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e need for alternative energy sources is increasing day by day. Among
these alternative energy sources, hydrogen has been the subject of many
researchers. In this article, for the reaction of hydrogen production via hydrolysis
of NaBH,, a PVA-Co composite fiber was developed as an effective catalyst,
which can be synthesized in a simple one-step route. The characterization
studies of PVA-metal composite fibers and optimizationstudies for hydrogen
production have been carried out. As a result of the experiments performed
with PVA-Co composite fiber, activation energy, enthalpy and entropy values
were calculated by using the Arrhenius equation and Eyring equation. The
required activation energy for the NaBH, hydrolysis reaction using the PVA-Co
composite fiber catalyst was calculated as 40.96 kJ/mol. Hydrogen generation
rate (HGR) was found to be 5187 mL H,/min.g at 343.15 K.
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Introduction

Today, the useful energy sources for
human need are very limited and the tech-
nological developments increase the energy
deficit more and more. Therefore, it has
become a necessity to find alternative energy
sources worldwide. One of the alternatives is
hydrogen gas which is reliable and provide
environmentally friendly product with usage.
It is accepted as the energy of the future
because of having a high energy density of
1.42 x 108 J-kg" and its production has been
the popular subject of many studies [1, 2].
Compounds such as metal boron hydrides,
ammonia borane, hydrazine hydrates, formic
acid can be used for sustainable borohy-
drides, NaBH, is rich in hydrogen since
its theoretical hydrogen capacity is 10.8%
gravimetrically. It is non-flammable, highly
soluble in water, environmentally friendly and
economical [1, 3]. As a result of the hydro-
lysis reaction, four moles of hydrogen gas
is released with an enthalpy change of -217
kd.mol". For reusage, the NaBO, product of
the process can be reversibly converted to
NaBH, in closed systems as well [2, 4.

)}
NaBH, +2H,0 3 NaBO, + 4, AH=-217Klmol* (1)

NaBH,+4CH;OH —NaB(OCHj), +4H, V)

The spontaneous hydrolysis reaction of
NaBH, proceeds slowly and the conversion
rate is 7-8%. Therefore, the reaction effi-
ciency of such reactions can be increased
by using a homogeneous or heterogeneous
catalyst [5]. Hydrogen gas production via
hydrolysis by using catalyst provides H, gas
with high purity [3]. Therefore, noble metal
such as platinum [6], ruthenium [7], palla-
dium [8], gold [9] etc. or transitions metals
like cobalt [10], nickel [11], copper [12] etc.
have been investigated by many researchers
as catalysts for the production of hydrogen
in the catalytic hydrolysis of NaBH, Among
these catalyst systems, cobalt nanoparticle
has been preferred in many studies due
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to its catalytical effect. Mahpudz et al. [13]
synthesized a catalyst by supporting cobalt
nanoparticles on a magnesium-aluminum
double hydroxyl layer. As a result of the
experiments, they calculated the activation
energy for H, production as 56.9 kJ.mol"
and the HGR value at 25 °C as 4520 mLmin
'g.," Ugale et al. [10] synthesized a carbon
loaded cobalt oxide (C-Co,0,) catalyst. As a
result of the experiments, they calculated the
activation energy for H, production as 55.9
kJ.mol"and the HGR value at 47 °C as 5430
mLmin”g". Saka et al. [14] synthesized CoB
catalyst on kaolin support material activated
with acetic acid. As a result of the experi-
ments, they calculated the activation energy
for H, production as 49.41 kd.mol" and the
HGR value at 50 °C as 3400 mLmin™g_ ., ..
Karami et al. [15] synthesized nanocom-
posites which is CoFe,O, nanoparticles in
graphene nanoribbons. According to this
article, the activation energy for H, produc-
tion as 31.4 kd.mol" and the HGR value at 35
°C as 3700 mLmin"'g™.

Many methods can be used for catalyst
synthesis. Among them, electrospinning
method is one of the frequently preferred
methods. In this method, the solution is
provided to form charged droplets with the
help of an injection pump. Droplets that
exceed the surface tension in the electric
field are separated into fine jets. The fiber
solvent evaporates and accumulates in the
collector plate. Therefore, after choosing a
suitable solvent in this method, the concen-
tration of the polymer solution, the voltage
to be given, the flow rate, and the distance
parameters can be optimized to prepare the
suitable fibers for the purpose. It is a simple
method used to produce one-dimensional
polymer fibers with diameters ranging from
3 nm to 1 mm [16, 17]. Since it offers the
advantages of surface functionalization,
great porosity, high mechanical properties,
low density, extensive surface area and
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volume ratio, low cost etc., it offers a wide
range of work opportunities [18] such as
biomedical applications [19], adsorption [20,
21], lithium-ion batteries [22] and energy [23].
Due to these advantages, nanofibers have
been produced by using various polymer,
metal, metal oxide and ceramic composites
in order to make the method more efficient
[16]. This method makes it possible to work
with many materials, from natural polymers
to synthetic polymers [18]. The fact that
PVA is suitable for use in the electrospining
method, low cost, biodegradable, biocom-
patible and water-soluble, has chemical and
thermal stability has made it preferred in
many studies [24-26].

Within the scope of this study, PVA-M (M:
Co, Ni, Cu) composite fibers were prepared
using the above-mentioned electrospinning
method, for the NaBH, hydrolysis reaction.
After the reduction of PVA-M fibers, the
hydrolysis reaction catalyzed with these
composite fibers. The hydrogen gas pro-
duced by the water displacement method
has demonstrated that the PVA-M com-
posite fibers for hydrolysis reaction have a
good catalytic effect. In addition, the effi-
ciency of PVA-M composite fibers was also
demonstrated by calculating the reaction
activation energy. Here in, we report a simple
and effective catalyst for the production of
hydrogen gas, which is one of the alternative
energy sources that is gaining importance
today.

Material and Methods

Poly(vinyl alcohol) (PVA, M, : 130000 g/
mol, 99%) was supplied by Aldrich. Sodium
hydroxide 98% were supplied by Sigma
Aldrich. Sodium borohydride 98% was
obtained from Across Organics. Cobalt(ll)
chloride hexahydride 99% and copper(ll)
chloride were provided by Carlo Erba, 1-hex-
adecyl trimethyl ammonium bromide (CTAB)
98% was provided by Alfa Aesar. Nickel(ll)
chloride hegza hydride 97% was supplied
by Tekkim.

Inovenso Ne200 branded electrospin-
ning device was used in experiments for
produce fiber. Magnetic stirrer with heater
branded Heidolph MR Hei-Tec was used in
experiments. Hitachi Regulus 8230 scanning
electron microscopy (SEM) and Tetra Sl
Exster 6000 instrument thermal gravimetric
analysis (TGA) was used for characterization
studies.

Preparation of PVA-nanometal
composite fiber

After preparation of 6% PVA solution fol-
lowed by addition of 0.782 g CoCl,.6H,0
and 0.125 g CTAB to reach 130 mM and
13.72 mM concentrations, respectively. The
resulting light pink colored solution was

126 | June 2024

Hydrogen gas

Hydrogen gas

/S

\4 n

Figure 1. Home-made experimental setup for hydrogen generation

collected on aluminum foil by electrospinning
device with 17 kV DC voltage, 1 mL/h flow
rate and 12 cm distance parameters. Finally,
blue green PVA-cobalt salt composite fiber
was taken on the aluminum foil. PVA-Ni and
PVA-Cu fibers which were investigated for
use as catalysts were produced by the same
procedure so as to be 6% PVA with 0.13
M CuCl, metal salt. The reduced PVA-Co
composite fibers were freshly prepared prior
to the experiment. In order to reduce all the
cobalt in the fiber content to be fully active
in the hydrolysis reaction, the reduction
process was carried out in a concentrated
NaBH, solution. After the gas output was
finished, the fibers were washed and used in
the hydrolysis reaction. The same processes

given above were also used to produce
PVA-Cu and PVA-Ni composite systems.

H, production via NaBH, hydrolysis
The catalytic performance of PVA-Co
composite fibers synthesized in the home-
made experimental setup given below for
hydrogen production was investigated
(Figure 1). NaOH is added into 50 mL water
to get 5% conc and left for thermal equi-
librium. Then, 0.189 mmol Co-containing
PVA-Co composite fiber is added into it.
Finally, to start experiment, 0.05 M NaBH, is
added and stirred at 1000 rpm. The amount
of H, produced over time was determined by
using water displacement method and the
optimum parameters were decided.

o 14
. : ]

4
Regulis™10.0kV 11.6mm x50.0k SE(UL)

Figure 2. SEM images of the fibers: a) PVA, b) and c) PVA-Co? composite fiber, d),
e) and f) Reduced PVA-Co composite fiber, g) PVA-Ni?* composite fiber, h) and i)

Reduced PVA-Ni composite fiber.
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Characterization of the composite
fiber

SEM analyzes were performed for the
characterization of the prepared PVA-
nanometal composite fibers. SEM meas-
urements that is under accelerating voltages
of 1-10 kV were taken to characterize the
surface morphologies of PVA fiber, PVA-Ni,
PVA-Co composite fibers. Furthermore,
amount of metal in PVA-M composite fiber
was determined with TGA. TGA analyzes
with under nitrogen atmosphere, under
between 30 °C and 900 °C temperatures
and 10 °C/min rate were carried out to deter-
mine the amount of metal in the composite
fibers.

Results and Discussions

Characterization studies

The characterization of the prepared fib-
ers was carried out by SEM studies. First,
SEM images were taken in order to examine
the surface morphology of PVA fiber and
PVA-metal composite fibers produced with
the electrospinning. The observed nano-
sized filamentous structures in SEM images
indicated the production of fibers with het-
erogeneous size distribution (Figure 2a).
When SEM images are examined, cobalt
salts in unreduced PVA-Co fibers are seen
in Figure 2bc. After reduction, SEM images
of PVA-Co composite fibers show that they
contain cobalt nanoparticles in the range of
25-50 nm (Figure 2def). When Figure 2g is
examined, nickel salts are seen in PVA-Ni
fibers. Figure 2hi SEM images show that
after reduction, PVA-Ni composite fibers
contain nickel nanoparticles in the range of
20-70 nm.

After electrospinning process, PVA-Co*
composite fiber was obtained with blue-
green color. The pink color, that occurs
when the obtained fiber comes into contact
with water, indicates that the cobalt is in
ionic form and comes out of the fibers by
dissolving. In order to determine its catalytic
effect in the hydrolysis reaction of NaBH,, the
reduction process was carried out to form
PVA-Co® composite fibers. After reduction,
its color turned in black due to formation
metallic nanocobalt [27, 28].

Thermal gravimetric analyzes (TGA) were
carried out in order to determine the amount
of metal in PVA-Co, PVA-Ni and PVA-Cu
composite fibers. TGA results were analyzed
in Figure 3, it is seen that PVA nanofiber,
which has similar results in the literature,
degrades to a great extent in the range of
190-485 °C and loses 92% of its mass at
485 °C [29, 30]. The samples used in these
analyzes were prepared by mixing 6% PVA
with 0.13 M metal salt. It is seen that PVA-Ni
composite fiber contains 9.2 % Ni, PVA-Cu
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Figure 3. TG% of PVA nanofiber and PVA-Co, PVA-Ni and PVA-Cu composite

nanofibers.

composite fiber contains 10.7 % Cu and
PVA-Co composite fiber contains 23.8 %
Co.

Effect of PVA-metal nanofiber

Because of the slow kinetics of the hydrol-
ysis reactions of borohydrides used for
hydrogen storage, catalysts are generally
developed for these reactions. Metals are
usually used as catalyst [31, 32]. In our studly,
nanometals in PVA nanofiber structure were
used as catalyst. The efficiencies of PVA
fiber, PVA-Cu, PVA-Ni, PVA-Co composite
fibers were investigated in the H, production

by NaBH, hydrolysis reaction. Figure 4 indi-
cates that PVA fiber did not have any activity.
When composite fibers were compared with
each other, the order of activity was Co > Ni
> Cu. Since the best results were obtained
with PVA-Co composite fiber, optimization
studies were carried out for this composite
fiber.

Effect of NaOH and NaBH, concentration

Spontaneous hydrolysis of NaBH, occurs
below pH 9. NaBH, is preserved in alkaline
solutions (pH > 9) to maintain its chemical
stability. In energy applications, it is used
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Figure 4. The effect of Co, Cu and Ni metal nanoparticles on the hydrolysis of
NaBH, [Reaction conditions: 0.189 mmoL metal containing PVA-M composite, 50 mL 50
mM NaBH, at 50 °C with 5% NaOH, 1000 rpm mixing rate].
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Figure 5. a) The effect of the amount of NaOH on the hydrolysis of NaBH,, b) The effect of
the amount of NaOH on the HGR [Reaction conditions: 0.189 mmol metal containing PVA-

Co composite; 50 mL 50 mM NaBH, at 50 °C, 1000 rpm mixing rate.]

400 1

o8]
=3
(=}

200 A

Volume of Hydrogen (mL)
S
(=]

a)

am = 425 mM
® 50 mM
=75 mM

(=}

10

15 20 25 30
Time (min)

4000 1

[353 9%
(=1 (=3
(=] (=3
(=} (=}

HGR (mL H,.min'.g,")
= .
S

b)

25 50

NaBH, (mM)

3057

75

Figure 6. a) The effect of NaBH, on the hydrolysis of NaBH,, b) The effect of NaBH, on
the HGR [Reaction conditions: 0.189 mmol metal containing PVA-Co composite; 50 mL
25, 50 and 75 mM NaBH, at 50 °C with 5% NaOH 1000 rpm mixing rate.]
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Figure 7. a) The effect of the amount of catalyst on the hydrolysis of NaBH,, b) The effect
of the amount of catalyst on the HGR values. [Reaction conditions: PVA-Co composite
containing 0.095-0.475 mmol Co nanoparticles; 50 mL 50 mM NaBH, at 50 °C with 5%
NaOH, 1000 rpm mixing rate.]
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in an alkaline media as it provides con-
trolled hydrolysis [8, 10]. For this reason,
the effect of NaOH was examined in the
experiment and Figure 5 was examined
the efficiency increased as the percentage
of NaOH increased. However, the hydroly-
sis reaction rate of NaBH, decreases with
the excess NaOH in the environment due
to the decrease in the solubility of NaBO,
and the coating of the catalyst surface [33].
According to these results, HGR values was
between 1187-1967 and 5% NaOH was
determined as the optimum in terms of cost,
since there was no big difference between
5% and 10% NaOH solutions.

Although it is desired to increase the
amount of NaBH, to obtain more H, gas,
the solubility of NaBH, effect of catalyst are
limited due to the NaBO,, by-product formed
in the hydrolysis reaction [34]. For this rea-
son, the effect of NaBH, concentration is
also evaluated in NaBH, hydrolysis reactions
experiments. When Figure 6a is examined,
as NaBH, concentration increases, H, pro-
duction increases depending on time. In
Figure 6b, an increase of 25-75 mM in the
concentration and an increase in HGR values
of 1406-3057 mLmin™.g " are observed.

The amount of PVA-Co to catalyze the
hydrolysis reaction of 50 mM NaBH, in 5%
NaOH solution was investigated and the
results were given in Figure 7. It indicates
that an increase on the amount of catalyst
caused an increase on the amount of hydro-
gen produced. 1665 mL H,.min".g. " for
catalyst containing 0.095 mmol Co, 1940
mL H,.min".g,, " for catalyst containing 0.189
mmol Co, 2016 mL H,.min".g, " for cata-
lyst containing 0.379 mmol Co, 2665 mL
H,.min".g " for catalyst containing 0.475
mmol Co was produced as seen in Figure
7b. The slope of the inside graph given in
Figure 7a was found to be 1.2. This result
shows that the reaction kinetics is pseudo
first order.

The effect of temperature on the reaction
rate is a well-known fact. Therefore, the
effect of temperature for the hydrolysis reac-
tion occurring is shown in Figure 8a. When
50 mM NaBH, hydrolysis experiment was
performed under 0.189 mmol metal contain-
ing PVA-Co composite in 5% NaOH solution
at different temperatures, 830 mL H,.min".
9, for 30815 K, 1250 mL H,.min™.g, " for
313156 K, 1942 mL H, min".g, " for 323.15
K, 3681 mL H,.min™.g " for 333.15 K, 5187
mL H,.min".g " for 343.15 K was produced
(Figure 8b). As can be seen from the results,
as the temperature increases, the reaction
time shortens and the HGR values increase.

Activation energy (E,) was calculated
by using Arrhenius equation (Equation 1).
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Figure 8. a) The effect of temperature on the hydrolysis of NaBH, b) The effect of
temperature on HGR values [Reaction conditions: 0.189 mmol metal containing PVA-Co
composite; 50 mL 50 mM NaBH, with 5% NaOH, 1000 rpm mixing rate].
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composite; 50 mL 50 mM NaBH, with 5% NaOH, 1000 rpm mixing rate].
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50 mL 50 mM NaBH, with 5% NaOH, 1000 rpm mixing rate].
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Enthalphy (AH*) and entropy (AS¥) values
were calculated by using Eyring equation
(Equation 2). The R constant 8.314 J.K".
mol”, Boltzman constant (k.) 1.38.x10%°
J.K"and Planck constant (h) 6.626x10% J.s
values were used in these equations.

Ea
Ink =1InA - (1) Equation 1

k k As*\ an 1 ,
InZ=In (TB) + (T) «(=)(3) Equation 2

E, was calculated for PVA-Co composite
fiber as 40.96 kd/mol, using the slope found
when plotting 1/T versus Ink according to
the Arrhenius equation given in Equation 1
(Figure 9a). According to Eyring equation
(Equation 2), AS* and AH* values are calcu-
lated by using 1/T versus In k/T graph. AS*
and AH" values are calculated as -143.78
J.K"'.mol", 38.29 kd.mol", respectively
(Figure 9b).

In addition, in the system where PVA-Ni
composite fibers were used as catalysts, E,
was calculated as 50.64 kdJ.mol, using the
slope found when plotting 1/T versus Ink
according to the Arrhenius equation given in
Equation 1 (Figure 10a). According to Eyring
equation (Equation 2), AS* and AH* values
were calculated by using 1/T versus In k/T
graph. AS* and AH* values were calculated
as -117.0 J.K'.mol", 47.96 kd.mol", respec-
tively (Figure 10b).

In Table 1, the HGR and E, values obtained
from the studies conducted for the produc-
tion of H, by the hydrolysis of NaBH, are
compared with the values obtained from
this study. As can be seen, effective PVA-Co
composite fiber was prepared for hydrogen
production.

The reuse studies of 0.189 mmol cobalt
containing PVA-Co composite in the NaBH,
hydrolysis reaction were performed and the
results were demonstrated in Figure 11. As
can be seen that the conversion is 100%.
The catalyst maintains its activity at a rate of
69.28% after six measurements and 51.89%
after 10 measurements. In the literature,
it has been stated that such decrease on
the catalyst activity occurs due to various
reasons such as catalyst poisoning, formed
by-products, corrosion of the catalyst, pre-
cipitation of borates on the catalyst surface,
and degradation of the catalyst [43].

Conclusion

Many catalysts have been developed
for hydrogen production in the literature. In
general, such catalysts are synthesized in
more than one step and have a higher cost.
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Table 1. Catalytic activity and activation energy values for the hydrolysis of NaBH, catalyzed by different Co catalysts.

Catalyst

Hydrogen Generation Rate (HGR)

Catalytic activity

Activation Energy (E,)

Co/MCM41-0.5w 915.2 mL.min-'.g_ " at 25 °C 108.70 kd.mol. [35]
Co(20)/AC catalyst 6420 mL.min-".g, ' at 80°C 59.00 kd.mol [36]
CoB/bentonite 921.94 mL.min".g_"and 55.76 kd.mol [37]
CoB/Na-bentonite 1601.45 mL.min™.g " at 70 °C. 56.61 kd.mol
C-Co,0, 5430 mL.min".g™" at 47 °C 55.90 kd.mol" [10]
Co-Fe-B 10690.3 mL.min".g™" at room temp 55.60 kd.mol" [4]
Ru/CoOx@NPC 8019.5 mL.min"'.g__"at 25 °C 54.20 kdJ.mol~" [7]
Fe304@Si02@KCC-1@Co 3830 mL.min"'.g_ "at 30 °C 53.63 kd.mol" [38]
Co@C 1680 mL.min-".g™" at 30 °C 45.00 kd.mol [39]
Co@P,VPGB@PMC 4499 mL.min-.g_ " at 58.9 °C 41.27 kd.mol" [40]
Halloysite-supported Co-B 33854 mL.min"'.g, ~' at 39.96 °C - [41]
catalyst
P(AMPS)-Co composite 5351.5 mL.min"'.g. ~" at 70 °C 35.46 kd.mol~" [42]
CoFe,O0,/GONRs catalyst 3700 mL. min-'.g"at 35 °C 31.40 kJ.mol~' [15]
PVA-Co composite 5187mL.min".g_ " at 70 °C 40.96 kd.mol" This work

It is a great advantage that the composite
fiber can be prepared in a single step and
economically. With this study, we report
one step pathway for the production of
PVA-nanometal composite fiber as cata-
lyst. Nano-sized metal particles are clearly
seen in the SEM images of the compos-
ite fibers. The NaBH, hydrolysis reaction
was successfully catalyzed by these metal

nanoparticles and yielded with the pro-
duction of hydrogen gas, which is one of
the alternative energy sources. It has been
observed that PVA-Co composite fibers
catalyzed the reaction more effectively than
nickel and copper containing composite
systems. When experiments were made
between 303.15 and 343.15 K temperature
values, the activation energy was calculated

to be 40.96 kd.mol'. Moreover, HGR
value was 5187 mL H,. min".g. . Having
the advantage of being prepared in a
simple way that catalyzes the hydrolysis
reaction of NaBH,, PVA-Co composite
fibers are expected to be promising for
future energy studies.
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Figure 11. The change in the activity and conversion of the catalyst with time for repetitive use of PVA-Co catalyst in hydrolysis of
NaBH,, [Reaction conditions: 0.189 mmol cobalt containing PVA-Co composite; 50 mL 50 mM NaBH, at 50 °C with 5% NaOH, 1000

rpm mixing rate].

130 | June 2024

AsiaChem

www.facs.website



www.asiachem.news

References

[1] D.Kilinc and O. Sahin, “Ruthenium-Imine catalyzed KBH, hydrolysis as an
efficient hydrogen production system,” Int J Hydrogen Energy, vol. 46, no.
40, pp. 20984-20994, Jun. 2021, doi: 10.1016/j.ijhydene.2021.03.236.

[2] Q. Li, F. Wang, X. Zhou, J. Chen, C. Tang, and L. Zhang, “Synergistical
photo-thermal-catalysis of Zn,GeO,:xFe®* for H, evolution in NaBH,
hydrolysis reaction,” Catal Commun, vol. 156, Aug. 2021, doi: 10.1016/j.
catcom.2021.106321.

[8] Y.Wang et al., “Co-Fe-B as an effective catalyst for hydrogen production
from NaBH, hydrolysis,” Materials Letters: X, vol. 12, Dec. 2021, doi:
10.1016/j.mlblux.2021.100104.

[4] S.B. Sengel, H. Deveci, H. Bas, and V. Butun, “Carbon spheres as an
efficient green catalysts for dehydrogenation of sodium borohydride
in methanol,” Catal Commun, vol. 177, Apr. 2023, doi: 10.1016/j.
catcom.2023.106650.

[5] H.N. Abdelhamid, “A review on hydrogen generation from the hydrolysis
of sodium borohydride,” International Journal of Hydrogen Energy,
vol. 46, no. 1. Elsevier Ltd, pp. 726765, Jan. 01, 2021. doi: 10.1016/j.
ijnydene.2020.09.186.

[6] Y.Wang, J. Shen, H. Tian, X. Liu, and Y. Huang, “On-demand hydrogen
evolution upon magnetic composite-nanocatalyzed sodium borohydride
hydrolysis,” J Mol Lig, vol. 338, Sep. 2021, doi: 10.1016/j.molliq.2021.116633.

[7] S.Dou et al., “Shaggy-like Ru-clusters decorated core-shell metal-organic
framework-derived CoO,@NPC as high-efficiency catalyst for NaBH,
hydrolysis,” Int J Hydrogen Energy, vol. 46, no. 11, pp. 7772-7781, Feb. 2021,
doi: 10.1016/j.ijhydene.2020.12.011.

[8] C.Yue, P.Yang, J. Wang, X. Zhao, Y. Wang, and L. Yang, “Facile synthesis
and characterization of nano-Pd loaded NiCo microfibers as stable catalysts
for hydrogen generation from sodium borohydride,” Chem Phys Lett, vol.
743, Mar. 2020, doi: 10.1016/j.cplett.2020.137170.

[9] X.Wang, S. Sun, Z. Huang, H. Zhang, and S. Zhang, “Preparation and
catalytic activity of PVP-protected Au/Ni bimetallic nanoparticles for
hydrogen generation from hydrolysis of basic NaBH, solution,” Int J
Hydrogen Energy, vol. 39, no. 2, pp. 905-916, Jan. 2014, doi: 10.1016/j.
ijnydene.2013.10.122.

[10] A. D. Ugale et al., “Cost-effective synthesis of carbon loaded Co,0,

for controlled hydrogen generation via NaBH4 hydrolysis,” Int J

Hydrogen Energy, vol. 47, no. 1, pp. 16-29, Jan. 2022, doi: 10.1016/j.

ijnydene.2021.09.262.

N. P. Ghodke, S. Rayaprol, S. V. Bhoraskar, and V. L. Mathe, “Catalytic

hydrolysis of sodium borohydride solution for hydrogen production

using thermal plasma synthesized nickel nanoparticles,” Int J Hydrogen

Energy, vol. 45, no. 33, pp. 16591-16605, Jun. 2020, doi: 10.1016/j.

ijnydene.2020.04.143.

[12] Z. Khan and S. A. AL-Thabaiti, “Effects of accelerators, and metal salts on
the hydrolysis of sodium tetrahydroborate: A kinetic and mechanistic study
for hydrogen generation,” Journal of Saudi Chemical Society, vol. 25, no. 6,
Jun. 2021, doi: 10.1016/j.jscs.2021.101258.

[13] A. Mahpudz, S. L. Lim, H. Inokawa, K. Kusakabe, and R. Tomoshige, “Cobalt

nanoparticle supported on layered double hydroxide: Effect of nanoparticle

size on catalytic hydrogen production by NaBH4 hydrolysis,” Environmental

Pollution, vol. 290, Dec. 2021, doi: 10.1016/j.envpol.2021.117990.

C. Saka, M. S. Eygi, and A. Balbay, “Cobalt loaded organic acid modified

kaolin clay for the enhanced catalytic activity of hydrogen release via

hydrolysis of sodium borohydride,” Int J Hydrogen Energy, vol. 46, no. 5, pp.

3876-3886, Jan. 2021, doi: 10.1016/j.ijhydene.2020.10.201.

M. Karami and F. Fathirad, “Cobalt ferrite nanoparticles anchored on

reduced graphene oxide nanoribbons (0D/1D CoFe,0,/rGONRs) as an

efficient catalyst for hydrogen generation via NaBH, hydrolysis,” Inorg Chem

Commun, vol. 150, Apr. 2023, doi: 10.1016/j.inoche.2023.110552.

[16] J. Wang, Z. Wang, J. Ni, and L. Li, “Electrospinning for flexible sodium-ion
batteries,” Energy Storage Mater, vol. 45, pp. 704-719, Mar. 2022, doi:
10.1016/j.ensm.2021.12.022.

[17] K. Smotka, A. Firych-Nowacka, and S. Wiak, “Analysis of the electrostatic
field distribution to improve the electrospinning process—Practical tips,” J
Comput Sci, vol. 59, Mar. 2022, doi: 10.1016/j.jocs.2021.101542.

[18] N. Angel, S. Li, F. Yan, and L. Kong, “Recent advances in electrospinning of
nanofibers from bio-based carbohydrate polymers and their applications,”
Trends in Food Science and Technology, vol. 120. Elsevier Ltd, pp. 308-324,
Feb. 01, 2022. doi: 10.1016/j.tifs.2022.01.003.

[19] Y. Wang, Y. Liu, Y. Qian, L. Lv, X. Li, and Y. Liu, “Characteristics of MgO/
PCL/PVP antibacterial nanofiber membranes produced by electrospinning
technology,” Surfaces and Interfaces, vol. 28, Feb. 2022, doi: 10.1016/j.
surfin.2021.101661.

[20] W. Chen, H. Ma, and B. Xing, “Electrospinning of multifunctional cellulose
acetate membrane and its adsorption properties for ionic dyes,” Int
J Biol Macromol, vol. 158, pp. 1342-1351, Sep. 2020, doi: 10.1016/j].
ijbiomac.2020.04.249.

[21] B. Xu et al., “Electrospinning preparation of PAN/TiO,/PANI hybrid fiber
membrane with highly selective adsorption and photocatalytic regeneration
properties,” Chemical Engineering Journal, vol. 399, Nov. 2020, doi:
10.1016/j.cej.2020.125749.

1

[14]

[15]

AsiaChem

[22] Z. Wang et al., “Comparative effects of electrospinning ways for fabricating
green, sustainable, flexible, porous, nanofibrous cellulose/chitosan carbon
mats as anode materials for lithium-ion batteries,” Journal of Materials
Research and Technology, vol. 11, pp. 50-61, Mar. 2021, doi: 10.1016/j.
jmrt.2021.01.009.

[23] E. S. Choi, H. C. Kim, R. M. Muthoka, P. S. Panicker, D. O. Agumba, and
J. Kim, “Aligned cellulose nanofiber composite made with electrospinning
of cellulose nanofiber - Polyvinyl alcohol and its vibration energy
harvesting,” Compos Sci Technol, vol. 209, Jun. 2021, doi: 10.1016/j.
compscitech.2021.108795.

[24] J. Kim, T. Kang, H. Kim, H. J. Shin, and S. G. Oh, “Preparation of PVA/PAA
nanofibers containing thiol-modified silica particles by electrospinning as
an eco-friendly Cu(ll) adsorbent,” Journal of Industrial and Engineering
Chemistry, vol. 77, pp. 273-279, Sep. 2019, doi: 10.1016/j.jiec.2019.04.048.

[25] A. Allafchian, H. Hosseini, and S. M. Ghoreishi, “Electrospinning of PVA-
carboxymethyl cellulose nanofibers for flufenamic acid drug delivery,”

Int J Biol Macromol, vol. 163, pp. 1780-1786, Nov. 2020, doi: 10.1016/j.
ijpiomac.2020.09.129.

[26] S. Chen et al., “A novel porous composite membrane of PHA/PVA via
coupling of electrospinning and spin coating for antibacterial applications,”
Mater Lett, vol. 301, Oct. 2021, doi: 10.1016/j.matlet.2021.130279.

[27] Y. Chen and H. Kim, “Preparation and application of sodium borohydride
composites for portable hydrogen production,” Energy, vol. 35, no. 2, pp.
960-963, 2010, doi: 10.1016/j.energy.2009.06.053.

[28] D. Genis, B. Coskuner Filiz, S. Kilic Depren, and A. Kanturk Figen,
“Reusable hybrid foam catalyst for hydrolytic dehydrogenation of amine
adducts of borane: Porous PVA-Immobilized Co—-Ru nanoparticles,”
Microporous and Mesoporous Materials, vol. 305, Oct. 2020, doi: 10.1016/j.
micromeso.2020.110363.

[29] Q. Wang, Y. Zhou, M. Lai, M. Gu, and J. C. M. Ho, “Carbon fiber to improve
the resistance of high strength PVA-ECC to elevated temperatures,” Journal
of Building Engineering, vol. 71, Jul. 2023, doi: 10.1016/j.jobe.2023.106475.

[30] S. Yang, Y. Liu, Z. Jiang, J. Gu, and D. Zhang, “Thermal and mechanical
performance of electrospun chitosan/poly(vinyl alcohol) nanofibers with
graphene oxide,” Adv Compos Hybrid Mater, vol. 1, no. 4, pp. 722-730, Dec.
2018, doi: 10.1007/s42114-018-0060-3.

[31] S. Ye, Y. Wang, C. Wang, L. Cheng, L. Sun, and P. Yan, “Robust cellulose
fiber/fibrous sepiolite coated RuO,-CoP aerogel as monolithic catalyst for
hydrogen generation via NaBH4 hydrolysis,” J Colloid Interface Sci, vol. 639,
pp. 284-291, Jun. 2023, doi: 10.1016/j.jcis.2023.02.082.

[32] S. Ozkar, “Magnetically separable transition metal nanoparticles as
catalysts in hydrogen generation from the hydrolysis of ammonia borane,”
International Journal of Hydrogen Energy, vol. 46, no. 41. Elsevier Ltd, pp.
21383-21400, Jun. 15, 2021. doi: 10.1016/j.ijhydene.2021.03.241.

[33] X. L. Ding, X. Yuan, C. Jia, and Z. F. Ma, “Hydrogen generation from
catalytic hydrolysis of sodium borohydride solution using Cobalt-Copper-
Boride (Co-Cu-B) catalysts,” Int J Hydrogen Energy, vol. 35, no. 20, pp.
11077-11084, Oct. 2010, doi: 10.1016/j.ijhydene.2010.07.030.

[34] Y. Liang, H. Bin Dai, L. P. Ma, P. Wang, and H. M. Cheng, “Hydrogen
generation from sodium borohydride solution using a ruthenium supported
on graphite catalyst,” Int J Hydrogen Energy, vol. 35, no. 7, pp. 3023-3028,
Apr. 2010, doi: 10.1016/j.ijhydene.2009.07.008.

[85] H. Shu et al., “Ultra small cobalt nanoparticles supported on MCM41:
One-pot synthesis and catalytic hydrogen production from alkaline
borohydride,” Catal Commun, vol. 118, pp. 30-34, Jan. 2019, doi: 10.1016/j.
catcom.2018.09.012.

[36] I. lvanenko, A. Ruda, and V. Povazhnyi, “Cobalt-nitrogen-doped activated
carbons for hydrogen generation,” Mater Today Proc, vol. 62, no. P15, pp.
7691-7697, Jan. 2022, doi: 10.1016/j.matpr.2022.03.170.

[37] i. Kipgak and E. Kalpazan, “Preparation of CoB catalysts supported on
raw and Na-exchanged bentonite clays and their application in hydrogen
generation from the hydrolysis of NaBH,,” Int J Hydrogen Energy, vol. 45, no.
50, pp. 26434-26444, Oct. 2020, doi: 10.1016/j.ijhydene.2020.03.230.

[38] R. Li, H. Shi, J. Song, Z. Dong, T. Wan, and H. Dong, “Magnetic dendritic
KCC-1 nanosphere-supported cobalt composite as a separable catalyst for
hydrogen generation from NaBH4 hydrolysis,” Int J Hydrogen Energy, 2023,
doi: 10.1016/j.ijhydene.2023.03.210.

[39] D. Xu et al., “Stability and kinetic studies of MOF-derived carbon-confined
ultrafine Co catalyst for sodium borohydride hydrolysis,” Int J Energy Res,
vol. 43, no. 8, pp. 3702-3710, Jun. 2019, doi: 10.1002/er.4524.

[40] U. Ecer, A. Zengin, and T. Sahan, “Hydrogen generation from NaBH,

hydrolysis catalyzed by cobalt (0)-Deposited cross-linked polymer brushes:

Optimization with an experimental design approach,” Int J Hydrogen Energy,

Apr. 2023, doi: 10.1016/j.ijhydene.2022.12.224.

S. Hosgun, M. Ozdemir, and Y. B. Sahin, “Optimization of hydrogen

generation by catalytic hydrolysis of nabh4 with halloysite-supported cob

catalyst using response surface methodology,” Clays Clay Miner, vol. 69, no.

1, pp. 128-141, Feb. 2021, doi: 10.1007/s42860-021-00113-0.

[42] N. Sahiner, O. Ozay, E. Inger, and N. Aktas, “Superabsorbent hydrogels for
cobalt nanoparticle synthesis and hydrogen production from hydrolysis of
sodium boron hydride,” Appl Catal B, vol. 102, no. 1-2, pp. 201-206, Feb.
2011, doi: 10.1016/j.apcatb.2010.11.042.

[43] U. B. Demirci and P. Miele, “Cobalt-based catalysts for the hydrolysis of
NaBH, and NH,BH,,” Physical Chemistry Chemical Physics, vol. 16, no. 15.
pp. 6872-6885, Apr. 21, 2014. doi: 10.1039/c4cp00250d.

[41]

June 2024 | 131



