion of graphite from Zn-C batteries
to GO. Figure 2a shows the graphite diffractogram from spent batteries. A sharp diffraction
peak can be observed at 2θ = 26.4◦, which can be attributed to the basal plane (002) of the
graphite, with a lamellar distance of 3.37 Å [28]. Such results indicate a hexagonal crystal
structure for the carbon atoms, characteristic of graphite. Additionally, wide diffraction
peaks are also observed at 42.5 and 55◦, which can be attributed to the (100) and (004)
planes, respectively. On the other hand, GO presented a broad peak between 15 and 30◦.
More detailed information can be observed in Figure 2b, which indicates the formation of
an amorphous structure. This occurs due to the oxidation of graphite and detachment of
the carbon planes [12]. The peak at 2θ = 9.2◦ is related to the emergence of interactions
between the functional groups that are formed in the GO [19]. Based on the results, it
can be concluded that GO was successfully synthesized. However, the presence of peaks
attributed to graphite, at 2θ = 26.4◦ and 42.4◦, indicate a residual amount of graphite in
the GO obtained. For Ni/Co-GO NPs, a more amorphous character after the deposition
of the NPs was observed. According to Zhang et al., the diffraction peak at 2θ = 34◦ can
be attributed to the metal hydroxides formed during the deposition of nanoparticles [29].
The peaks of Ni and Co were not observed due to the low concentration of these metals in
the material.
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Figure 2. (a) Diffractogram of graphite and graphene oxide (GO) obtained from spent Zn-C batteries
synthesized using the adapted Hummers method; (b) diffractogram of GO and Ni/Co-GO NPs
(60:40 w/w).

The materials were also characterized using Transmission Electron Microscopy and the
GO results can be seen in Figure 3. GO leaf-like morphology with different transparencies
can be observed, corroborating the results obtained using SEM. Dark areas indicate stacking
of several layers of GO, while areas of greater transparency indicate a thinner film of a few
layers of GO. Similar results were observed by Stobinski et al. [30]. The electron diffraction
rings obtained from Selected-Area Electron Diffraction (SAED) measurements (Figure S3)
exhibited spacings of approximately 0.98 Å, 1.19 Å, 2.10 Å, and 3.00 Å. These findings
are indicative of “d” spacings of graphene, signifying the existence of graphitic regions.
Similar results were documented by Saxena et al. [31]. After the Ni/Co NPs deposition
on GO, a modification of the diffraction pattern was observed, with “d” spacing of about
1.22 Å; 1.65 Å; 2.06 Å; 3.19 Å; and 3.80 Å (Figure S4). Therefore, it can be concluded that
Ni/Co NPs deposition was successfully performed. The material presented an interplanar
distance of 0.680 nm, as shown in Figure 3a. Similar results were found by Aliyev et al. [32],
who found an interplanar distance of 0.65 nm between the GO layers. The Ni/Co NPs
were evenly distributed over the material surface, with a size of 1.55 nm ± 0.05 (Figure 3b).
Similar results were observed by Dong et al. [15], who obtained nanoparticles with sizes
between 2.9 nm and 4.2 nm. The determined interplanar distance was 0.269 nm, which can
be attributed to the presence of Ni/Co nanoparticles [33,34].

Processes 2023, 11, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. Transmission Electron Microscopy images of graphene oxide obtained from spent Zn-C 
batteries synthesized using the adapted Hummers method. (a) Interplanar distance between the GO 
planes (b) Ni/Co nanoparticles decorated on the GO. 

The X-ray Energy Dispersive Spectroscopy results, extracted from the images dis-
played in Figures S3 and S4, are presented in Figure S5. The GO is composed of carbon 
(40.7%) and oxygen (12.7%). Other elements are also observed in smaller amounts, such 
as sodium, aluminum, silicon, sulfur, potassium, and manganese, which can be attributed 
to impurities arising from graphite or the reagents used in the synthesis. The presence of 
copper is due to the grid used in the analysis. After the deposition of the nanoparticles, 
the presence of Ni (9.8%) and Co (6%) elements can be observed, in addition to carbon 
(25.1%) and oxygen (12.5%). 

The FTIR spectra of the materials obtained are shown in Figure S6. The results of 
graphite and GO are shown in Figure S6a. A main band at 3435 cm−1 can be observed, 
which can be attributed to the stretching of hydroxyl groups (νOH) bonds [35], due to the 
presence of water in the materials. After the graphite oxidation process to obtain GO, two 
bands are observed at 1730 cm−1 and 1630 cm−1, which can be attributed to the stretching 
of carbonyl (νC=O) of carboxylic acids, esters, and ketones [36]. The bands at 1226 cm−1 
and 1051 cm−1, also present in GO, can be attributed to the C–O stretching vibrations [28]. 
The presence of the carbonyl group formed in GO facilitates the fixation of metallic nano-
particles on the surface of the composite [36]. According to Naveen et al. [37], the band at 
1081 cm−1 can be attributed to stretching vibrations of epoxy (CO). The Ni/Co-GO NPs 
spectrum is shown in Figure S6b. Bands at 520 cm−1 and 611 cm−1 are observed, and can be 
attributed to the Co-O and Ni-O bond, respectively [37]. 

Raman spectroscopy is a sensitive and non-destructive technique, widely used to de-
tect structural defects in systems containing C sp2. The results obtained using this tech-
nique are shown in Figure S7. For both materials, peaks are observed at 1574 cm−1 (G band) 
and another at 1345 cm−1 (D band). The G band corresponds to the first-order scattering of 
the E2g phonon, in the center of the Brillouin zone, and is typically associated with gra-
phitic carbon structures [36,38]. The D band is attributed to the collective respiration 
modes of the rings within the graphene lattice, which may indicate a reduction in the size 
of the C sp2 domains via chemical oxidation of graphite [36,39]. The D band refers to amor-
phous carbon. The band at 2699 cm−1 can also be observed, historically denominated the 
G� or 2D band. This band has nothing to do with the G peak, but is the second order of the 
zone boundary phonons [40]. According to López-Díaz et al. [41], the apparent band at 
2936 cm−1 corresponds to the D + D� band. This band corresponds to phonons with differ-
ent moments, which for their activation, require structural defects caused by the change 
in the chemical structure of the material, caused by the oxidation of graphite. 

Figure 3. Transmission Electron Microscopy images of graphene oxide obtained from spent Zn-C
batteries synthesized using the adapted Hummers method. (a) Interplanar distance between the GO
planes (b) Ni/Co nanoparticles decorated on the GO.



Processes 2023, 11, 3250 8 of 16

The X-ray Energy Dispersive Spectroscopy results, extracted from the images dis-
played in Figures S3 and S4, are presented in Figure S5. The GO is composed of carbon
(40.7%) and oxygen (12.7%). Other elements are also observed in smaller amounts, such
as sodium, aluminum, silicon, sulfur, potassium, and manganese, which can be attributed
to impurities arising from graphite or the reagents used in the synthesis. The presence of
copper is due to the grid used in the analysis. After the deposition of the nanoparticles, the
presence of Ni (9.8%) and Co (6%) elements can be observed, in addition to carbon (25.1%)
and oxygen (12.5%).

The FTIR spectra of the materials obtained are shown in Figure S6. The results of
graphite and GO are shown in Figure S6a. A main band at 3435 cm−1 can be observed,
which can be attributed to the stretching of hydroxyl groups (νOH) bonds [35], due to
the presence of water in the materials. After the graphite oxidation process to obtain
GO, two bands are observed at 1730 cm−1 and 1630 cm−1, which can be attributed to the
stretching of carbonyl (νC=O) of carboxylic acids, esters, and ketones [36]. The bands at
1226 cm−1 and 1051 cm−1, also present in GO, can be attributed to the C–O stretching
vibrations [28]. The presence of the carbonyl group formed in GO facilitates the fixation of
metallic nanoparticles on the surface of the composite [36]. According to Naveen et al. [37],
the band at 1081 cm−1 can be attributed to stretching vibrations of epoxy (CO). The Ni/Co-
GO NPs spectrum is shown in Figure S6b. Bands at 520 cm−1 and 611 cm−1 are observed,
and can be attributed to the Co-O and Ni-O bond, respectively [37].

Raman spectroscopy is a sensitive and non-destructive technique, widely used to
detect structural defects in systems containing C sp2. The results obtained using this tech-
nique are shown in Figure S7. For both materials, peaks are observed at 1574 cm−1 (G band)
and another at 1345 cm−1 (D band). The G band corresponds to the first-order scattering
of the E2g phonon, in the center of the Brillouin zone, and is typically associated with
graphitic carbon structures [36,38]. The D band is attributed to the collective respiration
modes of the rings within the graphene lattice, which may indicate a reduction in the size
of the C sp2 domains via chemical oxidation of graphite [36,39]. The D band refers to
amorphous carbon. The band at 2699 cm−1 can also be observed, historically denominated
the G’ or 2D band. This band has nothing to do with the G peak, but is the second order
of the zone boundary phonons [40]. According to López-Díaz et al. [41], the apparent
band at 2936 cm−1 corresponds to the D + D’ band. This band corresponds to phonons
with different moments, which for their activation, require structural defects caused by the
change in the chemical structure of the material, caused by the oxidation of graphite.

According to the data obtained, it can be concluded that the synthesis of Ni/Co-GO
NPs from spent Zn-C batteries was successful. This material was used in the catalysis of
NaBH4 hydrolysis to produce hydrogen.

3.2. Hydrogen Evolution from NaBH4

It is known that the production of hydrogen via hydrolysis of NaBH4 can be accelerated
with the addition of inorganic or organic acids, but the rate of hydrolysis is better controlled
by transition metals and their salts [42]. In general, doping the active components or
supporting them on a porous substrate is also a viable way to increase the surface area of
catalysts and reaction efficiency [43]. Nickel and cobalt metals were selected as catalysts
for the hydrogen evolution reaction because they are low cost and do not present a risk of
extinction. For this, different compositions involving an m(Ni)/m(Co) ratio were evaluated,
and the results are shown in Figure 4.

It can be observed that the monometallic composition, i.e., Ni-GO NPs and Co-GO NPs,
presented higher reaction speed, but with low efficiency, close to 50% for both materials.
Probably, the hydrogen gas produced an agglomerate around the nanoparticle, preventing
the decomposition of more borohydride in this saturated site. This phenomenon reduces
the efficiency of reaction. On the other hand, bimetallic compositions showed better
efficiency when compared to monometallic NPs, except for the composition of Ni/Co-GO
NPs (50:50 w/w). These compositions also presented longer induction time, close to 35 s.
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The induction time occurs as a moment of pre-catalysis of the reaction, in which a reactive
species is formed to catalyze the reaction. Among the bimetallic compositions, the Ni/Co-
GO NPs (60:40 w/w) showed better efficiency and speed, with a Hydrogen Generation
Rate (HGR) of 212.1 mL min−1 g−1 from borohydride consumed. This value is similar
to the value reported by Liu et al. [20], who found a rate of 228.5 mL min−1 g−1 using
nickel–cobalt boride as a catalyst for the same reaction. Other works that used Ni- and
Co-based catalysts for hydrogen evolution from NaBH4 hydrolysis are showed in Table 2,
along with the material used in this work for comparison.
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Figure 4. Hydrogen evolution from NaBH4 for different compositions of m(Ni)/m(Co) decorated in
GO obtained from spent Zn-C batteries. Reaction conditions: GO support mass: 100 mg; 0.700 mmol
of the catalyst; 1.00 mL of NaBH4 (0.500 mol L−1); temperature: 296.15 K.

Table 2. Different Ni- and Co-based catalysts applied in the evolution of hydrogen from NaBH4.

Catalyst Hydrolysis Conditions Ea * HGR ** Reference

Raney Ni–Co 0.5 g catalyst; 1 g NaBH4; 10% wt NaOH;
293 K 52.3 228.5 [20]
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C 50 mg catalyst; 0.1 g NaBH4; 0.1 g NaOH;
298 K 30.3 6364 [22]

Ni-Co/r-GO 5 g of 10 wt% NaBH4; 5 wt% NaOH; 0.05
g catalysts; 25 ◦C 55.12 1280 [23]

Ni-Co@3DG 0.02 g catalyst; 25 ◦C; 1 mol L−1 NaBH4;
20.0 mL NaOH; (pH = 10.0)

Not informed. 82.65 [24]

Co@C-650 10 mg of catalyst/5 mL H2O
2% m/m NaOH; 2% m/m NaBH4, 30 ◦C 41.5 330 [27]

Ni/Dolomita 5 mL de 0.25 mol L−1 of NaOH; 60 ◦C;
100 mg NaBH4; catalyst: 100 mg.

38.33 88.16 [44]

CoB-Ni4B3
25 ◦C; 20 mg of catalyst; 10 mmol NaOH;
5 mL NaBH4 0.2 mol L−1 32.7 404.6 [45]

Ni/Co-GO NPs 0.500 mol L−1 NaBH4; catalyst: 100 mg;
296.15 K; Without of NaOH

51.6 212.1 This work

* Ea = Activation energy; ** HGR = Hydrogen Generation Rate.

Control assays were performed using GO without Ni and Co nanoparticles in the
hydrogen evolution from borohydride. The material did not show considerable hydrogen
formation. It can be concluded that the GO as a support for the nanoparticles favors the
reaction kinetics.
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NaBH4 hydrolysis involves the dissociative chemisorption of BH4
− on the catalyst

surface as the first kinetic step. According to Guo et al. [46], BH4
− ions are adsorbed on

electron-enriched Co active sites, forming the Co-BH3
− and Co-H intermediates, according

to Equation (4). Co-BH3
− reacts with water to form the intermediates Co-H and BH3(OH)−.

Two Co-H sites combine to form H2, regenerating part of the active sites (Equation (5)).

2Co + BH4
−
 Co-BH3

− + Co-H (4)

Co-H + Co-H 
 Co-H2 + Co (5)

Co-H2 + Ni 
 Ni-H2 + Co (6)

Ni-H2 → Ni + H2 (7)

The adsorption of H2 can block the active sites, decreasing the catalytic efficiency
of the material. Thus, the bimetallic composition may allow the transport of H2 to Ni
sites (Equations (6) and (7)), preventing the agglomeration and gas saturation on the
surface of active Co sites, improving catalyst efficiency. Similar results were observed by
Paksoy et al. [45], who used Bo-Ni-Co nanospheres in NaBH4 catalysis, and whose speed
obtained was 404.6 mL min−1 g−1, for a composition 35/36% w/w Co-Ni.

3.3. Evaluation of the Influence of NaBH4 Concentration

The evaluation of NaBH4 concentration in the evolution of hydrogen mediated by
Ni/Co NPs-GO is shown in Figure 5a. It should be noted that the H2/NaBH4 ratio is
practically the same, regardless of the concentration of NaBH4 used. The kinetic constants
were equal to 4.2 × 10−3 s−1, 3.1 × 10−3 s−1, 3.2 × 10−3 s−1, and 3.6 × 10−3 s−1 for 0.2,
0.3, 0.4, and 0.5 mol L−1, respectively. The plot of the kinetic constant vs. the ln of NaBH4
concentration is shown in Figure 5b, showing an almost horizontal line with a slope of
−0.18. This suggests that the hydrolysis of NaBH4 catalyzed by Ni/Co-GO follows a zero-
order reaction with respect to NaBH4 concentration. Consequently, this rules out NaBH4
activation as the sole rate-determining step. Similar results are discussed by Fu et al. [47].
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Figure 5. (a) Hydrogen evolution from different NaBH4 concentration. (b) ln of kinetic constant vs.
the ln of NaBH4 concentration. Reaction conditions: 0.700 mmol of Ni/Co NPs (60:40 w/w); GO
support: 100 mg; temperature: 296.15 K.

3.4. Evaluation of the Influence of Catalyst Dose

The evaluation of catalyst dose in the evolution of hydrogen mediated by Ni/Co
NPs-GO is shown in Figure 6a. The catalyst dose increase from 0.175 mmol to 0.700 mmol
increased the HGR from 71.7 mL gcat

−1 min−1 to 212.1 mL gcat
−1 min−1. This result can be

attributed to an increase in active sites, favoring the reaction kinetics.
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Figure 6. (a) Hydrogen evolution from NaBH4 for different doses of catalyst Ni/Co-GO NPs. (b) ln
of kinetic constant vs. the ln of catalyst dose. Reaction conditions: 0.700 mmol of Ni/Co NPs
(60:40 w/w); GO support: 100 mg; 1.00 mL of NaBH4 (0.500 mol L−1); temperature: 296.15 K.

It is evident that the data for doses of 0.175 mmol and 0.350 mmol largely coincide. As
a result, the data for 0.175 mmol were disregarded to create the plot of the kinetic constant
versus the natural logarithm of catalyst dose (Figure 6b). The slope was 1.18, indicating a
first-order kinetics with respect to the catalyst. Similar findings have been discussed by
Fu et al. [47].

3.5. Evaluation of NaOH Presence in the Hydrogen Evolution

NaBH4 is considered a very promising hydrogen storage. However, it presents low sta-
bility and a slow reaction rate in water in the absence of a catalyst. According to Schlesinger
and coworkers [48], borohydride tends to stabilize in alkaline liquid solution, and therefore,
this parameter is widely studied. The results of hydrogen evolution using Ni/Co-GO
NPs (60:40 w/w) at different concentrations of NaOH are shown in Figure 7. As can be
seen, the addition of NaOH decreases the yield. The increase in NaOH concentration from
0.010 to 0.05 mol L−1 reduces the reaction yield from 71.4 to 8%, respectively. According to
Guo et al. [46], the increase in sodium hydroxide concentration increases the concentration
of Na+ ions. This is also due to the borohydride counterion being present in the solution.
These ions can be deposited on the active sites of the catalyst, reducing the reaction rate
and reaction yield. Thus, the other assays were performed without the addition of NaOH.
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Figure 7. Catalytic efficiency of hydrogen evolution from NaBH4 in the presence of different concen-
trations of NaOH. Reaction conditions: 0.700 mmol of Ni/Co NPs (60:40 w/w), GO support: 100 mg;
1.00 mL of NaBH4 (0.500 mol L−1); temperature: 296.15 K.

3.6. Evaluation of Temperature in the Hydrogen Evolution

The results of hydrogen evolution using the Ni/Co-GO NPs (60:40 w/w) at different
temperatures are shown in Figure 8. The reaction rate is dependent of the temperature,
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reaching higher kinetics at higher temperature values. The pseudo first-order kinetic
models were fitted to the experimental data. The kinetic constants values (kobs) for each
temperature are shown in the Table 3.
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Figure 8. Hydrogen evolution from NaBH4 catalyzed with Ni/Co-GO NPs (60:40 w/w) in different
temperatures. Reaction parameters: 0.700 mmol of Ni/Co-GO NPs (60:40 w/w), GO support: 100 mg;
1.00 mL of NaBH4 (0.500 mol L−1). Inset. Arrhenius plot (lnK versus absolute temperature ratio).
Data using 0.500 mol L−1 NaBH4 solution and using NP-Ni/Co-GO (60:40 w/w) as flexible at different
solution temperatures.

Table 3. Kinetic constants (kobs) of hydrogen evolution reaction from NaBH4 with Ni/Co-GO
NPs (60:40 w/w) at different temperatures. Reaction parameters: 0.700 mmol of Ni/Co-GO NPs
(60:40 w/w), GO support: 100 mg; 1.00 mL of NaBH4 (0.500 mol L−1); temperature: 296.15 K.

Temperature (Kelvin) Reaction Kinetic Constant (s−1)

296.15 0.0230
304.15 0.0606
313.15 0.0893
321.15 0.1047

From the kinetic constants, the Arrhenius graph was constructed (inset of Figure 6).
The linear model was fitted to the experimental data, obtaining a coefficient of determina-
tion of 0.833. The activation energy of the system was determined according to Equation (2),
which presented a value of 46.7 kJ mol−1. This result is consistent with the findings of
Amendola et al. [49], who obtained a value of 47 kJ mol−1. The authors used a ruthenium-
based catalyst for borohydride decomposition reactions to produce hydrogen gas. Paksoy
et al. used the same metals, Co and Ni, supported with metal-boron crystals, which found
an activation energy of 32.7 kJ mol−1 [45]. Akbayrak et al. found an activation energy of
65 kJ mol−1 using cobalt ferrite as a support for platinum nanoparticles [50]. The results
indicate that it was possible to obtain a suitable material from spent Zn-C batteries for
the efficient evolution of H2 from NaBH4. From the obtained results, it was possible to
determine the rate equation, according to Equation (8).

Rate = k [NaBH4]
0[catalyst]1 (8)

3.7. Reuse of the Material

The reuse of Ni/Co-GO NPs (60:40 w/w), which presented the better performance in
hydrogen evolution from borohydride, was reused until it lost its efficiency. The results
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are shown in Figure 9. There was a loss of efficiency (17%) between the first and second
cycles, but it remained constant until the seventh cycle (70% yield). From the eight cycle
onwards, the efficiency decreases again, reaching an efficiency of 50% in the tenth cycle.
Probably, the decline in efficiency from the eighth cycle onwards may be linked to catalyst
leaching [51]. Comparable findings were noted by Khan et al., who detected catalyst
leaching starting from the third cycle [52]. Efficiency in the reaction exhibited a decline over
the course of three cycles when employing a Cu-based catalyst for hydrogen evolution in
the methanolysis of NaBH4 [53]. Therefore, it can be concluded that the material is stable,
as its performance remains satisfactory even after seven cycles of use.
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Figure 9. Reuse of Ni/Co-GO NPs (60:40 w/w) in hydrogen evolution from NaBH4. Reaction
parameters: 0.700 mmol of Ni/Co-GO NPs (60:40 w/w), GO support: 100 mg; 1.00 mL of NaBH4

(0.500 mol L−1); temperature: 296.15 K.

3.8. Performance of Ni/Co Supported on GO Derived from Graphite in Zn-C Batteries and
Analytical Grade

For comparative analysis, Ni/Co nanoparticles were deposited on analytical-grade
Zn-C stack graphite-supported graphene oxide (GO). The results are shown in Figure S8.
It is noticeable that the performance of both materials was quite similar, with a slightly
higher yield for the material obtained from spent Zn-C batteries, while the kinetics were
more favorable for the material derived from analytical-grade graphite. The commercial
GO value is USD 0.045/g. Considering the inputs for producing GO from spent Zn-C
batteries, the value reaches half. Considering the price and environmental appeal, the
material obtained in this work appears to be competitive.

4. Conclusions

Based on the results achieved in this study, it can be asserted that a novel, value-added
material was successfully obtained from graphite extracted from spent Zn-C batteries using
an eco-friendly process. This approach offers a new method for treating and addressing
waste that poses numerous environmental challenges, particularly in the context of urban
mining. The synthesis of graphene oxide using the adapted Hummers method demon-
strated characteristics comparable to those reported in the literature. Commercial graphene
oxide is valued at USD 0.045/g, but when considering the inputs for producing graphene
oxide from batteries, the cost is reduced by half. From both a cost and environmental
perspective, the material obtained in this study appears to be competitive. When used as a
support for metallic nanoparticles, this material exhibited promise in hydrogen evolution
from sodium borohydride. It displayed kinetic constants in line with the literature, and the
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rate of hydrogen generation was considered satisfactory. Notably, this study represents the
first instance in the literature where graphene oxide obtained from e-waste is utilized as
a support for metallic nanoparticles in hydrogen evolution. This aligns with the ongoing
discourse surrounding alternative energy sources, opening new possibilities for hydrogen
production from various sources. Furthermore, the material can be reused in multiple
catalytic cycles, showcasing significant potential for applications in hydrogen evolution.
Further studies are required to elucidate the reaction mechanism and explore the reasons
behind the performance decline observed after the eighth cycle, as well as to explore other
potential applications for graphene oxide support.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11113250/s1, Figure S1: Hydrogen production reactor. Highlights:
(a) Kitassato-type reactor; (b) rubber septum for sealing the system and injecting the NaBH4 solution;
(c) bath for temperature control; (d) magnetic stirrer with heating; (e) plastic hose connection between
the reactor and the volume measurement system; (f) burette-type volume meter attached to the
system to measure the volume of hydrogen gas produced; (g) water reservoir for water leveling in the
volume measurement system; (h) digital thermometer; Figure S2: Graphene oxide produced from the
rods of used Zn-C batteries; Figure S3: Transmission Electron Microscopy (TEM) image of graphene
oxide (GO) obtained from spent Zn-C batteries. Inset: Selected-Area Electron Diffraction (SAED).
Polycrystalline structure characterized by the main interplanar distances: 0.98 Å; 1.19 Å; 2.10 Å;
3.00 Å; Figure S4: Transmission Electron Microscopy image of Ni/Co-NPs-GO. Inset: Selected-Area
Electron Diffraction (SAED). Polycrystalline structure characterized by the main interplanar distances:
1.22 Å; 1.65 Å; 2.06 Å; 3.19 Å; 3.80 Å; Figure S5: Energy Dispersive Spectroscopy (EDS). (A) Graphene
oxide (GO) obtained from spent Zn-C batteries. (B) Ni/Co-NPs-GO (60:40 w/w); Figure S6: FTIR of
(a) graphite obtained from spent Zn-C batteries (red) and graphene oxide (GO) obtained from spent
Zn-C batteries (black) (b) Ni/Co-NPs-GO (60:40 w/w); Figure S7: Raman spectroscopy. (a) Graphite
obtained from spent Zn-C batteries (b) graphene oxide (GO) obtained from spent Zn-C batteries;
Figure S8: Hydrogen evolution from NaBH4 mediated by Ni/Co-GO NPs. Reaction conditions:
0.700 mmol of Ni/Co NPs (60:40 w/w); GO support: 100 mg; 1.00 mL of NaBH4 (0.500 mol L−1);
temperature: 296.15 K.
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