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In this study, hydrogen [H,(g)] production from sodium borohydride (NaBH,) using cobalt (Co) nanoparticles (NPs) was investigated with a hydrolysis process.
Optimum experimental conditions were examined at different hydrolysis times (5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 min), at different hydrolysis temperatures (25,
35, 45, and 65°C), and at increasing Co NPs nanocatalyst concentrations (5, 15 and 30 mg/I) at pH = 13.0, respectively. X-ray diffraction (XRD), Field Emission Scanning
Electron Microscopy (FESEM) and Transmission Electron Microscopy (TEM) analyses were performed for characterization studies. H,(g) measurements were made in
gaschromatography—mass spectrometry (GC-MS). The maximum 81% H,(g) yield was observed before the hydrolysis process after 90 min, at pH = 13.0, at 25 °C. The
maximum H,(g) yields were recorded as 98% after 45 min hydrolysis times at 45 °C, at a pH of 13.0. 99% H,(g) yields were found after 14 min hydrolysis times, at pH a pH
of 13.0 at 65 °C. The maximum NaBH, concentration and using Co NPs concentrations were kept constant at 300 mg/l and 1.5 mg/|, respectively.

Introduction

Hydrogen gas [H,(g)], due to its high energy density and
renewable environmental pollution is an environmentally
friendly fuel and an efficient energy carrier that reduces
dependence on fossil fuels [1]. H(g) in its purest form, to
produce energy; In Proton Membrane Fuel Cell (PEMFC), it is
used as fuel with zero greenhouse gas emission output [2]. In
traditional H,(g) production methods of converting natural gas
to steam, the end products are various greenhouse gases such as
carbon monoxide gas [CO(g)] and carbon dioxide gas [CO,(g)].
The source, storage, and safe transport of H/(g) is the key
technology for H,(g) use. Main H,(g) production Technologies
were H,(g) production by electrolysis, H,(g) production from
fossil materials, and biological H,(g) production [3,4].

The main conventional H,(g) storage methods are;
compressing or liquefying H,(g) in a tank under pressure [5-

71, adsorbing H_(g) using chemicals in intermetallic hydrides
[8-10], using activated carbon, carbon nanotubes [11-13] and
metal-organic frameworks (MOFs) [14-16].

In recent years, research on the storage of H,(g) with
metallic non-metallic hydrides; Compared with traditional
H,(g) storage materials, they have very significant advantages
[17]). Researchers have investigated many methods of
practically storing hydrogen; Storage of hydrogen as chemical
hydride is a very promising development [18]. With high H,
value capacity, outstanding stability in alkaline solution, and
recycling of by-products, due to its non-flammability and low
cost, sodium borohydride (NaBH 4) has attracted much attention
as a material with desirable properties for H (g) storage and
production [18]. NaBH . compound for H,(g) storage at ambient
temperature and pressure: due to its properties such as high
energy density, easy control of H,(g) production rate, stable
structure, non-flammable and non-toxic, and others; It is
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one of the most promising non-metallic hydrides [19-21].
NaBH,, H,(g) storage density, high purity of H,(g) production,
and stable hydrolysis process; It is a promising material for
high H_(g) storage [22,23]. Hydrolysis of NaBH . in an alkaline
solution is shown in the following equation (Equation 1):

0
NaBH 4 (aq) + 2H,0(aq) catalyst 4H, + NaBO, (aq) AH | o8

-1
=-212-36kJ - mol (1)

Theoretically, one mole of NaBH, at 25 °C room temperature
may break down into four moles of H,(g) in water with a suitable
catalyst present, with four equivalent H atoms originating from
the NaBH, itself and the remaining two moles coming from the
breakdown of H,0(aq), as shown in Equation (1). Since the self-
hydrolysis of NaBH, is slow, for practical applications; adding a
suitable catalyst ideally, allows a continuous flow of H,(g) from
NaBH, hydrolysis under mild conditions.

The biggest challenge in developing the use of embedded
H,(g) within the PEMFC lies in the H_(g) storage system. This
traditional way of storing H,(g) in pressure tanks is not suitable
for in situ applications as cryogenic liquid H,(aq). Chemical
hybrids such as NaBH " Lithium hydride (LiH), Potassium
borohydride (KBH,), Ammonia borane (NH,BH,), and others,
they are frequently preferred for hydrogen storage with their
high volumetric and high gravimetric H,(g) storage capacities
and stability. Pure H,(g) can be produced from these chemical
hydrides at room temperature. NaBH, has been widely accepted
as an H,(g) storage source due to its high storage capacity of
10.8% by weight.

Generally, Sodium hydroxide (NaOH), increases the H,(g)
production rate of hydrolysis and prevents self-hydrolysis
reaction; It is added to the alkaline NaBH, solution and a catalyst
is very necessary to control it. Cobalt (Co) nanocatalysts (NCs)
have been widely studied among non-noble metal catalysts
[24-26]. On the other hand, the biggest disadvantage of Co NCs
is rapid deactivation [26-28]. Cobalt boride (Co-B) is promising
for H,(g) production thanks to its high activity and low cost.
Particles during Co-B synthesis reduce the effective surface,
limiting the area and catalytic activity; agglomeration occurs.
Widely accepted mechanism; B-O-based compounds deposited
on the Co-B NCs cause the thick passivation layer to deactivate
the Co-NCs [28]. Washing with a dilute acid solution or low-
temperature calcination can restore the original activity of Co
NCs [28-30]. However, Co aggregation and Co leaching were
also other causes of deactivation. To improve the stability of
Co NCs; there are various strategies. For this, encapsulation of
cobalt nanoparticles (Co NPs) in carbon materials is a common
method used to prevent agglomeration and leaching of Co NCs
(3,4,31,32].

A carbon nanotube (0-CNT) supported Co-B catalyst was
prepared and it was determined that the addition of o-CNT
supports improved the catalytic activity of the Co NCs with
greater Co-B dispersion [33]. For the hydrolysis of NaBH,
in alkaline solutions of carbon-supported Co-B NCs; They
reported that activated carbon can provide a high specific
surface area and is very stable in an alkaline environment, as
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a result, it can be used as a potential catalyst [34,35]. The laser
ablation synthesis method was studied to produce a thin-film
catalyst coupled with Co NPs in a boron matrix with activity
comparable to that of the platinum nanocatalysts (Pt-NCs)
(36].

In this study, the production of H,(g) from NaBH, using
Co NPs was investigated by hydrolysis process. Optimum
experimental conditions were examined at different hydrolysis
times (5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 min), at
different hydrolysis temperatures (25, 35, 45, and 65 °C),
and at increasing Co NPs nanocatalyst concentrations (5, 15
and 30 mg/l) at pH = 13.0, respectively. X-Ray Diffraction
(XRD), field emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM) analyses were
performed for characterization studies. H,(g) measurements
were made in gas chromatography—-mass spectrometry (GC-
MS).

Materials and methods
Preparation of Co NCs

Co-B NCs were synthesized according to a procedure
described in the literature using n-cetyl-trimethyl-ammonium
bromide (CTAB) as the surfactant template [37]. 0.362 mg CTAB
was added to an aqueous solution of 0.05 M cobalt chloride
(CoCl,) and stirred continuously for 60 min, at 45 °C. After
cooling at 25 °C room temperature, 0.24 g NaBH , was added to
the mixture as a reducing agent with continuous stirring. When
bubble formation stopped, the remaining solution was filtered;
The resulting black powder was thoroughly washed several
times with deionized water and then twice with ethanol. The
catalyst powder was then transferred to 100 ml of ethanol and
the combined mixture was refluxed at 80 °C for 24 h. Next, the
refluxed solution was collected and washed three times with
ethanol, then dried under a vacuum.

Experimental set-up

To perform catalytic activity measurements; An alkaline
stabilized solution of NaBH, (pH = 13.0, 0.020 * 0.001 M) (Rohm
and Haas) was prepared by adding NaOH. The volume of H,(g)
produced during the reaction was measured by applying the
gas volumetric method in a suitable glass reaction chamber.
The reaction chamber was kept at a constant temperature
with an accuracy of + 0.10 °C using a thermostatic bath. In
the experimental setup in the reaction chamber; a catalyst
placement device, a pressure sensor, and a mixing system were
used. The entire experimental setup is to accurately measure
the weight of water displaced by the H,(g) developed during the
reaction; combined with an electronic precision balance and
completed. The NaBH, and Co NPs concentrations were kept
constant at 300 mg/1 and 1.5 mg/l, respectively.

Characterization

X-Ray Diffraction (XRD) analysis: Powder XRD patterns
were recorded on a Shimadzu XRD-7000, Japan diffractometer
using Cu Ko radiation (1 = 1.5418 A, 40kV, 40 mA) ata scanning
speed of 1° /min in the 10 - 80° 20 range. Raman spectrum was
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collected with a Horiba Jobin Yvon-Labram HR UV-Visible NIR
(200 nm - 1600 nm) Raman microscope spectrometer, using a
laser with a wavelength of 512 nm. The spectrum was collected
from 10 scans at a resolution of 2 /cm. The zeta potential was
measured with a SurPASS Electrokinetic Analyzer (Austria)
with a clamping cell at 300 mbar.

Field Emission Scanning Electron Microscopy (FESEM)
analysis: The morphological features and structure of the
experimental samples were determined by Field Emission
Scanning Electron Microscopy (FESEM) (FESEM, Hitachi
S-4700).

Transmission Electron Microscopy (TEM) analysis: The
obtained experimental samples were collected and harvested by
centrifugation (8000 rpm, 5 min), washed twice with deionized
H,0, resuspended in ethanol (C,H,0), and dripped onto a
carbon-coated copper (C-Cu) transmission electron microscopy
(TEM) grid. Vacuum drying then occurred to the experimental
samples for 24 h at 25°C room temperature. The dry samples
on the Cu grid were viewed and examined by TEM Analysis
recorded in a JEOL JEM 2100F, Japan under 200 kV accelerating
voltage. The size and structure of the experimental samples
were identified with TEM analysis.

Gas Chromatography-Mass Spectrometry (GC-MS)
analysis: Gaschromatography-mass spectrometry (GC-
MS); a Gas Chromatograph (GC) (Agilent Technology model
6890N) equipped with a mass selective detector (Agilent 5973
inert MSD). Mass spectra were recorded using a VGTS 250
spectrometer equipped with a capillary SE 52 column (HP5-
MS 30 m, 0.25 mm ID, 0.25 pm) at 220 °C with an isothermal
program for 10 min. The initial oven temperature was kept at
50 °C for 1 min, then raised to 220 °C at 25 °C/min and from 200
to 300 °C at 8 °C/min, and was then maintained for 5.5 min.
High-purity helium gas [He(g)] was used as the carrier gas at
constant flow mode (1.5 ml/min, 45 cm/s linear velocity). All
H,(g) measurements of the experimental samples were made
in the GC-MS device.

Results and discussions
Characterizations

XRD analysis: The results of XRD analysis were investigated
after H,(g) production from NaBH, using Co NPs with hydrolysis
process. (Figure 1). The characterization peaks were found at
20 values of 32.51°, 35.01°, 41.74°, 44.58°, 45.11°, 46.24°, /8.17°,
52.09°, 55.32° and 58.51°, respectively, and which can also be
indexed as (101), (210), (204), (312), (121), (200), (104), (103),
(201) and (222), respectively (Figure 1a). The characterization
peaks were observed at 20 values of 31.10°, 38.18°, 42.51°, 44.20°,
45.08° 47.50° 48.34° 51.07°, 52.61°, 54.44°, 56.83° and 57.59°,
respectively, and which can also be indexed as (104), (203),
(101), (210), (204), (312), (115), (301), (142), (100), (205) and
(222), respectively (Figure 1b).

The amorphous nature of catalysts with short-range order
and long-range disorders are observed in the alloy of Co NPs
with the element Boron (B) in the chemical NaBH, in the form
of Co-B. Both of these features were expected to increase the
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catalytic activity of the Co NPs. Characterization data indicate
that the Co NPs used contain NaBH,. The high intensity and
sharp diffraction pattern is the crystallinity of NaBH,, while the
diffraction pattern which tends to be short or wide is caused by
the amorphicity of NaBH,.

FESEM analysis: The morphological features of Co NPs were
characterized through FESEM images before the hydrolysis
process (Figure 2a) and after the hydrolysis process (Figure 2b),
respectively. SEM images of the Co NP powder sample before
(Figure 2a) and after hydrolysis (Figure 2b) for the production
of H (g) from NaBH . showed that it had an irregularly shaped

Intensity (Arb. Units)
l

a0 35 40 45 50 65 60
2¢ (Degree)

Figure 1: XRD spectra of Co NPs (a) before the hydrolysis process and (b) after the
hydrolysis process for H,(g) production from NaBH,.

Figure 2: FESEM images of Co NPs (a) before hydrolysis process (b) after hydrolysis
process for H,(g) production from NaBH, (FESEM size: 100 nm).
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particle-like morphology and a high degree of agglomeration.
The average particle size was measured to be approximately
100 nm; This value is in good agreement with the crystallite
size obtained from XRD results. The average particle size was
measured to be approximately 100 nm; This value is in good
agreement with the crystallite size obtained from XRD results.

TEM analysis: The TEM images of Co NPs were obtained
for H,(g) production from NaBH, after the hydrolysis process
(Figure 3). In the 100 nm size TEM images of Co NPs, the
production of H,(g) from NaBH, was observed after hydrolysis
(Figures 3a,3b). A size distribution of Co NPs was performed
after the hydrolysis process for the production of H,(g) from
NaBH, (Figure 3c). As clearly seen, Figures 3a,3b confirm that
there are no agglomerated Co NPs. TEM images indicate no
aggregation of stabilized nanoparticles. Under these conditions,
the Co catalyst is highly active in the production of H,(g) from
hydrolysis, and it originates from NaBH,.

Particularly, Co NPs were evenly dispersed on the surface
of NaBH, without obvious agglomeration. The average particle
size of Co NPs was determined to be 40 and 55 nm, respectively
(Figure 3c).

Hydrolysis mechanism of NaBH, with Co NPs for H,(g)
production

CoCl, aqueous solution reacts with NaBH, resulting in the
formation of catalytically active Co-B NCs [24,38] (Equation 2):

(b)

Figure 3a,b: TEM image of (a) Co NPs after hydrolysis process for H,(g) production

from NaBH,. (TEM size: 100 nm) and (b) Co NPs after hydrolysis process for H,(g)
production from NaBH, (TEM size: 50 nm).
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Figure 3c: Size distribution of Co NPs was performed after the hydrolysis.

CoCl, +2NaBH, +3H;0-0.5C0, B { +2NaCl + 1.5HBO, + 6.25H, T
)

Co-NPs displayed a promoting effect on the hydrolysis
reaction of NaBH,. The catalyst may be synthesized in situ
during the hydrolysis. For example, the CoCl, aqueous solution
reacts with NaBH, resulting in the formation of catalytically
active cobalt boride (Co,B), which appears as a black precipitate
in the aqueous solution [38].

Reaction kinetics of H,(g) production from NaBH, using
Co NPs

During the hydrolysis reaction, the concentrations of both
catalyst and NaOH remain constant; however, the concentration
of NaBH, decreases with hydrolysis time as H,(g) increases.
This decreasing change in NaBH, concentration can give us an
estimate of the reaction order relative to NaBH, [39].

For a zero-order reaction, the production volume of H,(g)
shows a linear variation as a function of time, as given in
Equation 3:

d[H, ]

= 4kg (3)

Where; k : is the rate constant of the zero-order reaction.
In the case of first-order reaction, the H,(g) production volume
as a function of time has an exponential dependence as given
in Equation 4:

kit - kit
[Hy 10 =[HyImax (- ©)=4{[BH lg(—€ ) (4)

Where; [BH ; lo: is the initial molar concentration of NaBH,
in the solution and k: is the overall rate constant of the first-
order reaction, respectively.

Effect of increasing hydrolysis times for the H,(g) pro-
duction from NaBH, using Co NPs

The effects of increasing hydrolysis times (5, 10, 20, 30, 40,
50, 60, 70, 80, and 90 min) on H,(g) production from NaBH,
were investigated before and after the hydrolysis process, at
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pH = 13.0 and at 25 °C. (Figure 4). 45 kJ/mol activation energy
for Co NPs was observed after 90 min hydrolysis time, at pH
= 13.0 and 25 °C, respectively (data not shown). 8%, 17%,
32%, 51%, 58%, 64%, 69%, 72%, and 75% H,(g) yields were
measured before the hydrolysis process after 5, 10, 20, 30, 40,
50, 60, 70 and 80 min, respectively, at pH = 13.0 and at 25
°C (Figure 4). The maximum 81% H,(g) yield was observed
after the 90-minute hydrolysis process at pH = 13.0, at 25 °C
(Figure 4). 15%, 39%, 79%, 88%, 92%, 93%, 95%, 97%, and
98% H_,(g) yields were measured after the hydrolysis process,
after 5, 10, 20, 30, 40, 50, 60, 70 and 80 min hydrolysis times,
respectively, at pH = 13.0 and at 25 °C (Figure 4). The maximum
H,(g) yield was obtained as 98% after 90 min hydrolysis time
at pH = 13.0, at 25 °C (Figure 4).

The H,(g) production percentage was higher after the
hydrolysis process compared to the not hydraulized conditions
and this yield increased up to 98% as the time was increased
from 10 min up to 90 min at 25 °C.

Effect of increasing hydrolysis temperatures for the
H,(g) production from 300 mg/lI NaBH, using 1.5 mg/I
Co NPs

The hydrolysis temperatures were increased from 25 °C to
35, 45, and 65 °C to detect the H (g) production from NaBH,
using Co NPs, at pH = 13.0 (Figure 5). 98% H,(g) production
yields were measured at 25 °C, after 49 min hydrolysis times at
pH = 13.0 (Figure 5). The H,(g) yields were 98% at 35°C, after
30 min hydrolysis times at pH = 13.0 (Figure 5). The maximum
H,(g) yields were detected as 98% after 45 min hydrolysis
times at 45 °C, at a pH of 13.0 (Figure 5). 99% H,(g) vields
were found after 14 min hydrolysis times, at pH a pH of 13.0
at 65°C (Figure 5). By increasing of temperature from 25 °C to
65 °C the time required to reach the maximal H,(g) production
decreased from 49 min to 14 min. In other words, the increase
in temperature decreased the time required to attain the
maximum H,(g) production.

As aforementioned with increasing reaction temperature,
the reaction time for stoichiometric H,(g) production decreased.
A plausible explanation for this observation is the increasing
mobility of NaBH, molecules. Under these conditions, a greater
number of realistic collisions beyond the energy threshold
barrier occurred [40].

Effect of increasing Co NPs concentrations for the H,(g)
production from NaBH, using Co NPs

The effects of increasing Co NPs catalyst concentrations
(5, 15, and 30 mg/l) on the yields of H(g) production were
examined from NaBH, using Co NPs, at pH = 13.0, at 65 °C
(Figure 6). 95% H,(g) yields were measured for 5 mg/1 Co NPs,
after 50 min hydrolysis times, at pH = 13.0, at 65°C (Figure 6).
99% H,(g) yields were obtained for 15 mg/l Co NPs, after 50
min hydrolysis times, respectively, at pH = 13.0, at 65°C (Figure
6). 97% H,(g) yields were observed for 30 mg/l Co NPs, after
50 min hydrolysis times, respectively, at pH = 13.0, at 65 °C
(Figure 6). The maximum 99% H,(g) yield performance was
detected at a Co NP concentration of 15 mg/l, after 50 min
hydrolysis times, at pH = 13.0 and at 65 °C (Figure 6).
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Figure 4: Effect of increasing hydrolysis times for the H,(g) production from NaBH,

using Co NPs before and after the hydrolysis process, at pH = 13.0 and at 25 °C.
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Figure 5: Effect of increasing hydrolysis temperatures on the H,(g) production from

NaBH, using Co NPs, at pH = 13.0.
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Figure 6: Effect of increasing Co NPs concentrations for the H,(g) production from

NaBH, using Co NPs, at pH = 13.0 and at 65 °C.

Hydrogen generation increases as the amount of catalyst
increases from 5 mg /1 to 100 mg/1, implying that the hydrogen
generation rate can be determined by controlling the catalyst
amount in the reactor. The optimum catalyst dose for maximum
H,(g) vield was chosen as 15 mg /1 since the increase in Co NPs
loading may cause the enlargement of Co particles, resulting
in a reduction in the number of active sites per unit of Co
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NPs. Previous literature has reported that Co NPs serve as the
active site for hydrogen production through the hydrolysis of
NaBH, . It has been suggested that the decreased proportion of
Co during low-temperature reduction could potentially explain
the reduced activity in H,(g) production.

H,(g) generation was limited by the amount of the catalyst
[41,42]). Because of the larger surface area and subsequently
more active site for hydrolysis of NaBH, solution by Co-B
powder, a fast and easier photocatalytic reaction occurred.
Theoretically, a higher concentration of NaBH, is desired to
achieve high hydrogen capacity, but is limited by the solubility
limitation of NaBH, itself and its hydrolysis product namely
NaBO, was accumulated in water. There was no increase in
H,(g) production efficiency when the Co NPs concentration
increased to 2.5 mg/1.

When the NaBH . concentration increases from 300 mg/1 to
400 mg/lthe H,(g) generation rate increases and then decreases.
The probable cause of this is the effect of mass and heat
transfer during the reaction. However, NaBO, concentration
increases with increasing NaBH, concentration solution and
this leads to an increase in solution viscosity when the NaBH,
concentration is 400 mg/l. The increase in viscosity does not
lead to limitations of the mass transfer only from the NaBH,
solution to the inner surface of the catalysts. At the same
time, NaBO, concentration may exceed the solubility limit.
NaBO, can precipitate and inhibit the active site on the catalyst
surface. Thus, it prevents contact with BH, and subsequent
hydrolysis rate. The reason behind this is that, initially, at
lower concentrations of NaBH,, the contact time between BH, -
ions and the catalyst is higher. As the concentration of NaBH,
increases, the formation of some by-products can be elevated
and it probably blocks the reactive sites of the catalyst, thus
increasing the viscosity of the solution and lowering the H,(g)
generation rate.

Conclusion

An increase of temperature from 25 °C to 65 °C decreased
the duration necessary to reach the maximum H,(g) production
with a percentage of 98% after hydrolysis from 300 mg/l
NaBH, at a Co NPs concentration of 1.5 mg/1 after 14 min. XRD
spectra showed the amorphous nature of catalysts with the
short and long-range disorder observed in the alloy of Co NPs.
SEM images of the Co NPs powder sample exhibited irregularly
shaped particle-like morphology. TEM images show that the
stabilized nanoparticles do not aggregate.

Co-NPs displayed a promoting effect on the hydrolysis
reaction of NaBH,. Co NPs catalyst showed good stability in the
production of H,(g) from NaBH "
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