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KEYWORDS Abstract Nickel nanoparticles (Ni NPs) supported on Poly(vinylidene fluoride-co-
Ni@PVDE-HFP; hexafluoropropylene) nanofibers (PVDF-HFP NFs) were successfully synthesized through electro-
Nanofibers; spinning and in-situ reduction of Ni** salts into the surface of PVDF-HFP NFs to form metallic Ni
Electrospinning; NPs@PVDF-HFP NFs. Different percentages of nickel acetate tetrahydrate (NiAc) (10 %, 20 %,
Sodium Borohydride; 30 %, 40 % wt.) based PVDF-HFP. The formation of tiny metallic Ni NPs @PVDF-HFP mem-
Hydrogen brane NFs was demonstrated using standard physiochemical techniques. Nanofibers membranes

have demonstrated good catalytic activity in H, production from sodium borohydride (NaBHy).
The sample composed of 40 %wt Ni showed the highest catalytic activity compared to the other
formulations. Whereas 103 mL of H,, from the hydrolysis of 1.34 mmol NaBH,, was produced
using 40 wt% NiAc compared to 68 mL, 81 mL, and 93 mL for 10 wt%, 20 wt%, and 30 wt%
NiAc, respectively, in 60 min at 25 °C. The hydrogen generation has been enhanced with an increase
in the Nanofibers membrane amount and reaction temperature. The latter results in a low activation
energy (23.52 kJ mol~!). The kinetics study revealed that the reaction was pseudo-first-order in
sodium borohydride concentration and catalyst amount. Furthermore, the catalyst exhibits
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satisfactory stability in the hydrolysis process for ten cycles. Because of its easy recyclability, the
introduced catalyst has a wide range of potential applications in the generation of H, from sodium

borohydride hydrolysis.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of sustainable, clean, and environmentally friendly
energy is becoming increasingly important to address the growing
threat of energy exhaustion and greenhouse gas emissions that con-
tribute to dangerous climate change (Kiling and Sahin, 2018; Chen
et al., 2011). Hydrogen (H,) is a potential alternative to meeting the
world’s increasing energy demand while also serving as an eco-
friendly energy carrier molecule for future applications (Kiling and
Sahin, 2018). From the standpoint of the application, the safe genera-
tion, storage, and transportation of H, are necessary conditions (Cai
et al., 2016). Chemical hydrides are considered suitable materials for
all of the applications as mentioned above. Chemical hydride hydrol-
ysis is gaining popularity as a potential in-situ H, supply method for
proton exchange membrane fuel cells (PEMFCs) (Crisafulli et al.,
2011; Kassem et al., 2019). Amongst chemical hydrides, sodium boro-
hydride (NaBHy) is a preferable material for H, storage and genera-
tion due to its high H, capacity (~10.9 wt%) (Lee et al., 2021;
Abdelhamid, 2021; Abdelhamid, 2021), high stability in alkaline solu-
tion (Ritter, 2003), pure H, production (Kim, 2004), recycling of the
by-products (Calabretta and Davis, 2007; Santos, 2010; Santos and
Sequeira, 2011) and non-flammable and less expensive (Chinnappan
et al., 2011). Theoretically, one mole of NaBH, can produce four
moles of H, in water (Eq. (1)) (Yao et al., 2020):

NaBH, + 2H,0 — catalyst4H, + NaBO, (1)

Self-hydrolysis of NaBHy is slow; thus, the addition of an appropri-
ate catalyst can greatly accelerate the hydrolysis reaction (Wechsler
et al., 2008). Hitherto, various nano-catalytic materials (e.g., Pt, Ru,
Rh, Pd, Ni, Co, Fe, and their alloys) have been used in the hydrolysis
reaction of NaBH, (Dinc et al., 2012; Oh et al., 2015; Shen et al., 2015;
Ding et al., 2010; Park et al., 2008; Arzac et al., 2012; Lee et al., 2021;
Larichev et al., 2010; Xu et al., 2008; Chen and Kim, 2008). Ni-based
catalysts provide objective interest as a catalyst because of their low
cost and environmentally friendly construction (Ozay et al., 2011).
However, because Ni has a high energy surface and magnetic proper-
ties, it must be dispersed and stabilized by appropriate materials to
achieve long-term durability without the formation of aggregates
(Wang et al., 2021). Furthermore, the formation of NaBO, as a by-
product during NaBH, hydrolysis leads to deactivation of the catalyst
surface (Chinnappan et al., 2011). Because metal-based catalysts are
typically used in powder form, they are inconvenient for start-and-
stop applications. Separation of the catalyst powder from the reaction
media and the possibility of catalyst particle aggregation significant
practical issues (Chinnappan and Kim HJIjohe, 2012). The supporting
materials significantly impact catalyst activity and durability (Li et al.,
2012). Polymer substrates, as we know, have flexible design structures
and are easily separated from reactants. As a result, various Ni—poly-
mer hybrids with varying morphologies have been synthesized using
various preparation methods (Kiling and Sahin, 2018; Chen et al.,
2011; Cai et al., 2016; Sagbas, 2012; Seven and Sahiner, 2014; Liu
et al., 2013; Yan et al., 2009; Chen et al., 2015; Cai et al., 2016;
Ozhava et al., 2015; Chen et al., 2009). They demonstrated a high value
in H, generation from NaBH4 while overcoming the mentioned above.
As we know, the method of preparation and the morphology of the
catalysts directly impact their catalytic activity. Polymer nanofiber
membrane (PNFM) have been proposed as supporting materials for
various NPs in various chemical reactions. When compared to other

supporting materials, PNFM are easily recyclable and reused with high
efficiency. Nanofibers are able to form a highly porous mesh therefore
their usage is almost endless (Chinnappan et al., 2011). Li et al (Li
et al., 2014), They prepared composite nanofibers by immobilizing
Cobalt (II) chloride on polyacrylonitrile NFs, which demonstrated
excellent catalytic performance and stability in H, generation from
NABH4 solutions. Kim and his group developed hybrid NFs based
on polyvinylidene fluoride (PVDF) as a support substrate in the pro-
duction of H, from NaBH4 (Chinnappan et al., 2011); Y-zeolite/
CoCl,-PVDF (Li et al., 2012), dicationic tetrachloronickelate (II)
anion (dicationic ionic salt [C6(mpy)2][NiCl4],)-PVDF (Chinnappan
and Kim HIJIjohe, 2012); Ni NPs-PVDF (Sheikh et al., 2011). They
found that the prepared hybrid membranes have good catalytic activity
and are reusable. Electrospun poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) has recently been introduced as
a polymer electrolyte and membrane in various applications (e.g., fuel
cells, dye-sensitized solar cells, lithium-ion batteries, and water separa-
tion) (Raghavan et al., 2008; Malis et al., 2013; Vijayakumar et al.,
2015; Zhang et al., 2021; Tian and Jiang, 2008). In comparison to other
host polymers (e.g. poly(ethylene oxide) (PEO), poly(ethylene glycol),
poly(urethane acrylate), (PVdF), poly(methyl methacrylate), and PEO-
modified poly(methacrylate)), PVDF-HFP is regarded as the most
suitable host polymer for preparing hybrid composites (Raghavan
et al., 2008). It has a high affinity to absorb electrolyte solution with
good chemical and electrochemical stability (Zhang et al., 2014). In
this study, we exploited the hydrophobic properties of PVDF-HFP
to deposit NPs on its surface because the salt contains tetrahydrate,
which makes deposition of NPs on the surface preferable to embedding
NPs supporting on PVDF-HFP NFs. This hypothesis has two conse-
quences: (1) reduce polymer crystallinity and (2) increase solution
uptake, which may improve contact between the NaBH,4 and catalyst
surface (Raghavan et al., 2008). Accordingly, PVDF-HFP is consid-
ered an efficient supporting material for NPs which is a chemically
stable and easily recyclable polymer. To our knowledge, no research
has been conducted on the preparation of Ni NPs@PVDF-HFP mem-
brane NFs for H, production from NaBH, hydrolysis as an efficient
and easily reusable catalyst material. Metallic Ni nanoparticles embed-
ded in PVDF-HFP NFs were investigated as non-precious catalysts for
H, generation from NaBH, in this study. The NFs presented here were
prepared using an electrospinning technique and a chemical reduction
process. Typically, electrospun nanofibers composed of NiAc and
PVDF-HFP were dried and then reduced in-situ with NaBH, to form
Ni NPs supporting on PVDF-HFP NFs. The in-situ reduction process
has been done in methanol solution. The utilized physicochemical
characterizations indicated that the reduction process leads to form
Ni supporting on the PVDF-HFP NFs.

2. Experimental details

2.1. Materials

Nickel (II) acetate tetrahydrate (NiAc, 98 % assay), poly
(vinylidene fluoride-co-hexafluoropropylene) ((PVDF-HFP),
98 % assay) with a molecular weight of 65,000 g/mol, and
sodium borohydride (NaBHy4, 98 % assay) were purchased
from Aldrich Co., USA. N, N-dimethylformamide (DMF,
reagent grade, 99 % assay), and acetone were brought from
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Fluka. All these chemicals were used without further
purification.

2.2. Preparation of NiAc@PVDF-HFP MNFs

First, 15 wt% PVDF-HFP solutions were prepared by dis-
solved 1.5 gm PVDF-HFP in a mixture of DMF and acetone
(4:1 wt ratio). Four different percentages of NiAc-based
PVDF-HFP (10 % (HFB-10), 20 % (HFB-20), 30 % (HFB-
30), and 40 % wt. (HFB-40)), NiAc was dissolved in a deter-
mined amount of DMF before added to the PVDF-HFP solu-
tion, have been added to PVDF-HFP solution in the separated
laboratory glass bottles. The solutions were kept in the mag-
netic stirrer overnight. The prepared sol-gels were subjected
to the lab-scale electro-spinner machine. The sol-gel was
placed in a plastic capillary syringe. A copper wire was inserted
inside the syringe from one side, and the other side was con-
nected to a high-voltage power supply (positive electrode).
The negative electrode was connected with a ground iron drum
covered by aluminum foil to collect electrospun NF mats.
20 kV voltage was applied between syringe and drum. The col-
lected electrospun NF mats were dried at 30 °C under a vac-
uum overnight. The pristine PVDF-HFP-free NiAc
membrane has been prepared with the same procedure.

2.3. Chemical reduction of NiAc supporting PVDF-HFP NFs

Typically, determining amounts from prepared electrospun
NF mats were immersed in a 500 mL beaker containing metha-
nol solution. A determined amount of NaBH, was added to
the previous solution. The molar ratios between metals precur-
sor and NaBH, were adjusted at 1:5 to obtain a full reduction
reaction. As soon as the mat was attached to the NaBH, solu-
tion, the color was changed from green to black, and the mem-
branes looked like a black dying piece of cloth (Fig. 1). The
mat was left in solution until the gas bubble stopped. The pro-
duced mat was washed three times with deionized water and
ethanol to remove any residues. Finally, the reduced mat
was dried under vacuum at 30 °C overnight.

2.4. Characterization

The morphology of the prepared catalytic NFs was observed
by scanning electron microscope (SEM, Hitachi S-7400,
Japan), equipped with energy dispersive X-ray (EDX) before
inspection samples were coated with gold. For the investigation
of the morphology of PVDF-HFP membrane NFs and their
interactions with the Ni NPs, Fourier transform infrared
(FTIR), using the smart ATR-FTIR model “Nicolet iS 10”
(Thermo Fisher Scientific, MA USA) equipped with the spec-
ular reflectance. The scanning range was 400-3500 cm ™! and
the samples were placed on the top of the spectrophotometer.
The catalysts’ crystalline structure and crystal size were deter-
mined by X-ray diffraction (Rigaku Co., Japan) with Cu Ka
(A = 1.54056 A). An X-ray photoelectron spectroscopy anal-
ysis (XPS, AXIS-NOVA, Kratos Analytical, UK) was con-
ducted with the following conditions: base pressure of
6.5 x 10~ Torr, resolution (pass energy) of 20 eV, and scan
step of 0.05 eV/step. A thermogravimetric analyzer (TGA)
was used for the thermal analysis and stability of NFs samples
with a heating rate of 10 °C/min and nitrogen flow rate of

20 mL/min. The temperature range for the analysis was set
between room temperature and 900 °C.

2.5. Catalytic hydrolysis of NaHB4 using prepared nanofibers

The H, gas produced during the reaction was passed through a
tube and collected in an inverted burette using the water dis-
placement method. The volume of hydrogen generated was
calculated by measuring the change in the height of the water
level in the burettes at different time intervals. The catalytic
reaction was carried out in a reactor made up of Pyrex round
bottom flask reactors. The volume of H, produced was calcu-
lated using the water displacement method. The reaction vessel
was immersed in a temperature-controlled water bath to con-
trol reaction temperature. The determined concentration of
aqueous NaBH, solution and amount of catalyst was added
to the reaction vessel. The hydrolysis reaction’s kinetics inves-
tigated by varying the amount of catalyst, NaBH, amount,
and temperature. It also investigated the long-term durability
of the introduced membrane NFs via the recycling process.

3. Results and discussion

Proposing the electrospinning technique for preparing poly-
meric nanofibrous membranes could display many distinct fea-
tures, including increased interconnectivity, flexibility,
excellent porosity, and extraordinary surface-to-volume ratios
(Gibson et al., 2001; Yousef et al., 2012). Among the com-
monly used polymeric chemicals for fabricating these films,
PVAF-HFP is the most preferred due to its semi-crystalline
nature, good thermal stability, increased dielectric constant,
and hydrophobicity besides its piezo and pyroelectric charac-
teristics (Shin et al., 2010; Kumar GGJJoMC. , 2011). Fig. 2
a and b show the low and high magnifications SEM image of
electrospun PVAF-HFP NF mats after drying; as shown in
the figure, a good nanofibrous structure without any beads
are formed. Furthermore, nano-cracks appeared on the surface
of the NFs. This could be due to the rapid evaporation rate of
the acetone solvent during the electrospinning process before
NFs reach the drum’s surface that helps produce this
nano-cracks structure as a suitable site for the nucleation of
Ni crystals. The water content of the used nickel precursor salt
appreciably improved the hydrophilicity of fabricated
polymeric membranes with enhanced demixing rate inside
the liquid-liquid phases to favor the formation of numerous
pores onto their structure (Chen et al., 2015). Afterward, the
analyte molecules could be easily trapped in these pores
with the lowest diffusion resistance and facilitate the H,
evolution.

Moreover, the presence of metals salts has a beneficial role
in increasing the electrical conductivity and the gelation of the
polymer solution with the generation of maximum elongation
of a jet along its axis to produce extremely small-sized poly-
meric nanofibers (Kang et al., 2014) finally. During the in-
situ reduction of Ni(II) ions used NaBH, as a powerful and
effective reducing agent in methanol media, metallic Ni NPs
are produced and deposited onto the PVdF-HFP membrane
surface. SEM images of electrospun Ni@PVdF-HFP NF
membranes NFs were shown in Fig. [2¢ (HFB-10), d (HF-
B20), e (HF-B30), and f (HF-B40)], the inset show the high
magnifications SEM images. As shown in the figure, the rough
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Fig. 1

and beads-free NFs are formed. Furthermore, reduced Ni ions
are covered the surface of PVdF-HFP NF mats as they built
up based on the nano-cracks present on PVAF-HFP NFs
surface.

During the methanolysis process (Aydin et al., 2020),
sodium tetra methoxy borate (NaB(OCHj3),) is formed as a
by-product (Equation (2)). During washing, sodium tetra
methoxy borate reacts with water (Equation (2)) to produce
sodium borate and methanol that wash out with excess water.

NaBH, + 4CH;OH — NaB(OCH;), + 4H, )

NaB(OCH:), + 2H,0 — NaBO, + 4CHyOH (3)

Using methanol for dehydrogenating NaBH,4 has advan-
tages over the use of water. One of them is related to the nature
of the by-product. In methanolysis, NaB(OCHj3),; forms.
Unlike NaB(OH)4, NaB(OCHj3)4 does not have the propensity
to polymerize into polyborates. Avoiding the NaB(OH), precip-
itation inhibits catalyst poisoning (Aydin et al., 2020; Lo et al.,
2007). Hongming et al. (Zhang, 2020), prepared ultrafine Co
NPs @ carbon nanospheres using hydrothermal and reduction
processes as an efficient catalyst for H, production from
NaBH, hydrolysis. They indicated that the reduction of Co
ions in the ethanol solution media is better than in water
media, in which partial NaBO, was precipitated out with the
Co NPs due to the insolubility of NaBO2 in ethanol could sep-
arate and further prevent the agglomeration of the Co
nanoparticles. At last, the NaBO, was washed off with DI
water. The electrospun Ni>'/PVdF-HFP membranes had
white-colored surfaces. The chemical reduction of these metal-
lic ions tends to change the color of their related polymeric
membranes into a black-look-like black dying piece of cloth

aBH, + Methanol

Scheme showing the preparation of Ni-PVDF-HFP and H, generation from NaBH,.

(Fig. 1), which suggests the growth of tiny Ni NPs on the sur-
face of PVdAF-HFP membranes. In other words, the complete
coverage of PVAF-HFP membranes surface with skin layers
of Dblack nickel dots might resemble the shell “Ni
nanoparticles”-core “‘polymeric film” arrangements. An ele-
mental mapping image of the HFP-40 membrane was pre-
sented in Fig. (3 a, b, and c¢). It is clear that the high
distribution of Ni NPs around the membrane NFs, is con-
firmed by the SEM images. EDX chart of HFP-40 membrane
was presented in Fig. (4 a and b). The related peaks of carbon,
nickel, and fluorine were detected to ensure the successful fab-
rication of these composite membranes. The XRD study in
Figs explored the crystal structure of PVdF-HFP and HFP-
40 membranes. (5 a and b), respectively. Three main diffraction
planes were observed at 20 values of 18.04°, 20.24°, and 36.19°
in the XRD chart of PVdF-HFP membrane corresponding to
(100), (020), and (021) crystal indices, respectively (Stephan
et al., 2006)[see Fig. S5a]. Besides these defined PVdF-HFP
membrane peaks, nickel species were identified through three
characteristic planes at 42.77° (111), 49.75° (200), and
73.60° (220) to ascertain the formation of the face-centered
cubic crystalline structure of nickel [JCPDS card No. 04—
0850] (Barakat and Kim, 2009) [see Fig. 5b]. The particle size
of Ni nanoparticles is calculate used Scherrer equation (Yao
et al., 2016), it was found to be 19.5 nm. It is worth mentioning
that the reduced membrane in water media showed the same
color as pristine PVDF-HFP spectra. As the membrane kept
its green color. The stability of PVdF-HFP and Ni@PVdF-
HFP membranes when subjected to elevated temperatures
was examined through TGA charts in Fig. 6. One weight loss
section was observed for bare HFP-10 film at 420 °C due to the
random scission of its units during the degradation process
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(Kim et al., 2011; Babu et al., 2015). This step was shown at a
lower temperature value [346 °C] after nickel species were
incorporated into HFP-10 film, besides a small change at
95 °C when physisorbed water molecules were evaporated.
The presence of Ni NPs in the structure of this polymeric mem-
brane was responsible for weakening the van der Waals' inter-
acting forces between its chains. This,facilitated the
degradation of the metal-supporting polymeric membrane at
decreased temperatures when related to the case at bare film
(VijayaaKumar, 2001). FTIR spectra of PVAF-HFP and
Ni@PVdF-HFP membranes were also described in Fig. 7.
Common vibrational bands were noticed in both charts that
depicted the polymeric membrane. Its o and [ phases were

SEM images of (A and B) PVdF-HFP, (C) HFB-10, (D) HFB-20, (E) HFB-30, and (C) HFB-40 membranes.

confirmed by their respective peaks at frequency values of
749 and 837 cm™! (Kumar and Nahm, 2008). Another two
specific vibrational bands were centred at 672 and 872 cm™"
that were assigned for C — F and CH, wagging of vinylidene
units in the amorphous phase of PVAF-HFP film. Further-
more, the symmetric C — F stretching, CF, stretching, and
deformed vibrations in this membrane were also shown
through their corresponding bands at 1071, 1175, and
1400 cm™' (Mandal et al., 2014). Additional two peaks
appeared when nickel precursor salt was introduced during
the polymeric film fabrication. The formation of Ni — O spe-
cies into this nanomaterial was supporting by its stretching
vibration peaks at 1561 cm™! (Nath, 2014).
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Fig. 3  Elemental mapping showing the distribution of fluorine (F), carbon (C) and nickel (Ni) in the HFB-40 membrane.
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Fig. 4 (A) SEM image and (B) EDX chart of HFB-40 membrane.
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3.1. H, generation from sodium borohydride

Their shape influenced the catalytic activity of the catalysts.
Shape-anisotropic nanostructures possessing more active sites
for catalysis led to improved catalytic performance. NFs have
a large surface area compared to other nanostructures, leading
to better performance as catalyst support. Nonetheless, it was
demonstrated that the nanofibrous morphologies correspond-

ing to the long axial ratio provide a significant performance
when compared to other nanostructures. In this regard,
NFM outperforms typical powder-like catalysts in terms of
catalyst separation and capacity to be reused. Ni@PVDF-
HFP MNFs were prepared by electrospinning technique,
tested as a catalyst in the hydrolysis of NABH4 and found
to be the highly active catalyst to generate H,. The hydrolysis
of 1.34 mmol of alkaline NaBH, occurred without any cata-
lyst; however, it obtained 28 mL after 60 min. The addition
of pristine PVDF-HFP MNFs to 1.34 mmol of alkaline
NaBH, did not significantly affect the NaBH, hydrolysis.
However, the H, generation is increased with a reduction in
the time using electrospun Ni@PVdF-HFP MNFs (Fig. 8), as
shown by the variation in the catalytic activity using different
Ni contents. Experiments were performed by adding 100 mg of
MNFs from all formulations, in the separated glass reactor,
into 1.34 mmol of alkaline NaBH, at 25 °C to determine the
best activity of the synthesized membrane NFs. As manifested
in the figure the HFP-40 (103 mL in 60 min) membrane, NFs
have shown the highest H, generation rate than other ratios
[HFB-10 (68 mL in 60 min), HFB-20 (81 mL in 60 min), and
HFB-30 (93 mL in 60 min), so it has chosen to be used in fur-
ther experiments. The fabricated MNFs have shown better cat-
alytic activity, and it produced 103 mL in 60 min using
1.34 mmol NaBH, and 100 mg catalyst at 25 °C, than PVDF-
|C6(mpy),]INiCl4], NFs composite catalyst (Sheikh et al.,
2011), ]; it was produced about 140 mL H, in 60 min used
158.72 mM NaBH, and 40 mg from the catalyst contain
25 % Ni, and 40 % Ni@TiO, (Doénmez and Ayas
NJIJoHE. , 2021), it was produced 37.89 mL H,.g,: min " used
100 mg NaBH,, 100 mg catalyst, 5 mL 0.25 M NaOH at 20 °C.
Jaeyeong et al. (Lee et al., 2019), demonstrated that the Ni pow-
der needed the longest time (280 min) to generate the same
amount of hydrogen (500 mL) compared with Ni thin film
(240 min), and etched Ni foil (60 min) used 1.5 g NaBH, and
0.01 g from catalysts at 25 °C although Ni powder high surface
area. This could be due to the easily contaminated or oxidized.
Accordingly, the rougher surface, which was made by in situ
difficult reduction reaction of NiAc to metallic Ni on the sur-
face of PVDF-HFP, made the catalyst more efficient. Catalytic
hydrolysis of NaBH, depends on the type of catalyst and other
parameters such as NaBH, concentration, reaction tempera-
ture, catalyst amount, and reusability. For this reason, the
effect of these parameters on the hydrolysis of NaBH, was
investigated in the presence of the HFB-40. The effect of
NaBH, concentration on the reaction rate has been tested
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Fig. 8 The effect of Ni content of the Ni@PVdF-HFP
membranes on H, generation from NABH4 hydrolysis.

(Fig. 9a) using 100 mg of HFP-40 MNFs at 25 °C. As shown in
the figure, the initial H, generation rate is linearly increased
with an increase in NaBH4 concentration. When the amount
of NaBH,is increases from 50 mg to 125 mg, the hydrogen pro-
duction rate increases from 255.2 mL.gq. min~' to 689.9 mL.g="
cae min~ ', respectively. The estimated slope of the best-fit line
was 0.74 (Fig. 9b), which clarifies that the H, production rate
follows pseudo-first-order kinetics concerning NaBH,. This is
due to the use of low NaBH, concentration as the higher con-
centration follows the pseudo-zero order reaction, in which at
higher concentration, the viscosity increases, the reactant dif-
fusion resistance, reaction rate decreases, and the by-product
(NaBO,) formed in hydrolysis can adsorb on the catalyst sur-
face and block the active sites (Ozay et al., 2011; Sagbas, 2012;
Walter et al., 2008; Saka and Eygi, 2020). Our study was inves-
tigated at low concentration compared to the zero-order reac-
tion. To examine the influence of the reaction temperature
effect (Fig. 10), experiments were executed using 2.67 mmol
of alkaline NaBH with 100 mg of HFP-40 MNFs at tempera-
tures ranging from 298 K to 328 K to obtain the activation
energy (E,) of NaBHjhydrolysis catalyzed HFB-40 using the
Arrhenius equation (Eq. (4)).

E
a 4
RT 4)

Where k is a rate constant, A is a pre-exponential factor, R
is a gas constant, and T is the reaction temperature. As
expected, the H, generation increased as the reaction tempera-

Ink = InA —

W
(=
<

ture and H2 volume vs reaction time changed linearly
(Fig. 10a). As shown in the figure, the reaction time for H2
generation has been reduced at elevated temperature. Further-
more, the H, generation is increased. As seen in Fig. 10, when
the reaction temperature rises from 25 °C to 55 °C, the hydro-
gen yield increases from 50 % to 100 % in 28 min. This
obtained is compatible with the studies in the literature
(Ekinci et al., 2020; Wei et al., 2017; Li et al., 2014). The rate
(k) value is obtained from the linear portion of temperature
graphs. From Arrhenius plot In (k) versus 1/T in Fig. 10b
and Arrhenius equation (Eq. (2)), the E, was estimated to be
23.52 kJ mol~!. Activation energies of non-noble metals were
reported in the literature between 16.28 and 42.45 kJ mol-1
(Dénmez and Ayas NJIJoHE. , 2021; Tamboli et al., 2015;
Hua et al., 2003; Soltani, 2020; Kiling and Sahin, 2019). Acti-
vation energy values of prepared NFs and Ni-based catalysts
are compared (Tablel), indicating superior catalytic perfor-
mance of the introduced Ni@PVDF-HFP. The H, generation
gathered over time by employing different catalyst amounts
(100 to 250 mg) of HFP-40 MNFs is given in Fig. 11. As
expected, the H, generation increased when the amount of
HFP-40 was increased as more catalyst provides more active
sites for NaBH, dehydrogenation. One can note that the H,
generation from the hydrolysis reaction of NaBH, proceeds
very slowly and then stops without catalyst (Fig. 8). The H,
generation increased as the catalyst amount increased
(Fig. 11a), attributed to the fact that hydrolysis reaction of
NaBH, is a catalyst-controlled reaction. This phenomenon
can be attributed to the fact that the reaction rate increased
due to the active sites of the catalyst increasing in direct pro-
portion to catalyst amount, called structure sensitivity. Thus,
it is clear that H, generation can be determined by controlling
catalyst amount. Fig. 11b shows the In H, generation rate vs In
HFB-40. The determined slope of the best-fit line is 1.29, sug-
gesting that the produced H, agrees with pseudo-first-order
kinetics regarding the amount of catalyst. According to the
results obtained from the effect of catalyst concentration,
NaBH, concentration, and reaction temperature, the NaBH,
dehydrogenation kinetic equation catalyzed by the introduced
NFs membrane can be written according to Egs. (5), (6), and

(7.
r = —d[SBH|dt = k|HFB — 40]1'29[SBH]0,74 )

E,
RT

k=Ae(@) —Ink=Ind—

(6)

NN
S W
[—— )

H, generation (mL)
k. e
S W
S 5

N
(=]

<

2.0
&, ) 34mmol b
—e—2mmol 1.61
—4+—2.67mmol
—¥—3.33mmol ©1.24
E
£0.8
041 “Inrate=0.75In [SBH] - 5.05
- R2=0.99
0 10 20 30 40 50 60 70 72 78 84 90 96
Time (min) In[SBH]

Fig. 9 The effect of NAaBH, concentration on H, generation from NaBH, hydrolysis.
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r = —d[SBH|dt
= 22337.01e*7) [HBF — 40> [SBH]0.74 (7)
Gibbs free energy of activation (AG, (kJ mol™")) can be
determined using thermodynamic data (activation enthalpy
(AH, (kJ mol™!)) and activation entropy (AS, (J mol~! K1)
according to Egs. (8) and (9):

kg AS AH
Inkp = In<8 22 24
nkp nh + R RT (8)
AG = AH — TAS 9)

Where kp = (k/T), Kg and h are the Boltzmann constant
(1.381 x 1072 J K ') and the Planck constant (6.626 x 1073*
T s7Y), respectively. According to Eq. (9) and Fig. 10, AH and
AS is estimated to be 20.92 kJ mol~! and 0.0272 kJ mol™!,
respectively. AG equation can be summarized as follows:

AG = 20.92 — 0.0272T (10)

AG values are estimated to be 12.81 and 11.9 kJ mol~" at
298 and 323 K, respectively. This main that the reaction’s
spontaneity is directly increased with the temperature.

Reusability and stability are significant factors in determin-
ing whether the catalyst is suitable for a practical application.
The reusability of the HFB-40 membrane NFs was tested

repeatedly ten times to confirm its stability in the presence of
2.67 mmol of alkaline NaBH,, at each cycle, with 100 mg of
HFP-40 MNFs at 25 °C (Fig. 12). The membrane NFs was
used ten times without makeup, reactivation, or regeneration.
As seen in the figure, the catalytic activity of the membrane
NFs catalyst is maintained even if the use is repeated for up
to 8 cycles as the H, generation rate remains unchanged.
The slight decreases have been demonstrated as the cycle num-
ber increases. The same amount of H2 has been generated
extended reaction time. This could be due to the precipitate
of reaction products on the membrane that inhibited the active
metal sites as the membrane is used without cleaning during all
cycles, which this accumulation harms the hydrogen genera-
tion rate. The slight decrease in catalytic activity after eight
cycles may be due to the increase in the number of boron prod-
ucts on the membrane surface as an increase in the solution
viscosity (Yang et al., 2017), which decreases the accessibility
of active sites or blockage of pores in the membrane NFs.
XPS of the HFB-40 catalyst confirms this after reuse for ten
cycles (Fig. 13). The Ni 2p XPS spectrum of Ni 2p spectra
shows two main peaks positioned at 856.1 and 873.6 eV, which
are assigned to Ni 2P3/2 and Ni 2P1/2, together with two cor-
responding satellite peaks located at 861.7 and 880.6 ¢V (Zhu
et al., 2017). As depicted in Figure, the Ni 2p3 peak located at
856.1 eV demonstrated the formation of Ni(OH), after reuse
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Table 1 The activation energies of membrane NFs and nickel-based catalysts in H, production using sodium borohydride.
Catalyst E, (KJ[mol) Ref.

Ni 42.28 (Ozay et al., 2011)
Ni 71 (Kaufman, 1985)
Raney Ni 63 (Kaufman, 1985)
Co-Ni/AC 68.9 (Didehban and Zabihi, 2018)
Hydrogen phosphate-stabilized Ni(0) nanoclusters 54 (Kiling and Sahin OJIJoHE. , 2019)
Ni(0) 51.4 (Yang et al., 2017)
Ni/TiO, 25.11 (Chaugule et al., 2015)
Ni-hollow PVDF capsules 49.3 (Chen et al., 2015)
Ni-PVDF hollow fiber 55.3 (Chen et al., 2015)
([C6(mpy)2][NiCI4]> 56.4 (Chinnappan et al., 2012)
PVDE-[C6(mpy)2][NiCl4]* 44.6 (Chinnappan and Kim HJIjohe. Nanocatalyst, , 2012)
Co-Ni/MWAC 40.7 (Soltani, 2020)
Sm- Ni-Co-P/g-Al,O5 52.1 (Li et al., 2014)
Ni-Co-B 62 (Ingersoll et al., 2007)
HFB-40 23.5 This study
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Fig. 12 Reusability test of HFB-40.

NaBH, hydrolysis, which mainly constitutes contaminants,
are dissolved in the solution during the hydrolysis. The SEM

image of HFB-40 catalyst after reuse for ten cycles (Fig. 14)
indicates that the NFS kept their nanofibrous structure.

ten times, which is similar to the value obtained in literature
(Yao et al., 2016). Furthermore, Na 1 s peak located at
1072.2 eV and B 1 s peak located at 180 eV appeared after
reuse, ten cycles because the Na ions are generated from
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4. Conclusion

Metallic Ni NPs (@ PVDF-HFP membrane NFs catalysts have been
successfully prepared via electrospinning technique followed by in-
situ reduction of metal ions to metallic Ni. The prepared metal cata-
lysts have shown an excellent catalytic performance in the H, genera-
tion from NaBHjy. The sample was composed of 40 %wt. NiAc showed
the highest catalytic activity compared to the other formulations.
Whereas 103 mL of H,, from the hydrolysis of 1.34 mmol NaBH,,
was produced using 40 % wt. NiAc tis compared to 68 mL, 81 mL,
and 93 mL for 10 % wt., 20 % wt., and 30 % wt. NiAc, respectively,
in 60 min at 25 °C. The increase in the temperature lead to an increase

Binding energy (eV)

a) survey spectrum of HFB-40, b) Cls, ¢) Ols, d) Ni2p and e) Nals XPS spectra of HFB-40 membrane after ten cycles reused.

mag O | det D
30000x |LFD | 11.6 mm | 3

Low (a) and high magnifications (b) of HFB-40 membrane after ten cycles reused.

in the hydrogen production rate and obtained low activation energy.
(23.52 kJ mol™!). The kinetics study revealed that the reaction was
pseudo-first-order in sodium borohydride concentration and catalyst
amount.

Furthermore, the catalyst exhibits satisfactory stability in the
hydrolysis process for ten cycles. Because of its easy recyclability, the
introduced catalyst has a wide range of potential applications in the
generation of H, from sodium borohydride hydrolysis. Considering
that the eco-friendly and inexpensive Ni@PVDF-HFP membrane
NFs are catalytically effective with superior reusability, they should
have potential application in the H, generation from the sodium boro-
hydride hydrolysis.
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