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Abstract: Metallic Co NPs@poly(vinylidene fluoride-co- hexafluoropropylene) nanofibers (PVFH
NFs) were successfully synthesized with the help of electrospinning and in situ reduction of Co2+

ions onto the surface of PVFH membrane. Synthesis of PVFH NFs containing 10, 20, 30, and 40 wt%
of cobalt acetate tetrahydrate was achieved. Physiochemical techniques were used to confirm the for-
mation of metallic Co@PVFH NFs. High catalytic activity of Co@PVFH NFs in the dehydrogenation
sodium borohydride (SBH) was demonstrated. The formulation with 40 wt% Co proved to have the
greatest performance in comparison to the others. Using 1 mmol of SBH and 100 mg of Co@PVFH
NFs, 110 mL of H2 was produced in 19 min at a temperature of 25 ◦C, but only 56, 73, and 89 mL
were produced using 10, 20, and 30 wt% Co, respectively. With the rise of catalyst concentration and
reaction temperature, the amount of hydrogen generated increased. By raising the temperature from
25 to 55 ◦C, the activation energy was lowered to be 35.21 kJ mol−1 and the yield of H2 generation was
raised to 100% in only 6 min. The kinetic study demonstrated that the reaction was pseudo-first order
in terms of the amount of catalyst utilized and pseudo-zero order in terms of the SBH concentration.
In addition, after six cycles of hydrolysis, the catalyst showed outstanding stability. The suggested
catalyst has potential applications in H2 generation through hydrolysis of sodium borohydride due
to its high catalytic activity and flexibility of recycling.

Keywords: PVFH NFs; cobalt; hydrolysis; hydrogen; sodium borohydride; electrospinning

1. Introduction

Hydrogen (H2) has a high calorific value and has been highlighted as a long-term
renewable, clean, environmentally friendly energy carrier for future use that can meet
the increasing need for clean energy throughout the world [1]. Over the past decade,
researchers have explored many methods of practically storing hydrogen, with the most
promising being the storage of hydrogen as a chemical hydride [2,3]. With its high H2
capacity [4,5], outstanding stability in alkaline solution [5,6], recycling of by-products [6–8],
non-flammability, and cheap cost, sodium borohydride (SBH, NaBH4) has garnered a lot of
interest as a desirable material for H2 storage and generation [9]. Theoretically, one mole of
SBH at room temperature may break down into four moles of H2 in water with a suitable
catalyst present, with four equivalent H atoms originating from the SBH itself and the
remaining two moles coming from the breakdown of H2O, as shown in Equation (1).

NaBH4 + 2H2O
catalyst→ 4H2 + NaBO2 (1)

Because self-hydrolysis of SBH hydrolysis is sluggish, adding a suitable catalyst
allows for continuous-flow H2 from SBH hydrolysis under mild conditions, which is ideal
for practical applications [10]. The hydrolysis process of NaBH4 has previously been
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accomplished using a wide variety of nano-catalytic materials [4,11–19], including Pt, Ru,
Rh, Pd, Ni, Co, Fe, and their alloys. Co has emerged as the most viable option because of
its strong catalytic activity and improved durability [20,21]. Its reactivity is comparable to
that of noble metals, yet it is significantly cheaper [22,23]. Common methods for producing
metal nano-catalysts include reducing metal salts with reductants like NaBH4 or hydrazine
hydrate. The following practical difficulties affect metallic particles:

1. The catalysts used are losing activity and cycle stability [24];
2. The Co catalyst becomes ineffective quickly because a layer of B-O compounds is

deposited on top of it to function as a passivation layer;
3. Powdered metal-based catalysts are widely used, however this form of the catalyst

is difficult to use in start-and-stop applications because the powder may easily be
separated from the reaction fluid [25];

4. They tend to cluster together frequently.

Encapsulation of Co NPs in an appropriate substrate is one method suggested to lessen
Co aggregation and leaching. Dispersing and stabilizing cobalt metal particles over a suit-
able substrate enhances the catalytic activity of cobalt metal-based catalysts [15]. It is well
known that the support enhances the overall surface area of the catalyst and facilitates more
even distribution of the active metal particles. Different appropriate supporting materials
are proposed during the preparation procedure (e.g., SiO2 [26], Al2O3 [27], TiO2 [28,29],
CeO2 [30], carbon materials [3,31,32], polymer materials [1,2,11,24,33,34], etc.) and can
help maintain the catalyst’s structural stability, achieve long-term durability, and improve
catalytic activity while also addressing the aforementioned concerns [35,36]. As is well-
known, polymer substrates may easily be isolated from reactants while yet retaining their
flexible design structures. For H2 production from SBH hydrolysis, Lunhong et al. [24] pro-
duced metallic cobalt@macroscopic alginate hydrogels as an efficient and reusable catalyst.
The catalytic activity and stability of catalysts are, as mentioned before, strongly influenced
by their synthesis method and shape. In a number of chemical processes [37–39], polymer
membrane nanofibers (PMNFs) have been employed as a substrate for other NPs. They
can be broken down into their component parts and recycled effortlessly, and they perform
well. Since NFs may interlace to produce a very porous mesh, their potential applications
are almost unlimited [9]. Li et al. [40] as a result of anchoring CoCl2 on PAN NFs were
able to produce H2 from SBH solution with high catalytic performance and stability. Using
polyvinylidene fluoride (PVF) as a support matrix, Kim and colleagues have produced hy-
brid NFs for SBH dehydrogenation, such as CoCl2-PVF [9], and Y-zeolite/CoCl2-PVF. They
have demonstrated great catalytic performance and flexible reusability. However, the poly-
mer’s hydrophobicity dampened its catalytic potential. In order to generate H2 from SBH,
Yingbo et al. [41] utilized PVDF-Ni hollow fiber membranes prepared with hydrophilic
polyethylene glycol. To better distribute the catalyst and decrease the hydrophobicity of
PVF, polyethylene glycol was used in the catalyst layer production process. Electrospun
PVFH NFs have been developed as a polymer electrolyte and membrane in diverse appli-
cations in recent years [42–46]. They have excellent chemical and electrochemical stability
and a high affinity for absorbing electrolyte solution [47]. The tetrahydrate content of the
precursor used in this work means that the deposited NPs are superior to those that are
embedded inside the PVFH NFs, therefore the hydrophobic surface of the PVFH NFs was
put to good use. The polymer’s crystallinity is lowered by this hypothesis, and the solution
absorption is boosted, which may lead to better SBH–catalyst surface contact [42]. Since
PVFH NFs are an unreactive and simply reusable polymer, they are a promising candidate
for use as NPs’ supporting material. The fabrication of Co NPs@PVFH NFs’ membrane
NFs for dehydrogenation of SBH as a reliable and simply recyclable catalytic hybrid NF
has not been previously studied, to the best of our knowledge. In this research, economical
catalysts for the dehydrogenation of SBH were explored, namely metallic Co nanoparticles
supported on PVFH NFs. Electrospinning and a chemical reduction method were used
to produce the introduced NFs. CoAc and PVFH NFs electrospun nanofibers were dried
and afterwards reduced in situ with SBH in methanol medium to yield Co NPs supported
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on PVFH NFs’ NFs. According to the physicochemical characterization techniques used,
PVFH NFs’ NFs with Co supported on them are formed during the reduction process.
H2 was successfully produced from SBH using the proposed NFs, demonstrating their
superior catalytic activity. The superb dispersion and stability of the Co nanoparticles
in the Co@PVFH NFs catalyst gives them remarkable catalytic activity and a remarkable
recycling property.

2. Experimental
2.1. Materials

The following chemicals were obtained from Aldrich Co., St. Louis, MO, USA:
cobalt (II) acetate tetrahydrate (CoAc, 98% assay), PVFH (98% assay, 65,000 g/mol), SBH
(98% assay), N,N, dimethylformamide (DMF, reagent grade, 99% assay), and acetone.

2.2. Hybrid Membrane Preparation

To begin, a solution containing 15.0 wt% PVFH was formed by dissolving 1.5 gm of
PVDF-HFB in a solution including DMF and acetone with a weight ratio of 4:1. The cobalt-
supported PVDF-HFB membrane was made in four different formulations, each of which
had a different amount of CoAc loading (10.0 (PVFH-10), 20.0 (PVFH-20), 30.0 (PVFH-30),
and 40.0 wt% (PVFH-40). In order to get the desired concentration of CoAc, it was first
soluble in DMF and afterwards mixed with the PVFH solution. The solutions were agitated
for 5 h in a stirrer to ensure a uniform sol-gel. Lab-scale electro-spinner equipment was
utilized to spin the prepared sol-gels. Following its preparation, the sol-gel was transferred
to a syringe. A high-voltage power source was connected to one end of the syringe, and a
copper wire was inserted through the syringe (positive electrode). Attached to the negative
electrode of a high-voltage power source was a ground iron drum covered in aluminum foil.
It was subjected to a 20 kV electric field. In order to dry the collected formed membranes,
they were placed in a vacuum dryer at 40 ◦C for one whole day. In order to prepare a pure
PVFH-free CoAc membrane, the identical technique was carried out.

2.3. In Situ Reduction of Co Ions Supported on PVFH Membranes

A predetermined amount of electrospun NFs mat was soaked in a 500 mL beaker that
contained a defined amount of SBH in methanol solution. This method boosts the Co ions’
reduction more than the water medium does. In order to achieve a full reduction process,
the molar ratios of the metal precursor and the SBH were set as 1:5. Immediately after the
attachment of the membranes to the solution, the membrane NFs changed color, going
from purple to black. The membranes continued to be placed on to the solution until the
gas bubble was no longer visible. The black membrane NFs was rinsed many times with
DI water to remove any residues that may have been left behind. In the end, the membrane
NFs were heated to 30 ◦C overnight while being dried in a vacuum.

2.4. Characterization

The Co@PVFH membranes were characterized in a similar fashion to that in our recent
reports [48].

2.5. Dehydrogenation of SBH Used Co@PVFH Membranes

Round-bottomed Pyrex flasks were utilized for the catalytic reaction. The water
displacement technique was used to determine the volume of H2 generated. The reaction
vessel was kept in a water bath with a thermostat in order to keep the temperature constant.
The proper amount of catalysts and aqueous SBH solution were introduced to the reaction
vessel. Using the water displacement method, hydrogen gas was produced during the
reaction and collected in an upside-down burette. Hydrogen production was determined
by monitoring the rise and fall of water levels in burettes at regular intervals. The kinetics of
the hydrolysis process were studied by varying the catalyst amount, the SBH concentration,
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and the temperature. The lifetime of the newly added Co@PVFH membranes via recycling
was also investigated.

3. Results and Discussion

Increased interconnectivity, flexibility, perfect porosity, and remarkable surface-to-
volume ratios are just a few of the potential benefits of a polymeric nanofibrous membrane
produced by the electrospinning method [49,50]. Polyvinylidene fluoride (PVDF-HFP)
is the polymeric material of preference for making these NF sheets [51,52] because of
its semi-crystalline structure, high thermal stability, enhanced dielectric constant, and
hydrophobicity, in addition to its piezo and pyroelectric properties. Dry electrospun PVFH
membranes are exhibited in low and high magnification SEM images in Figure 1A,B,
respectively, demonstrating an excellent nanofibrous structure. Because the acetone solvent
quickly evaporates during electrospinning, before the NFs reach the surface of the drum,
the nanoporous structure is formed, which is beneficial for the nucleation of Co crystals.
The cobalt precursor salt used in this study contained a high water content, which greatly
increased the hydrophilicity of the synthesized polymeric membranes by increasing the
demixing rate within the liquid–liquid phases, thereby favoring the formation of a dense
network of pores on the membrane’s structure [53]. Once there, the analyte molecules
would have the least barrier to diffusion, and would be readily trapped in the pores to
make way for the development of H2. Incorporating metal salts has a favorable effect on
improving conductivity and gel formation of the polymer solution, which in turn leads
the jet to stretch to its utmost extent along its axis and forms polymeric nanofibers of very
small diameters [54]. Metallic Co NPs are formed and coated the PVHP membrane surface
by in situ reduction of Co ions using SBH as a strong and effective reducing agent in a
MeOH medium. In Figure 1C,D (PVFH-10), E,F (PVFH-20), G,H (PVFH-30), and I,J (PVFH-
40), SEM images of Co@PVFH membranes are exhibited at low and high magnifications.
The formation of rough, bead-free NFs is seen in the figure. In addition, PVFH mats are
coated in decreased Co ions because they are developed on the basis of the nano-pores
existing on the PVFH NFs’ surface.

The by-product of methanolysis is sodium tetra methoxy borate (NaB (OCH3)4, which
may be expressed as follows in Equation (2). Sodium tetra methoxy borate has a chemical
reaction with water (Equation (3)), yielding sodium borate and methanol, both of which
are removed from the system by the washing process.

NaBH4 + 4CH3OH → 4H2 + NaB(OCH3)4 (2)

NaB(OCH3)4 + 2H2O→ NaBO2 + 4CH3OH (3)

Dehydrogenating NaBH4 using methanol rather than water offers certain benefits.
There are a few different explanations, one of which has to do with the by-product itself.
NaB(OCH3)4 is formed during methanolysis; in contrast to NaB(OH)4, it does not have a
high tendency to polymerize into polyborates. This aids in preventing their precipitation,
which may lead to clogged pores and poisoned catalysts [55,56]. Hongming et al. [3] used
hydrothermal and reduction approaches to produce Co NPs@carbon nanostructures for
SBH dehydrogenation. As sodium metaborate is insoluble in ethanol, they reported that
ethanol solution media reduced Co ions better than water media, where some sodium
metaborate precipitated with the Co NPs. This helped to separate and avoid the agglomer-
ation of the Co nanoparticles. Once and for all, DI water was used to remove the sodium
metaborate. Surfaces of the electrospun Co2+/PVFH membranes had a deep purple hue.
The formation of Co NPs on the surface of PVFH membranes is shown by a change in color
to a dark brown upon contact with the reducing solution, indicating the chemical reduction
of Co ions. In other words, the PVFH membranes’ surfaces might be completely covered in
an epidermal layer of black Co dots, similar to shell “Co nanoparticles”-core “polymeric
NFs” arrangements. On the PVFH-40 membrane, an elemental map is depicted as shown
in Figure 2A–C. The SEM pictures clearly show that Co NPs are abundantly distributed
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throughout the NFs. Mapping EDX demonstrated the presence of carbon, cobalt, and
fluorine peaks.
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Figure 2. Mapping distribution of carbon (A); fluorine (B); cobalt (C) in the PVHF-40 membrane, and
(D) EDX result of mapping image.

Figure 3A,B SEM-EDX shows a graph of the PVHF-40 membrane. The production of
Co NPS around the PVDF-HFB nanofibers is confirmed by inspection of many points of
the SEM image. It was confirmed that these composite membranes were successfully made
thanks to the detection of carbon, cobalt, and fluorine peaks that are all relevant to their
production. It is also confirmed that the amounts of produced elements are agreement with
the used precursors.
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Figure 4 shows the results of an XRD analysis of PVHF-40 membrane crystallinity. In
the XRD graph of the PVHF membrane, the three main diffraction planes were found at 2
theta of 20.49◦and 36.18◦, which correspond to the (100) and (021) planes, respectively [57].
On the other hand, XRD does not reveal any Co NPs in the sample, perhaps because the
cobalt NPs are too tiny or amorphous [22,58,59].
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TGA charts (Figure 5) were used to investigate the thermal decomposition of PVHF and
Co@PVHF membrane NFs. Bare PVHF film had a distinct weight loss region at 420 ◦C as a
result of the stochastic bond cleavage of its units during decomposition [60,61]. After cobalt
species were introduced into the PVHF film, this transition was seen at 346 ◦C, in addition
to a little shift observed at 95 ◦C, which could be due to the evaporation of physisorbed
water. The van der Waals forces between the chains of this polymeric membrane were
reduced due to the incorporation of cobalt nanoparticles into its structure. As a result,
metal-supported polymeric membranes degraded at lower temperatures compared to
naked mat [62].
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Figure 5. TGA graph of PVHF and Co@PVHF membranes.

Figure 6 shows the FTIR of PVHF and Co@PVHF membranes. Both of the plots
representing the polymeric membrane had common vibrational bands and phases that
were validated by peaks at 749 and 837 cm−1 [63]. In the non-crystalline phase of PVHF
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membrane, there were two additional vibrational bands, at 672 and 872 cm−1, which were
attributed to CF and CH2 movement of vinylidene units, respectively. Bands at 1071, 1175,
and 1400 cm−1 [23] also demonstrated the symmetric CF stretching, CF2 stretching, and
deformed vibrations in this membrane. With the addition of cobalt precursor salt during
the production of the polymeric film, two new peaks formed. In this nanomaterial, the
stretching vibration maxima at 942 and 1561 cm−1 [64] provided more evidence for the
incorporation of CoO species.
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Figure 6. FTIR graphs of PVHF and Co@PVHF membranes.

Dehydrogenation of SBH

The catalysts’ catalytic activity varied widely depending on their shape. To improve
catalytic performance, shape-anisotropic nanostructures were used, which included a
greater number of active catalytic sites. Nanofibers may be superior to other nanostructures
as catalytic supports because of their larger surface area. The long axial ratio associated
with nanofibrous morphologies, however, has been proven to result in a significant perfor-
mance boost over other nanostructures. In an electrospinning-based synthesis, Co@PVHF
membranes were investigated as a catalyst for the hydrolysis of SBH, where they were
shown to be very active in the generation of H2. SBH self-hydrolysis produces H2 that is
almost equal to that produced in the presence of pure PVHF. Furthermore, it demonstrated
a much slower process than H2 production in the presence of a Co@PVHF membrane
(Figure 7). Kinetic barriers that inhibit significant increases in H2 yield from SBH hydrolysis
in the absence of a catalyst and at ambient conditions when pure PVHF is present. It was
also observed that the naked Co NPs demonstrated high catalytic activity compared to
PVHF-10. However, to separate and reuse the catalyst, membrane NFs excelled above
traditional powder-like catalysts.
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Figure 7. The influence of Co@PVHF membranes on the dehydrogenation of SBH. The amount of
catalyst = 100 mg, [SBH] = 1 mmol, and T = 298 K.

As shown in Figure 7, the impact of Co loading was studied. To find out which
formulation of the synthesized MNFs was the most active, 100 mg of MNFs was added to
1 mmol of SBH at 25 ◦C in the sealed glass reactor. For four different catalyst loadings, the
amount of H2 produced significantly differed from that with MNFs-free Co. This result
indicates that the process can be catalyzed effectively with a high catalyst loading. Insights
reveal PVHF-40 to be a potent catalyst for the hydrolysis of SBH, leading to the release of
H2 (Figure 7). In comparison to the other ratios (PVHF-10 (56 mL), PVHF-20 (73 mL), and
PVHF-20 (89 mL)), in 19 min the PVHF-40 (110 mL) MNFs generated the most H2, hence
they were selected for further testing. In addition, the reaction time for hydrolysis was sped
up when Co loading is raised, and more hydrogen H2 was produced. More highly efficient
catalytic active sites are the cause of this phenomenon. Synthesized MNFs outperformed
Ni-PVF [65], PVF-[C6(mpy)2][NiCl4]2 NFs composite [25], and PVF/CoCl2/Y-Zeolite [35].

Factors such as SBH concentration, reaction temperature, catalyst amount, and catalyst
reusability all have an impact on the efficiency of catalytic hydrolysis of SBH. As a direct
consequence of this, investigation into the influence of these factors on SBH hydrolysis
while PVHF-40 was present was carried out. The concentration of SBH is essential to the
kinetics of the catalytic reaction since it is the source of hydrogen that is produced during
the hydrolysis process. The influence of SBH concentration on the rate of H2 production
was investigated at a temperature of 25 ◦C using 100 mg of PVHF-40. The catalytic
activity of PVHF-40 is shown in Figure 8A. This activity was performed in the presence of
varying doses of SBH. As demonstrated in the figure, the H2 production rose considerably
as the SBH concentration was increased from 1 mmol to 3.3 mmol. This is because a
low concentration of SBH was used, since greater concentrations follow the zero order
reaction, as the viscosity rises with increasing SBH concentrations. As a consequence of
the development of a low solubility by-product (NaBO2) during SBH hydrolysis, which
is capable of adsorbing to the surface of the catalyst, the reactant diffusion resistance
and reaction rate decrease, which ultimately leads to the blocking of active sites [66–69].
Comparatively to the studies that reveal a zero-order response, our research was conducted
at a low concentration. The relationship between the H2 production rate and the SBH
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concentration is seen in Figure 8B. The H2 generation rate adheres to pseudo-zero order
kinetics (slope = 0.123) in terms of the SBH concentration.
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Changing the concentration of the catalyst used in the hydrolysis process is a simple
and effective way to regulate the rate at which H2 is produced (Figure 9). Since additional
catalyst gives more active sites for SBH dehydrogenation, increasing the amount of PVHF-
40 significantly enhanced the cumulative volume of H2 produced during SBH hydrolysis.
H2 is produced by the self-SBH hydrolysis process, although it moves extremely slowly
and eventually ceases (Figure 6). Since the SBH hydrolysis process is a catalyst-controlled
reaction, effective H2 production may be attained in the presence of a suitable amount of
catalyst (Figure 9A). As the amount of catalyst is increased, the volume at which H2 is
produced increases, as depicted in the figure. The H2 generation volume increased from
110 mL in 19 min to 120 mL in 9 min after increasing the amount of catalyst from 100 to
250 mg. A phenomenon known as “structure sensitivity” explains this observation; as
the number of active sites in a catalyst rises, the reaction rate also increases. Thus, it was
evident that the amount of catalyst used governs the rate at which H2 is produced. The rate
of ln H2 production vs ln [PVHF-40] is shown in Figure 9B. The best-fit line had a slope
of 0.95, thus we can infer that the hydrolysis process had pseudo-first order kinetics with
respect to the concentration of the catalyst.

As was to be anticipated, raising the reaction temperature led to a rise in the volume
production of H2 and resulted in a linear relationship between H2 volume and reaction
time (Figure 10A). Because of the higher temperature, the time required for the reaction
that results in the production of H2 decreased, as can be seen in the figure. In addition,
the volume of H2 produced was raised. As may be seen in Figure 10, an increase in the
reaction temperature from 25 to 55 ◦C caused an increase in the H2 production as 100% H2
was release in 6 min. The findings of this study are in agreement with those in previous
research [70–72]. The activation energy (Ea) of dehydrogenation of SBH hydrolysis using
the Arrhenius Equation (4) in the temperature range from 25 to 55 ◦C in the presence of
100 mg PVHF-40 and 1 mmol SBH is as follows:

lnk = lnA− Ea

RT
(4)
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The linear portion of temperature graphs is used to calculate the rate (k). Figure 10B
shows an Arrhenius plot of ln (K) versus 1/T. As seen in Figure 10B and the Arrhenius
equation (Equation (4)), Ea = 35.21 kJ mol-1 was found. The literature reports activation
energies for non-noble metals ranging from 16.28 to 42.45 kJ mol−1 [73–77]. The obtained
Ea value was compared with the Ea values of various Co-based catalysts and catalysts
supported on polymer substrate. Some examples of these catalysts that can be found in the
literature include Co-Ni/AC (68.84 kJ mol−1) [78], Ni- PVF capsules (49.3 kJ mol−1) [53],
Ni-PVF hollow fiber (55.3 kJ mol−1) [41], ([C6(mpy)2][NiCl4]2− (56.36 kJ mol−1) [79],
PVF-[C6(mpy)2][NiCl4]2−(44.54 kJ mol−1) [25], Co-Ni/MWAC (40.7 kJ mol−1) [76], Sm-
Ni-Co-P/g-Al2O3 (52.05 kJ mol−1) [72], Ni–Co–B (62 kJ mol−1) [80], indicating a superior
catalytic performance of the introduced Co@PVHF. The catalyst’s suitability for practical
use is largely dependent on its reusability and stability. After the reaction, the Co@ PVHF
catalysts may be separated simply by withdrawing the MNFs from the catalytic system.
Separation as easy as that has a lot going for it. Without separating or activating the catalyst,
SBH may be refilled into the reaction solution (1 mmol of SBH at 25 ◦C) (100 mg PVHF-40).
For this reason, several cycles of SBH hydrolysis were performed to look into PVHF-40s for
recycling. As the number of cycles rises, slight declines are seen (Figure 11). However, the
same volume of H2 was generated by extending the reaction time. This may be because,
when the membrane is reused without cleaning among cycles, reaction products precipitate
out onto its surface, blocking the metal active sites and slowing down hydrogen production.
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It has been hypothesized that a rise of NaBO2 precipitation on the PVHF-40 surface
and the consequent rise in viscosity of the solution [81], both of which impede active site
accessibility or induce pore blockage, are responsible for the modest drop in the catalytic
activity seen after the fifth cycle. This was confirmed by XPS of the PVHF-40 catalyst after
ten cycles (Figure 12). As seen by the Co2p3 peak at 857 eV, Co(OH)2 was formed after
six cycles of reuse. A Na 1s peak (1072.2 eV) and a B 1 s peak (180 eV) both showed up in
the spectra. One possible explanation is that Na ions, which are predominantly impurities
that are dissolved in the solution during dehydrogenation of SBH, are responsible for this.
The results indicate that Co@PVHF performs well as a catalyst for SBH hydrolysis.
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The kinetics equation of the dehydrogenation processes could be expressed as
Equations (5)–(7).

r = −d[SBH]

dt
= k[PVHF− 40]0.123[SBH]0.95 (5)

k = Ae(
−Ea
RT )→ lnk = ln15.84− 35210

8.314T (6)

r = − d[SBH]
dt = 15.84e(

−4235
T )[PVHF− 40]0.123[SBH]0.95 (7)

lnkD = ln kB
h + ∆S

R −
∆H
RT (8)

∆G = ∆H − T∆S (9)

Based on Equation (9) and Figure 10C, ∆H and ∆S were determined to be 32.61 kJ mol−1

and 0.075 kJ mol−1, respectively. ∆G can be rewritten as follows:

∆G = 32.61− 0.075T (10)

4. Conclusions

In conclusion, the electrospinning method, followed by in situ reduction of Co ions to
metallic Co, successfully produced the Metallic Co NPs@PVHF membrane NFs catalysts.
Excellent catalytic activity in the dehydrogenation of SBH was observed with the synthe-
sized metal catalysts. When compared to the other formulations, the sample PVHF-40
had the highest catalytic activity. In terms of SBH concentration and catalyst concentra-
tion, the kinetics investigation revealed that the reaction followed the pseudo-zero order
and pseudo-first order, respectively. The rise in temperature from 25 to 55 ◦C resulted
in an increase in H2 generation yield to be 100% in 6 min and a low activation energy
(35.21 kJ mol−1) was obtained. More intriguingly, the Co NPs@PVHF MNFs catalyst was
utilized without separation or makeup across six consecutive cycles of the reactions. Given
that the eco-friendly and low-cost Co@PVHF MNFs are catalytically effective and reusable,
they should have potential applications in the dehydrogenation of SBH. The findings might
pave the way for additional research into effective and practical catalysts for on-demand
H2 generation via SBH hydrolysis.
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1. Kılınç, D.; Şahin, Ö. Synthesis of polymer supported Ni (II)-Schiff Base complex and its usage as a catalyst in sodium borohydride

hydrolysis. Int. J. Hydrog. Energy 2018, 43, 10717–10727. [CrossRef]
2. Cai, H.; Liu, L.; Chen, Q.; Lu, P.; Dong, J. Ni-polymer nanogel hybrid particles: A new strategy for hydrogen production from the

hydrolysis of dimethylamine-borane and sodium borohydride. Energy 2016, 99, 129–135. [CrossRef]
3. Zhang, H.; Xu, G.; Zhang, L.; Wang, W.; Miao, W.; Chen, K.; Cheng, L.; Li, Y.; Han, S. Ultrafine cobalt nanoparticles supported on

carbon nanospheres for hydrolysis of sodium borohydride. Renew. Energy 2020, 162, 345–354. [CrossRef]
4. Lee, Y.-J.; Badakhsh, A.; Min, D.; Jo, Y.S.; Sohn, H.; Yoon, C.W.; Jeong, H.; Kim, Y.; Kim, K.-B.; Nam, S.W. Development of 3D

open-cell structured Co-Ni catalysts by pulsed electrodeposition for hydrolysis of sodium borohydride. Appl. Surf. Sci. 2021,
554, 149530. [CrossRef]

5. A Ritter, J.; Ebner, A.D.; Wang, J.; Zidan, R. Implementing a hydrogen economy. Mater. Today 2003, 6, 18–23. [CrossRef]
6. Calabretta, D.L.; Davis, B.R. Investigation of the anhydrous molten Na–B–O–H system and the concept: Electrolytic hydriding of

sodium boron oxide species. J. Power Sources 2007, 164, 782–791. [CrossRef]
7. Santos, D.; Sequeira, C. On the electrosynthesis of sodium borohydride. Int. J. Hydrog. Energy 2010, 35, 9851–9861. [CrossRef]
8. Santos, D.; Sequeira, C. Sodium borohydride as a fuel for the future. Renew. Sustain. Energy Rev. 2011, 15, 3980–4001. [CrossRef]
9. Chinnappan, A.; Kang, H.-C.; Kim, H. Preparation of PVDF nanofiber composites for hydrogen generation from sodium

borohydride. Energy 2011, 36, 755–759. [CrossRef]
10. Wechsler, D.; Cui, Y.; Dean, D.; Davis, B.; Jessop, P.G. Production of H2 from Combined Endothermic and Exothermic Hydrogen

Carriers. J. Am. Chem. Soc. 2008, 130, 17195–17203. [CrossRef]
11. Dinç, M.; Metin, Ö.; Özkar, S. Water soluble polymer stabilized iron(0) nanoclusters: A cost-effective and magnetically recoverable

catalyst in hydrogen generation from the hydrolysis of sodium borohydride and ammonia borane. Catal. Today 2012, 183, 10–16.
[CrossRef]

12. Oh, T.H.; Gang, B.G.; Kim, H.; Kwon, S. Sodium borohydride hydrogen generator using Co–P/Ni foam catalysts for 200 W proton
exchange membrane fuel cell system. Energy 2015, 90, 1163–1170. [CrossRef]

13. Shen, X.; Wang, Q.; Wu, Q.; Guo, S.; Zhang, Z.; Sun, Z.; Liu, B.; Wang, Z.; Zhao, B.; Ding, W. CoB supported on Ag-activated TiO2
as a highly active catalyst for hydrolysis of alkaline NaBH4 solution. Energy 2015, 90, 464–474. [CrossRef]

14. Ding, X.-L.; Yuan, X.; Jia, C.; Ma, Z.-F. Hydrogen generation from catalytic hydrolysis of sodium borohydride solution using
Cobalt–Copper–Boride (Co–Cu–B) catalysts. Int. J. Hydrog. Energy 2010, 35, 11077–11084. [CrossRef]

15. Park, J.-H.; Shakkthivel, P.; Kim, H.-J.; Han, M.-K.; Jang, J.-H.; Kim, Y.-R.; Shul, Y.-G. Investigation of metal alloy catalyst for
hydrogen release from sodium borohydride for polymer electrolyte membrane fuel cell application. Int. J. Hydrog. Energy 2008,
33, 1845–1852. [CrossRef]

16. Arzac, G.M.; Rojas, T.C.; Fernández, A. New insights into the synergistic effect in bimetallic-boron catalysts for hydrogen
generation: The Co–Ru–B system as a case study. Appl. Catal. B Environ. 2012, 128, 39–47. [CrossRef]

17. Larichev, Y.; Netskina, O.; Komova, O.; Simagina, V. Comparative XPS study of Rh/Al2O3 and Rh/TiO2 as catalysts for NaBH4
hydrolysis. Int. J. Hydrog. Energy 2010, 35, 6501–6507. [CrossRef]

18. Xu, D.; Dai, P.; Liu, X.; Cao, C.; Guo, Q. Carbon-supported cobalt catalyst for hydrogen generation from alkaline sodium
borohydride solution. J. Power Sources 2008, 182, 616–620. [CrossRef]

19. Chen, Y.; Kim, H. Ni/Ag/silica nanocomposite catalysts for hydrogen generation from hydrolysis of NaBH4 solution. Mater. Lett.
2008, 62, 1451–1454. [CrossRef]

http://doi.org/10.1016/j.ijhydene.2018.02.023
http://doi.org/10.1016/j.energy.2016.01.046
http://doi.org/10.1016/j.renene.2020.08.031
http://doi.org/10.1016/j.apsusc.2021.149530
http://doi.org/10.1016/S1369-7021(03)00921-0
http://doi.org/10.1016/j.jpowsour.2006.11.023
http://doi.org/10.1016/j.ijhydene.2010.01.129
http://doi.org/10.1016/j.rser.2011.07.018
http://doi.org/10.1016/j.energy.2010.12.048
http://doi.org/10.1021/ja806721s
http://doi.org/10.1016/j.cattod.2011.05.007
http://doi.org/10.1016/j.energy.2015.06.055
http://doi.org/10.1016/j.energy.2015.07.075
http://doi.org/10.1016/j.ijhydene.2010.07.030
http://doi.org/10.1016/j.ijhydene.2008.01.003
http://doi.org/10.1016/j.apcatb.2012.02.013
http://doi.org/10.1016/j.ijhydene.2010.04.048
http://doi.org/10.1016/j.jpowsour.2008.04.018
http://doi.org/10.1016/j.matlet.2007.08.084


Polymers 2023, 15, 597 15 of 17

20. Marchionni, A.; Bevilacqua, M.; Filippi, J.; Folliero, M.G.; Innocenti, M.; Lavacchi, A.; Miller, H.A.; Pagliaro, M.V.; Vizza, F. High
volume hydrogen production from the hydrolysis of sodium borohydride using a cobalt catalyst supported on a honeycomb
matrix. J. Power Sources 2015, 299, 391–397. [CrossRef]

21. Wang, Y.; Shen, Y.; Qi, K.; Cao, Z.; Zhang, K.; Wu, S. Nanostructured cobalt–phosphorous catalysts for hydrogen generation from
hydrolysis of sodium borohydride solution. Renew. Energy 2016, 89, 285–294. [CrossRef]

22. Liu, Y.; Zhang, J.; Guan, H.; Zhao, Y.; Yang, J.-H.; Zhang, B. Preparation of bimetallic Cu-Co nanocatalysts on poly (diallyldimethy-
lammonium chloride) functionalized halloysite nanotubes for hydrolytic dehydrogenation of ammonia borane. Appl. Surf. Sci.
2018, 427, 106–113. [CrossRef]

23. Mandal, B.P.; Vasundhara, K.; Abdelhamid, E.; Lawes, G.; Salunke, H.G.; Tyagi, A.K. Improvement of Magnetodielectric Coupling
by Surface Functionalization of Nickel Nanoparticles in Ni and Polyvinylidene Fluoride Nanohybrids. J. Phys. Chem. C 2014, 118,
20819–20825. [CrossRef]

24. Ai, L.; Gao, X.; Jiang, J. In situ synthesis of cobalt stabilized on macroscopic biopolymer hydrogel as economical and recyclable
catalyst for hydrogen generation from sodium borohydride hydrolysis. J. Power Sources 2014, 257, 213–220. [CrossRef]

25. Chinnappan, A.; Kim, H. Nanocatalyst: Electrospun nanofibers of PVDF – Dicationic tetrachloronickelate (II) anion and their
effect on hydrogen generation from the hydrolysis of sodium borohydride. Int. J. Hydrog. Energy 2012, 37, 18851–18859. [CrossRef]

26. Lu, Z.-H.; Jiang, H.-L.; Yadav, M.; Aranishi, K.; Xu, Q. Synergistic catalysis of Au-Co@SiO2 nanospheres in hydrolytic dehydro-
genation of ammonia borane for chemical hydrogen storage. J. Mater. Chem. 2012, 22, 5065–5071. [CrossRef]

27. Kopp, M.; Coleman, D.; Stiller, C.; Scheffer, K.; Aichinger, J.; Scheppat, B. Energiepark Mainz: Technical and economic analysis of
the worldwide largest Power-to-Gas plant with PEM electrolysis. Int. J. Hydrog. Energy 2017, 42, 13311–13320. [CrossRef]

28. Yousef, A.; El-Halwany, M.M.; Barakat, N.A.; Kim, H.Y. One pot synthesis of Cu-doped TiO2 carbon nanofibers for dehydrogena-
tion of ammonia borane. Ceram. Int. 2015, 41, 6137–6140. [CrossRef]

29. Yousef, A.; Brooks, R.M.; El-Halwany, M.M.; El-Newehy, M.H.; Al-Deyab, S.S.; Barakat, N.A.M. Cu 0 /S-doped TiO2 nanoparticles-
decorated carbon nanofibers as novel and efficient photocatalyst for hydrogen generation from ammonia borane. Ceram. Int.
2016, 42, 1507–1512. [CrossRef]

30. Duman, S.; Özkar, S. Ceria supported manganese(0) nanoparticle catalysts for hydrogen generation from the hydrolysis of sodium
borohydride. Int. J. Hydrog. Energy 2018, 43, 15262–15274. [CrossRef]

31. Al-Enizi, A.M.; Brooks, R.M.; Abutaleb, A.; El-Halwany, M.; El-Newehy, M.H.; Yousef, A. Electrospun carbon nanofibers
containing Co-TiC nanoparticles-like superficial protrusions as a catalyst for H2 gas production from ammonia borane complex.
Ceram. Int. 2017, 43, 15735–15742. [CrossRef]

32. Al-Enizi, A.M.; Nafady, A.; El-Halwany, M.; Brooks, R.M.; Abutaleb, A.; Yousef, A. Electrospun carbon nanofiber-encapsulated
NiS nanoparticles as an efficient catalyst for hydrogen production from hydrolysis of sodium borohydride. Int. J. Hydrog. Energy
2019, 44, 21716–21725. [CrossRef]

33. Cai, H.; Lu, P.; Dong, J. Robust nickel–polymer nanocomposite particles for hydrogen generation from sodium borohydride. Fuel
2016, 166, 297–301. [CrossRef]

34. Chen, C.-W.; Chen, C.-Y.; Huang, Y.-H. Method of preparing Ru-immobilized polymer-supported catalyst for hydrogen generation
from NaBH4 solution. Int. J. Hydrog. Energy 2009, 34, 2164–2173. [CrossRef]

35. Li, Q.; Chen, Y.; Lee, D.J.; Li, F.; Kim, H. Preparation of Y-zeolite/CoCl2 doped PVDF composite nanofiber and its application in
hydrogen production. Energy 2012, 38, 144–150. [CrossRef]

36. Tuan, D.D.; Lin, K.-Y.A. Ruthenium supported on ZIF-67 as an enhanced catalyst for hydrogen generation from hydrolysis of
sodium borohydride. Chem. Eng. J. 2018, 351, 48–55. [CrossRef]

37. Liu, H.; Dai, Z.; Xu, J.; Guo, B.; He, X. Effect of silica nanoparticles/poly(vinylidene fluoride-hexafluoropropylene) coated layers
on the performance of polypropylene separator for lithium-ion batteries. J. Energy Chem. 2014, 23, 582–586. [CrossRef]

38. Niu, Y.; Bai, Y.; Yu, K.; Wang, Y.; Xiang, F.; Wang, H. Effect of the Modifier Structure on the Performance of Barium
Titanate/Poly(vinylidene fluoride) Nanocomposites for Energy Storage Applications. ACS Appl. Mater. Interfaces 2015,
7, 24168–24176. [CrossRef]

39. Ahmad, A.; Farooqui, U.; Hamid, N. Effect of graphene oxide (GO) on Poly(vinylidene fluoride-hexafluoropropylene) (PVDF-
HFP) polymer electrolyte membrane. Polymer 2018, 142, 330–336. [CrossRef]

40. Li, F.; Arthur, E.E.; La, D.; Li, Q.; Kim, H. Immobilization of CoCl2 (cobalt chloride) on PAN (polyacrylonitrile) composite
nanofiber mesh filled with carbon nanotubes for hydrogen production from hydrolysis of NaBH4 (sodium borohydride). Energy
2014, 71, 32–39. [CrossRef]

41. Chen, Y.; Shi, Y.; Liu, X.; Zhang, Y. Preparation of polyvinylidene fluoride–nickel hollow fiber catalytic membranes for hydrogen
generation from sodium borohydride. Fuel 2015, 140, 685–692. [CrossRef]

42. Raghavan, P.; Zhao, X.; Kim, J.-K.; Manuel, J.; Chauhan, G.; Ahn, J.-H.; Nah, C. Ionic conductivity and electrochemical properties
of nanocomposite polymer electrolytes based on electrospun poly(vinylidene fluoride-co-hexafluoropropylene) with nano-sized
ceramic fillers. Electrochim. Acta 2008, 54, 228–234. [CrossRef]

43. Mališ, J.; Mazúr, P.; Schauer, J.; Paidar, M.; Bouzek, K. Polymer-supported 1-butyl-3-methylimidazolium trifluoromethanesulfonate
and 1-ethylimidazolium trifluoromethanesulfonate as electrolytes for the high temperature PEM-type fuel cell. Int. J. Hydrog.
Energy 2013, 38, 4697–4704. [CrossRef]

http://doi.org/10.1016/j.jpowsour.2015.09.006
http://doi.org/10.1016/j.renene.2015.12.026
http://doi.org/10.1016/j.apsusc.2017.08.171
http://doi.org/10.1021/jp5065787
http://doi.org/10.1016/j.jpowsour.2014.01.119
http://doi.org/10.1016/j.ijhydene.2012.09.170
http://doi.org/10.1039/c2jm14787d
http://doi.org/10.1016/j.ijhydene.2016.12.145
http://doi.org/10.1016/j.ceramint.2015.01.058
http://doi.org/10.1016/j.ceramint.2015.09.097
http://doi.org/10.1016/j.ijhydene.2018.06.120
http://doi.org/10.1016/j.ceramint.2017.08.135
http://doi.org/10.1016/j.ijhydene.2019.06.152
http://doi.org/10.1016/j.fuel.2015.11.011
http://doi.org/10.1016/j.ijhydene.2008.12.077
http://doi.org/10.1016/j.energy.2011.12.021
http://doi.org/10.1016/j.cej.2018.06.082
http://doi.org/10.1016/S2095-4956(14)60188-1
http://doi.org/10.1021/acsami.5b07486
http://doi.org/10.1016/j.polymer.2018.03.052
http://doi.org/10.1016/j.energy.2014.03.130
http://doi.org/10.1016/j.fuel.2014.10.022
http://doi.org/10.1016/j.electacta.2008.08.007
http://doi.org/10.1016/j.ijhydene.2013.01.126


Polymers 2023, 15, 597 16 of 17

44. Vijayakumar, E.; Subramania, A.; Fei, Z.; Dyson, P.J. High-performance dye-sensitized solar cell based on an electrospun
poly(vinylidene fluoride-co-hexafluoropropylene)/cobalt sulfide nanocomposite membrane electrolyte. RSC Adv. 2015, 5,
52026–52032. [CrossRef]

45. Zhang, P.; Li, R.; Huang, J.; Liu, B.; Zhou, M.; Wen, B.; Xia, Y.; Okada, S. Flexible poly(vinylidene fluoride-co-hexafluoropropylene)-
based gel polymer electrolyte for high-performance lithium-ion batteries. RSC Adv. 2021, 11, 11943–11951. [CrossRef]

46. Tian, X.; Jiang, X. Poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) membranes for ethyl acetate removal from water.
J. Hazard. Mater. 2008, 153, 128–135. [CrossRef]

47. Zhang, Y.; Zhao, Y.; Bakenov, Z.; Gosselink, D.; Chen, P. Poly(vinylidene fluoride-co-hexafluoropropylene)/poly(methylmethacrylate)/
nanoclay composite gel polymer electrolyte for lithium/sulfur batteries. J. Solid State Electrochem. 2014, 18, 1111–1116. [CrossRef]

48. Al-Enizi, A.M.; El-Halwany, M.; Shaikh, S.F.; Pandit, B.; Yousef, A. Electrospun nickel nanoparticles@poly(vinylidene fluoride-
hexafluoropropylene) nanofibers as effective and reusable catalyst for H2 generation from sodium borohydride. Arab. J. Chem.
2022, 15. [CrossRef]

49. Gibson, P.; Schreuder-Gibson, H.; Rivin, D. Transport properties of porous membranes based on electrospun nanofibers. Colloids
Surf. A: Physicochem. Eng. Asp. 2001, 187-188, 469–481. [CrossRef]

50. Yousef, A.; Barakat, N.A.; Al-Deyab, S.S.; Nirmala, R.; Pant, B.; Kim, H.Y. Encapsulation of CdO/ZnO NPs in PU electrospun
nanofibers as novel strategy for effective immobilization of the photocatalysts. Colloids Surf. A: Physicochem. Eng. Asp. 2012, 401,
8–16. [CrossRef]

51. Kumar, G.G.; Shin, J.; Nho, Y.-C.; Hwang, I.S.; Fei, G.; Kim, A.R.; Nahm, K.S. Irradiated PVdF-HFP–tin oxide composite
membranes for the applications of direct methanol fuel cells. J. Membr. Sci. 2010, 350, 92–100. [CrossRef]

52. Kumar, G.G. Irradiated PVdF-HFP-montmorillonite composite membranes for the application of direct ethanol fuel cells. J. Mater.
Chem. 2011, 21, 17382–17391. [CrossRef]

53. Chen, Y.; Shi, Y.; Wang, Y. Preparation of hollow poly(vinylidene fluoride) capsules containing nickel catalyst for hydrogen
storage and production. Int. J. Energy Res. 2015, 39, 634–642. [CrossRef]

54. Kang, H.-C.; Chen, Y.; Arthur, E.E.; Kim, H. Microstructural control of catalyst-loaded PVDF microcapsule membrane for
hydrogen generation by NaBH4 hydrolysis. Int. J. Hydrog. Energy 2014, 39, 15656–15664. [CrossRef]

55. Aydın, K.; Kulaklı, B.N.; Filiz, B.C.; Alligier, D.; Demirci, U.B.; Figen, A.K. Closing the hydrogen cycle with the couple sodium
borohydride-methanol, via the formation of sodium tetramethoxyborate and sodium metaborate. Int. J. Energy Res. 2020, 44,
11405–11416. [CrossRef]

56. Lo, C.-T.F.; Karan, K.; Davis, B.R. Kinetic Studies of Reaction between Sodium Borohydride and Methanol, Water, and Their
Mixtures. Ind. Eng. Chem. Res. 2007, 46, 5478–5484. [CrossRef]

57. Stephan, A.M.; Nahm, K.S.; Kulandainathan, M.A.; Ravi, G.; Wilson, J. Poly(vinylidene fluoride-hexafluoropropylene) (PVdF-
HFP) based composite electrolytes for lithium batteries. Eur. Polym. J. 2006, 42, 1728–1734. [CrossRef]

58. Yao, Q.; Lu, Z.-H.; Wang, Y.; Chen, X.; Feng, G. Synergetic Catalysis of Non-noble Bimetallic Cu–Co Nanoparticles Embedded in
SiO2 Nanospheres in Hydrolytic Dehydrogenation of Ammonia Borane. J. Phys. Chem. C 2015, 119, 14167–14174. [CrossRef]

59. Subramanian, N.D.; Balaji, G.; Kumar, C.S.; Spivey, J.J. Development of cobalt–copper nanoparticles as catalysts for higher alcohol
synthesis from syngas. Catal. Today 2009, 147, 100–106. [CrossRef]

60. Kumar, G.G.; Kim, A.R.; Nahm, K.S.; Yoo, D. High proton conductivity and low fuel crossover of polyvinylidene fluoride–
hexafluoro propylene–silica sulfuric acid composite membranes for direct methanol fuel cells. Curr. Appl. Phys. 2011, 11, 896–902.
[CrossRef]

61. Kumar, T.R.; Babu, K.J.; Yoo, D.J.; Kim, A.R.; Kumar, G.G. Binder free and free-standing electrospun membrane architecture for
sensitive and selective non-enzymatic glucose sensors. RSC Adv. 2015, 5, 41457–41467. [CrossRef]

62. Kumar, R.V.; Mastai, Y.; Diamant, Y.; Gedanken, A. Sonochemical synthesis of amorphous Cu and nanocrystalline Cu2O
embedded in a polyaniline matrix. J. Mater. Chem. 2001, 11, 1209–1213. [CrossRef]

63. Kumar, G.G.; Nahm, K.S.; Elizabeth, R.N. Electro chemical properties of porous PVdF-HFP membranes prepared with different
nonsolvents. J. Membr. Sci. 2008, 325, 117–124. [CrossRef]

64. Nath, A.; Kumar, A. Swift heavy ion irradiation induced enhancement in electrochemical properties of ionic liquid based
PVdF-HFP-layered silicate nanocomposite electrolyte membranes. J. Membr. Sci. 2014, 453, 192–201. [CrossRef]

65. A Sheikh, F.; Cantu, T.; Macossay, J.; Kim, H. Fabrication of Poly(vinylidene fluoride) (PVDF) Nanofibers Containing Nickel
Nanoparticles as Future Energy Server Materials. Sci. Adv. Mater. 2011, 3, 216–222. [CrossRef]

66. Ozay, O.; Aktas, N.; Inger, E.; Sahiner, N. Hydrogel assisted nickel nanoparticle synthesis and their use in hydrogen production
from sodium boron hydride. Int. J. Hydrog. Energy 2011, 36, 1998–2006. [CrossRef]

67. Walter, J.C.; Zurawski, A.; Montgomery, D.; Thornburg, M.; Revankar, S. Sodium borohydride hydrolysis kinetics comparison for
nickel, cobalt, and ruthenium boride catalysts. J. Power Sources 2008, 179, 335–339. [CrossRef]

68. Sagbas, S.; Sahiner, N. A novel p(AAm-co-VPA) hydrogel for the Co and Ni nanoparticle preparation and their use in hydrogel
generation from NaBH. Fuel Process. Technol. 2012, 104, 31–36. [CrossRef]

69. Saka, C.; Eygi, M.S.; Balbay, A. CoB doped acid modified zeolite catalyst for enhanced hydrogen release from sodium borohydride
hydrolysis. Int. J. Hydrog. Energy 2020, 45, 15086–15099. [CrossRef]
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