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HIGHLIGHTS

e Use of Triton X-100 surfactant during chemical reduction of CoB catalyst.
e 150 pl Triton X-100 use increases HGR 40.2%.

e Activation energy of the CoB-T150 is 44.21 kj/mol.

e Triton X-100 is a good alternative with easily implementation.
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ABSTRACT

Hydrogen is increasingly recognized as the most significant alternative solution for
reducing global greenhouse gas emissions in maritime transportation. In particular, solid-
state sodium borohydride (NaBH,) with its high hydrogen storage density stands out as the
preferred choice due to its higher efficiency and improved safety. In present study, a
surfactant-stabilized CoB catalyst was used in order to improve the hydrolysis perfor-
mance of NaBH,. For this reason, the effects of Triton X-100, used as a surfactant in
different quantities, on the hydrogen generation rate were tested. To characterize the
prepared samples, several analytical techniques were employed, including field emission
scanning electron microscopy (FE-SEM), Fourier-transform infrared spectroscopy (FT-IR),
Mastersizer analysis, X-ray diffraction (XRD), and Brunauer-Emmett-Teller (BET) analysis.
According to findings, 40.2% faster hydrogen generation rate is obtained with CoB-Triton
150 contrary to CoB catalyst. The optimum concentrations are found as 5% NaOH and
5% NaBH,4 and activation energy is 44.21 kj/mol for developed CoB-Triton 150 catalyst. Last
of all, fuel cell performances show that the produced hydrogen from hydrolysis reaction
through CoB-Triton 150 catalyst has nearly same fuel cell performance compared to in-
dustrial pure hydrogen. Consequently, Triton X-100 is a good candidate to improve the
hydrolysis performance of NaBH, and needs further research.
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Introduction

With technological developments and the ever-increasing
population, the need for energy throughout the world is
increasing day by day [1], and the use of traditional fossil fuels
meets a large proportion of this demand. Nevertheless, fossil
fuels pose significant threats to the environment and human
health by the release of carbon dioxide, carbon monoxide,
nitrogen, and sulfur oxides, leading to climate change, acid
rain, and global warming. Moreover, since fossil fuels are
limited and predicted to be depleted shortly, it is essential to
seek different energy sources and reduce foreign energy de-
pendency. Furthermore, ships powered by the combustion of
fossil fuels have significantly contributed to emissions of CO,
and other greenhouse gases (GHGs), as well as pollutants of
concern such as sulfur oxides (SOx), nitrogen oxides (NOx),
and particulate matter, by consuming approximately 298
million tons of fuel in 2015 [2]. In this regard, the International
Maritime Organization (IMO) implemented an Initial Strategy
in 2015 with the objective of reducing greenhouse gas emis-
sions from international shipping in alignment with the Paris
Agreement. Lately, the interest in clean, cheap, and inde-
pendent energy alternatives has been increasing day by day in
order to overcome the global energy crisis [3,4].

Related to the raising tailpipe or life cycle emission regu-
lations, for an alternative energy option, hydrogen is recog-
nized as a considerable candidate to replace fossil fuels
thanks to its advantages like theoretic abundance, emission-
free structure, high calorific value, production diversity, and
compatibility with renewable energy systems. Moreover, it is
important to note that hydrogen presents significant potential
as an energy carrier. The storage of hydrogen in various forms,
such as gases, liquids, or bonded structures, poses a signifi-
cant challenge that requires further development. In terms of
hydrogen storage, the major factors can be listed as safety
measures (due to its flammability), efficiency, light-weight,
volumetric/gravimetric density, recyclability, environmental
impacts, and total cost [5—8].

Recently, in comparison with traditional storage methods
such as gas storage in pressurized tanks or liquefaction, solid-
state storage, especially chemically bonded forms of
hydrogen, stands out as it can provide storage at lower pres-
sures and temperatures. Even though hydrogen is the most
abundant element in the universe, instead of being present as
H,, it is available in the form of compounds such as metal or
chemical hydrides [9]. Thanks to their stability, maintenance
of hydrogen under ambient conditions, recyclability of by-
products and lower hydrolysis temperature, chemical hy-
drides such as borohydrides, aluminohydrides, and amide
groups gain importance. In this regard, boron-based chemical
hydrides (metal borohydrides M(BHz),: where the M repre-
sents metal and n is the valance value), show promise due to
their high hydrogen content, and greater hydrogen density
[10].

Sodium borohydride (NaBH,), also known as sodium
hydroborate or sodium tetrahydroborate [11], is widely used
as a bleaching agent [12] or reducing agent in chemistry [13],
as a direct fuel for alkaline direct borohydride fuel cell [14] and
as a hydrogen carrier. Moreover, the NaBH, is an appropriate

hydrogen sources for proton exchange membrane fuel cells
(PEMFCs) with the benefits of non-flammability and absence
of toxicity [15]. With its advantages it takes attention as the H,
storage method for electronic devices [16], road [17] and aerial
vehicles [18] or maritime transportation [19]. In particular, its
safe structure [20] and high hydrogen storage capacity [21]
makes it suitable fuel for maritime transportation for the
future. Despite the NaBH; can be produced by Brown-
Schlesinger and Bayer methods, the high production cost is
still a disadvantage [22]. Additionally, the production of other
hydrogen carriers like lithium borohydride (LiBH,), potassium
borohydride (KBH,), and ammonia borane (NH;BHj) is carried
out through the NaBH,, and this raises the significance of this
compound [23]. Furtherly, the NaBH, has a relatively high
gravimetric hydrogen content (10.8 wt%) [24]. Dehydrogena-
tion of this hydrogen may be carried out by thermal decom-
position (at elevated temperatures), alcoholysis, or hydrolysis
[25]. Hydrolysis, which can be defined as chemical separation
under an aqueous medium, is preferred because of its mild
conditions [26] rather than thermal decomposition, and the
availability of water when compared to alcohol. The hydro-
lysis reaction of the sodium borohydride is given below:

NaBH, + 2H,0 — NaBO, + 4H, + Heat (1)

The above reaction has some advantages. With a negative
enthalpy change value, the reaction is exothermic and its
negative Gibbs value indicates that the reaction is thermody-
namically favorable and spontaneous [27,28]. Besides, pro-
duction of NaBO, the above equation is not harmful to the
environment [29]. Furthermore, it can be recycled to sodium
borohydride again [30—32], but the cost and energy con-
sumption drawbacks still need to be solved [33]. Additionally,
storage of the sodium borohydride that reacts with the excess
water may be carried out as dry but considering moisture [34],
and also may be performed as an alkaline solution that is non-
flammable and safe [35]. However, storage in alkaline media to
improve stability [36], causes slower reaction rates [37]
therefore, needs suitable catalysts to speed up [38] the reac-
tion. Obtaining the active catalyst that releases high-velocity
pure hydrogen from the NaBH,; has been the subject of
raising interest, recently. For this purpose, precious noble
metals such as platinum (Pt), palladium (Pd), or ruthenium
(Ru) are valuable candidates to catalyze the hydrolysis reac-
tion. Nevertheless, depending on their limited resources, the
high cost of these materials is a major barrier to their com-
mercial usage. Along with the necessity of searching for
different options for catalyzing, this situation has led to an
increased interest in the use of non-precious metals as cata-
lysts [39—41].

Nowadays researchers have been focused on transition
metals such as cobalt (Co), nickel (Ni), and iron (Fe), especially
their metal borides [42], as these materials, are much cheaper
than precious metals and can perform high catalytic perfor-
mance [43]. From the perspective of many researchers thanks
to its high catalytic activity, relatively lower cost, applicability,
and ease of preparation, the Co becomes a significant option
[44]. As an alternative catalyst, cobalt boride (CoB) drew
attention [45] due to its cost [46] hardness, oxidation resis-
tance [47], and catalytic activity [48]. The effect of the presence
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of boron can be summarized as follows: As a result of this
combination, electron transfer occurs from the boron to co-
balt, and increase the valance electron density. Thus, this
makes the active cobalt sites more stable to oxidation. Despite
these materials perform better for catalytic activity, their
agglomeration tendency during reduction adversely affects
their properties and performances [49]. To enhance their
catalytic activity, cheap, commonly used and easily accessible
alternatives are needed. For this purpose, various studies have
been carried out recently, which focus on improve the NaBH,
hydrolysis performance of CoB catalyst. Theoretical or sta-
tistical methods such as Taguchi and Response Surface
Methods can be used to obtain optimum conditions for higher
hydrogen generation rates [50]. Hosgiin et al. [51] used hal-
loysite as a support material and optimum conditions was
obtained for highest hydrogen generation rate with the help of
response surface methodology. Moreover, synthesizing tem-
perature may be crucial for produced catalyst. Pour and Pay-
dar [52] investigated synthesizing temperature effect during
chemical reduction to catalytic activity of CoB, NiB and NiCoB
catalysts. According to results, reducing synthesis tempera-
ture raised catalytic activity thanks to changed particle shape,
reduced particle size and increased boron content of the
particles. To enhance catalyst performance, different ele-
ments have different effects on CoB catalyst performance. Xia
et al. [53] performed experiments with CoB catalyst doped
with Tin (Sn), Bismuth (Bi), Manganese (Mn), Chromium (Cr)
metals and better results were achieved with Cr and Bi thanks
to both of the raised specific surface area and electronic
interaction between dopants and Co. Balciunaite et al. [54]
prepared Co/Cu, CoB/Cu, CoBMo/Cu, CoBMn/Cu, CoBZn/Cu,
CoBFe/Cu catalysts using electroless deposition method. Bet-
ter results obtained with CoBMo/Cu catalyst with the rough-
ness surface area and cauliflower-shaped structures. Jia et al.
[55] developed graphene modified CoB—P catalyst (CoB—P/GO)
to improve catalytic activity of CoB. With the graphene use
that exposed more catalytically active sites and synergistic
effect between Co, B and P, raised catalytic performance has
been obtained. Furthermore, support materials are attractive
for CoB lately. Baydaroglu et al. [56] investigated tungsten
doping and polypyrrole support to CoB catalyst. While tung-
sten use provides more homogeneous surface and less
agglomeration, support of PPy prevents the adhesion of
nanoparticles to each other and homogenous dispersion of
metal to support. Li et al. [57] developed polyaniline polymer
support through polystyrene nanofibers for CoB catalyst. Ac-
cording to results, CoB particles highly dispersed into the
polyaniline nanotubes and optimum loading content of CoB
was achieved for better hydrogen generation. Peng et al. [58]
used bacterial cellulose derived carbon to support CoB. The
raised performance attributed to smaller pore size, N and
functional groups content of support that increases wetta-
bility and causes adsorbtion of metal ions. iskenderoglu and
Baltacioglu [59] developed blast furnace slag (BFS) supported
Co—B catalysts and acid treatment and other conditions have
been investigated. According to observations, acid treatment
has been found as an effective method.

Beside the aforementioned studies, metal free, cheap
alternative methods to increase CoB catalyst performance are
needed. Surfactants known as surface or interfacial tension

reducing agents, arouse interest recently. Its main and known
role is linking the phases with occurred micelle structure that
includes hydrophilic and hydrophobic parts [60,61]. In addi-
tion to its wide industrial applications, surfactant is also used
in catalyst preparation for hydrogen generation through hy-
drolysis reaction, as reported in previous studies [62—70].
However, as a non-ionic surfactant, Triton X-100 has a cata-
lytic activity improvement potential that is generally ignored
and proved by the study carried out by Elcicek et al. [71] and
need to be more studied. Therefore, in this study, Triton X-100
a non-ionic, water-soluble surfactant has been used and a
novel CoB-Triton catalyst was developed for alkaline NaBH,
hydrolysis reaction. CoB, CoB-Triton 25, CoB-Triton 50, CoB-
Triton 100, CoB-Triton 150, CoB-Triton 200, and CoB-Triton
250 catalysts have been prepared and catalytic activities
have been compared with measuring hydrogen generation
rates from alkaline NaBH, solution hydrolysis reaction. NaOH,
NaBH, ratios, reaction temperature and catalyst amount have
been studied parametrically for the Triton-added catalyst that
gave the best HGR result. FE-SEM, Mastersizer, XRD, FTIR, BET
analyses were carried out for pure CoB and CoB-Triton cata-
lysts. Last of all, the fuel cell performance of the developed
catalyst was measured to examine the purity of produced
hydrogen.

Materials and methods

This section encompasses the preparation of the catalyst, the
evaluation of hydrogen generation rate, the characterization
process, and the measurement of fuel cell performance.

Test bench and experimental setup

Equipments used in experiments have been showed in
Table 1.

The experimental process in this study consists of four
main stages, namely catalyst preparation, hydrogen genera-
tion determination, characterization, and fuel cell experi-
ments. All sections have been summarized in Fig. 1.

Table 1 — Brand/model of used equipment.
Brand/Model

Orion Star A111
Wisestir MSH-20A

Equipment

Benchtop pH meter
Magnetic stirring

(for reduction)
Circulating water bath

(for reduction)
Magnetic stirring

(for HGR tests)
Circulating water bath

(for HGR tests)
Syringe pump
Vacuum oven
Analytical balance

Heidolph Rotachill

Daihan Scientific MSH-20D
JSRC-13C

Chemyx-Fusion 6000

Nuve EV 018
Radwag-AS 220.R2

XRD Thermo Cu—K alpha

BET Quantachrome Quadrosorb SI
FTIR Thermo scientific NICOLET iS10
Mastersizer Hydro 2000MU

FE-SEM
Fuel cell test system

Thermo Scientific Apreo 2 S LoVac
WonaTech Smart 2
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Catalyst preparation

CoB compounds were successfully synthesized by using
chemical reduction method. In the literature, there are
different solvents have been used during catalyst synthesis as
water, methanol, ethanol and etc. [72—74] and ethanol may
give better results [74]. In our preliminary studies, Triton use
in water caused foaming and resulted as worser solubility.
Moreover, it was observed that instead of water, ethanol used
catalysts resulted as better HGR. For this reason, ethanol as a
solvent has been used during the catalyst fabrication. Briefly,
0.02 M of CoCl,-6H,0 solution was prepared with ethanol so-
lution. Then, certain amount of prepared solution, ethanol
and various amount Triton X-100 surfactant was mixed to
obtain a homogenous suspension by vigorous magnetic stir-
ring. The pH value of obtained mixture was set to 4 for all
solution. After that, 10 mL pure NaBH, solution as a reducing
agent was added dropwise with stirring in a circulating water
bath, the temperature of which was kept constant at 6 °C. The
obtained black products were washed in sequence more than
once with distilled water and ethanol to remove the unwanted
ions on the catalyst. Eventually, the final products were dried
in a vacuum oven at 110 °C. The abbreviations of the samples
prepared using different amounts of Triton X-100 are listed in
Table 2.

Hydrogen generation tests

In present study, hydrogen generation rate tests from NaBH,
hydrolysis of the obtained CoB-Triton catalysts were carried
out by water displacement method. A schematic representa-
tion of the experimental setup is given in Fig. 2. In a typical
reaction, 10 mg of catalyst was dispersed in an aqueous so-
lution containing 2.5% wt. NaBH, and 2.5% wt. NaOH. The
temperature of the reaction was maintained constant using a
thermostatic bath. The volume of hydrogen released was
recorded at regular intervals and the HGR value was calcu-
lated as L min~—! g~*. To determine the catalyst reaction acti-
vation energy, experimental studies were carried out at
temperatures of 35-65 °C. Moreover, the effects of sodium
hydroxide concentration and sodium borohydride concen-
tration on the rate of hydrogen generation were studied by the
hydrolysis reaction of NaBHj,.

Characterization
As an electron microscope with high resolution, scanning

electron microscope (SEM) is effective way to display visuali-
zations of surface structure via focused beam of electrons and

Table 2 — Abbreviations of prepared catalysts.

Amount of Triton X-100, ul Abbreviation
0 CoB

25 CoB-T25

50 CoB-T50
100 CoB-T100
150 CoB-T150
200 CoB-T200
250 CoB-T250

the interactions between the sample and electrons [75].
However, field emission scanning electron microscobe (FE-
SEM) offers clearer quality and higher resolution [76,77] and it
is utilized in different areas for monitoring the nanostructures
[78]. In this study, FE-SEM was used to investigate surface
morphologies of CoB and CoB-T150 catalysts. Furthermore,
particle size and surface area are important parameters to
evaluate catalyst performance. For this reason, particle size
distribution was obtained with Mastersizer analysis. Hydro
2000MU Mastersizer accessory was used. To determine the
specific surface area and porosity of the catalysts, BET anal-
ysis was used. In the BET theory, gas (generally N,) adsorption
characteristics of the surface with the changing pressure is
utilized [79]. To obtain information regarding molecular frag-
ments, structure environment and functional groups, Fourier
transform infrared spectroscopy is an effective tool [80].
Thermo scientific branded NICOLET iS10 FTIR Spectrometer
was utilized. Last of all, to identify the crystallographic
structure and phase composition of the catalyst, XRD method
as a useful technique that compares the sample and reference
database X-ray diffractions [81] was used.

Fuel cell performance tests

Purity of released hydrogen is a key parameter [82], especially
for fuel cells compared to ICEs [83]. Undesirable impurities
may deteriorate performance and lifespan of fuel cell [84]. To
understand the interaction between fuel cell and produced
hydrogen from hydrolysis reaction, proton exchange mem-
brane fuel cell experiments have been carried out. Cell has
been exposed to nitrogen gas before the experiments. Pure
hydrogen gas (Linde, 99.99%) from the industrial hydrogen
cylinder and released hydrogen from borohydride-water re-
action was fed to anode side of the single fuel cell. Test cell is
5 cm? and on a catalyst side, 100 ugPt.cm ? with 40% ratio
platinum-carbon catalyst was used, and as a membrane,
commercial Nafion 212 was used. Cathode side was fed by 500
ccm pure O, (Linde, 99.5%) from industrial oxygen cylinder.
Voltage-current density curves and thus, power density re-
sults were demonstrated.

Results and discussion
FE-SEM results

The maximum hydrogen generation rate was obtained with
CoB-T150 catalyst as seen in Fig. 9 and hence, characterization
results are demonstrated for CoB and novel developed CoB-
T150. The morphology of the synthesized CoB and CoB-T150
catalysts was investigated by FE-SEM and the images at
different magnifications are shown in Fig. 3. Left side images
represent the CoB results and the right sides represent the CoB-
T150 catalystsurfaces. When Fig. 3ais analyzed using the Image]J
program, it was determined that the average particle size is
approximately 0.945 ym, with the largest particle being about 2.3
ym. Similarly, when Fig. 3bis examined, the average particle size
is approximately 0.578 ym, and the maximum particle size is
approximately 1.168 ym. It was observed that the particles were
homogeneously aggregated, resulting the particles appeared
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Fig. 3 — FE-SEM images of CoB (a—c) and CoB-T150 (b—d) at different magnifications.

more orderly together. Fig. 3b shows the presence of smaller,
more porous particles. These particles aggregate to create a
porous structure, while also contributing to the creation of larger
particles. Ithas been observed that the addition of the surfactant
Triton X-100 contributes to the reduction in nanoparticle size,
consistent with the report by Elcicek et al. [55].

Mastersizer results

Fig. 4 shows volume-based particle size distribution of the
synthesized CoB and CoB-T150 catalysts using Mastersizer

technique. The synthesized catalysts showed particle size dis-
tribution of agglomerated particles. According to the results,
maximum % volume values have been obtained around 50 um
and above 100 pm for CoB and CoB-T150, respectively. More-
over, according to Fig. 4, particle size distribution of CoB and
CoB-T150 were presented unimodal and trimodal size distri-
bution, with aggregate sizes with peaks around 52.48 um and
120.226 um, respectively. While CoB catalysts have a more ho-
mogeneous particle size distribution, CoB-T150 catalysts show
a heterogeneous particle size distribution. CoB-T150 catalysts
have a more porous structure due to the coexistence of
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Fig. 4 — Particle size distributions of CoB and CoB-T150.

particles of different sizes and the resulting partial agglomer-
ation. Additionally, agglomeration of catalyst changed the pore
size, instead of the micropores, mesopores were dominant,
which are believed to be associated with rapid release of large
amounts of hydrogen gas.

BET results

The isothermal adsorption—desorption curves of the CoB and
CoB-T150 catalysts are given in Fig. 5 the isothermals exhibit a
downward concave shape throughout the pressure range,
which is indicative of them belonging to the type III
isothermal category. The samples exhibit the presence of both
macropores and mesopores (indicated by the sharply
increasing adsorption isotherm above P/PO = 0.9 and the
presence of the hysteresis loop). A broader hysteresis loop is
observed in the relative pressure range of 0.40—0.99 for the
CoB-T150 isotherm, indicating that it has a more porous
structure. Furthermore, there is a rapid increase in adsorption
capacities at high relative pressures, which suggests the
presence of a hole filling effect during the adsorption process
[85]. The BET results indicate that among the tested catalysts,
the CoB-T150 catalyst possesses the highest specific surface
area of 42.43 m? g, whereas the specific surface area of the

1850 o g
CoB-T150

100 +

Quantity Adsorbed (cm®gSTP)
()]
o

0.5
Relative Pressure (P/P)

Fig. 5 — Adsorbtion/Desorption isotherms of CoB and CoB-
T150.

Co—B catalyst is 37.72 m? g%. As the surface area increased,
the particle size of the catalysts decreased with the addition of
surfactant during the synthesis, and as a result, a heteroge-
neous particle size distribution emerged as can be seen in
Fig. 4.

During an exothermic reaction, such as a hydrolysis reac-
tion, small particles will have a greater tendency to agglom-
erate and therefore the porosity of the catalysts will change.
The pore size distribution curve (Fig. 6) was calculated by the
Barrett—Joyner—Halenda (BJH) method for the desorption
branch. The main feature of the curve is that the pore size
distribution is unimodal for CoB, while bimodal distribution
for CoB-T150.

Particle size distribution and porosity size distribution re-
sults confirm each other. As a result of the use of a certain
amount of surfactant in the synthesis of catalysts, a more
heterogeneous pore distribution has emerged in the catalysts.
Asitis known, as aresult of the increased pore size, it is easier
for borohydrides to reach the surface of the catalysts during
the hydrolysis reaction and the metaborates, which are
released as reaction products, are more easily removed from
the catalyst surface.

FTIR results

The prepared catalysts were examined using FTIR and the
results are presented in Fig. 7. It was observed that the pre-
pared CoB and CoB-T150 catalysts do not have distinctive
functional groups. The peak at 3421 cm ™' is indicative of the
valence vibrations of O—H groups, suggesting the presence of
hydroxyl functional groups. Meanwhile, the peak at 1620 cm™*
represents the characteristic deformational vibrations of
H—O—H. The bands at 1384 cm~* and 878 cm™* originate from
the asymmetric and symmetric vibrations, respectively, of the
B (3)-O group. The bands at 1080 cm ™ * and 738 cm* arise from
the asymmetric and symmetric vibrations of B (4)-O groups,
respectively [86]. The absorbance peaks observed at
400-600 cm™' in both the CoB and regular CoB-T150 are
attributed to the vibration of the CoB alloy [87].
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Fig. 6 — Pore size distribution and cumulative pore volume
of the samples calculated from desorption branch of the
isotherm by the BJH method.
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Fig. 7 — FTIR results with CoB and CoB-T150.

XRD results

Fig. 8 shows the XRD patterns of the CoB and CoB-T150 cata-
lysts. The XRD diffraction patterns of CoB and CoB-T150 cat-
alysts were observed to have noise, which could be attributed
to the existence of amorphous phases within the catalysts.
This led to weak diffraction peaks. Moreover, the CoB and
CoB-T150 catalysts displayed noise in their diffraction peaks,
which was probably due to their low crystallinity. Further-
more, the presence of the magnetic element Co in the cata-
lysts caused an increase in fluorescence intensity during the
XRD test, leading to an increase in the background noise of the
diffraction peaks [88]. The diffraction peaks observed at
approximately 45° in the CoB and CoB-T150 catalysts were
found to overlap with the peaks of Co,B, CosB, compounds
[89,90]. The results indicate that the broadening of the peak
observed in the CoB-T150 catalyst is due to a decrease in
particle size. Additionally, the changes in crystal structure
may contribute to an improvement in catalytic performance.

CoB-T150

Intensity (cps)

* I * T ’ I T T " I 4 T . T " T
20 25 30 35 40 45 50 55 60
20 (deg.)

Fig. 8 — XRD results of CoB and CoB-T150.

Surfactant effects on HGR

Fig. 9 illustrates both the final hydrogen generation rates for
the various catalysts and Fig. 10 presents the cumulative
hydrogen production as a function of time, using 5% NaOH
and 5% NaBH,; concentrations. Hydrogen generation rates
(HGR) are presented as Ly, per ge,ymin. HGR of the CoB is
found as 12.61 Lmin? g’ Triton X-100 addition firstly de-
creases and furthermore increases the hydrolysis reaction
performance. Maximum hydrogen generation rate belongs to
CoB-T150 catalyst with 17.69 Lyy*g 'car*min~t. The increase
from the value of the CoB catalyst was 40.2%. Surfactants are
used to control the catalyst surface morphology [65]. As will be
seen in the surface and particle characterization, the
agglomeration as a result of the exothermic reaction is pre-
vented [67], particle dispersibility and surface area of the
catalyst increases [66]. Triton X-100 is a proven surfactant, it
increases active sites and releasing hydrogen amount is
increasing for the same time [71]. Fig. 10 shows the releasing
hydrogen amount versus time. Whereas the CoB-Triton 150
catalyst releases the high amount hydrogen in a short time,
CoB-T50 catalyst releases the small amount of hydrogen in
above 1200 s. As compared to slow reaction of CoB catalyst
performance, CoB-T150 results correspond with the FE-SEM
images as seen in Fig. 3. It is concluded that the addition of
Triton X-100 into the CoB catalyst has led to an increase in the
number of catalytically active sites and porosity, ultimately
resulting in an improvement of the hydrogen generation rate.
Moreover, 9.4% higher specific surface area of the CoB-T150
catalyst have been obtained in Mastersizer results that will
be discussed later. Since the CoB- T150 is the advantageous
catalyst with faster hydrogen release, further research like
NaOH/NaBH, optimization, temperature and catalyst amount
effect, fuel cell performances will be carried out with CoB-
T150 catalyst.

Kinetic analysis results

Effect of NaOH

CoB-Triton 150 catalyst has yielded the most favorable
hydrogen generation rate results. Therefore, the present sec-
tion investigates the effects of NaOH and NaBH, ratios, tem-
perature, and catalyst amount on CoB-T150. Fig. 11 indicates
HGR results with respect to change of NaOH percentage in the
solution for CoB-T150 catalyst, with constant catalyst amount
as 10 mg, constant sodium borohydride ratio as 5%, and con-
stant reaction temperature as 65 °C. Actually, stabilization of
NaBH, solution depends on pH and temperature [42]. It is
difficult to ensure complete stabilization but, self hydrolysis
may be slowed down by increasing the pH [33]. Hence, NaOH is
added to NaBH,4-water solution to retard self hydrolysis. In
this study, NaOH percentages in fuel have been selected as
2.5%, 5%, 7.5%, 10%, 25%. Results indicate that rising NaOH
ratio from 2.5% to 5% increases HGR and peak value is ob-
tained with 5% NaOH ratio. Certain amount of OH™ stimulates
the hydrogen releasing since it exists in BH; hydrolysis
mechanism [91], induces BH,OH,., species and thus H, gen-
eration [92]. However, more increase of NaOH ratio from 5%
deteriorates hydrogen generation rate. Raising NaOH con-
centration augments solution viscosity that inhibits NaBO,
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diffusion from catalyst to solution [93], decreasing solubility of
NaBO, causes deposit on catalyst [94]. Moreover, OH™ ions
locate on catalyst surface instead of reactants [37], water ac-
tivity is reduced [95] and interaction of BH,~ and catalyst is
interrupted [96].

Effect of NaBH,4

NaBHy, is basis of hydrolysis reaction and is needed. However,
its amount that will give best HGR result should be deter-
mined. For this reason, Fig. 12 shows HGR results of CoB-T150
with changing NaBH, percentages in fuel by weight, in the
presence of 5% NaOH and 10 mg catalyst, at constant 65 °C
reaction temperature. NaBH, percentages were chosen as
2.5%, 5%, 7.5%, 10% and 15%. According to results, whereas
maximum HGR belongs to 5% NaBH, ratio, more increase
causes sharp (5%—7.5%) and slight (7.5%—10% and 15%) de-
creases. More NaBH, produces more H, and NaBO,, as well.
Raised viscosity, reduced solubility of NaBO, and lowered
mass transfer [97] result as accumulation, blockage [35],
catalyst contamination [98] and hence lower hydrogen gen-
eration rates.

Effect of temperature

Temperature is another factor on hydrogen generation rate.
Arrhenius equation is useful tool that defines the relation
between hydrogen generation rate and temperature:

k=Ae "t 2

Above equation, k is rate constant (Ligpg ‘caimin™?), A is
frequency factor, E, is activation energy (kJmol~?), R is uni-
versal gas constant 8.314*107> kJmol~*K~* and T is tempera-
ture (K). To obtain HGR changes with temperature, hydrogen
releasing experiments have been carried out at 308 K, 318 K,
328 K, 338 K for CoB-T150 and CoB catalysts. As mentioned
before, 5% NaBH, and 5% NaOH ratios as the optimum HGR
results obtained conditions have been used for these experi-
ments. The HGR results were evaluated, and a graph illus-
trating the relationship between the natural logarithm of HGR
and temperature * has been presented in Fig. 13. Slope of re-
sults refer that temperature has positive effect on hydrogen

4

3 Y y = S5317.9% + 18575

~<. R?= 0.9848
[ o~
0 2 -~ ~
I e
£ T~ .
~<
1
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0
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Temperature, 1/K

Fig. 13 — Temperature effect on HGR of CoB-T150.

generation rate [35]. In addition to this, activation energy may
be obtained from above equation with known temperature
and HGR values. This energy may be lowered by suitable cat-
alysts. Activation energy has been obtained as 44.21 kJ/mol for
CoB-T150 catalyst. Activation energy is an important indicator
for reactions that indicates required barrier energy for reac-
tion. To compare activation energies of CoB-T150 and previ-
ous developed cobalt boride catalysts in the literature, Table 3
is given. Activation energies of developed cobalt boride cata-
lysts have been ordered from smallest to largest. It may be
concluded that CoB-T150 has relatively smaller value ac-
cording to literature.

Effect of catalyst amount

Fig. 14 shows CoB-T150 catalyst amount effect on hydrogen
generation rate in the presence of 5% NaOH and 5% NaBH,.
5 mg, 10 mg and 15 mg catalysts were used during 65 °C re-
action temperature. As shown in the figure below, the slope is
nearly direct proportional to the catalyst amount. Faster re-
action occurs via surface interaction [117] and more catalyst
provides more interactive area [15].
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Fig. 12 — The relation between HGR and NaBH, percentage in fuel by weight.


https://doi.org/10.1016/j.ijhydene.2023.07.054
https://doi.org/10.1016/j.ijhydene.2023.07.054

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) 489—503 499

Table 3 — A comparison of the activation energy results of

CoB catalysts in the literature (The result of this study is
shown in bold type).

Reference Catalyst Ea, kj/mol
Wang et al. [99] CoB—0 26.85
Dai et al. [100] Co—W—B/Ni foam 29
Guo et al. [101] Ni—CoB 33.1
Zou et al. [102] Co—Ce—B/Chi-C 33.1
Zhao et al. [90] Co—Mo—Pd-B 36.36
Gupta et al. [103] CoB—P123 CoB-CTAB 40 44
Huang et al. [104] CoB/MWCNT 40.4
Ke et al. [105] Co—Mo—B 43.7
This study CoB-Triton 150 44.21
Chen and Jin [92] Co—Cr—B 44.51
Lee et al. [44] CoB/Ni foam 45
Shen et al. [106] W—CoB/Ag—TiO, 47
Ozdemir [107] Co—B/G 51.3

(Impregnation—reduction)

Co—B/GC 49.5

(Impregnation—reduction)

Co—B/G 48.7

(Reduction—precipitation)

Co—B/GC 47.3

(Reduction—precipitation)
Wang et al. [108] Co—Ru—Mo—B 48.8
Baydaroglu et al. [S6] ~ Co—W—B/Ppy 49.18
Saka et al. [109] CH3;COOH-kaolin-CoB 49.41
Aydin et al. [15] Co—Ti—B 49.88
Lu et al. [110] COB/TiO, 51

CoB/Al,05 56.8

CoB/Ce0, 55.3
Wang et al. [111] Co—Cu—B 52
Yuan et al. [112] Co—Mn—B 52.1
Aydin et al. [113] CoB-Graphene 52.45
Loghmani and Co—La—Zr—B 53

Shojaei [89]
Kipcak and CoB/bentonite 55.76
Kalpazan [114] CoB/Na-bentonite 56.61

Tian et al. [115] CoB/Attapulgite clay 56.32
Zhao et al. [116] CoB/C 57.8

3.4
y =0.3676x + 2.1189
R?=0.8646
x 3 e
o -
T _ -
= -7 ®
°«--"
2.6
1.5 1.7 2.1 23 25

Fig. 14 — Catalyst amount effect on HGR of CoB-T150.

In (catalyst amount)

Fuel cell performance

To understand quality of produced hydrogen, Fig. 15 shows
single proton exchange membrane fuel cell results of
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Fig. 15 — PEMFC results of pure H, and released hydrogen
from NaBH, with CoB-T150.

industrial pure hydrogen as 99,99% purity and hydrogen
released from NaBH, reaction by CoB-T150 catalyst. Ac-
cording to the results, pure hydrogen gives better perfor-
mance results. Whereas industrial pure hydrogen has
maximum power density as 259.53 mW/cm? maximum
power density of CoB-T150 is 244.02 mW/cm?. Difference is
5.97% compared to industrial pure H,. Oxidation reaction is
taking place at the anode side and purity of hydrogen de-
termines anode potential and hence power. Disadvantage of
borohydride reaction is impurities in the H, [118]. However,
obtained 5.97% maximum difference in this study indicates
that the performance is almost same for industrial H, and H,
of hydrolysis reaction.

Conclusion

The effect on hydrolysis performance of the different CoB
catalysts formed via Triton X-100 surfactant addition in
different amounts has been investigated. The optimum
surfactant amount during catalyst preparation have been
identified and for the best catalyst, NaOH and NaBH, con-
centrations in the fuel, catalyst amount and temperature
effects have been investigated via hydrogen generation rate
experiments. Moreover, to determine purity of Hy, fuel cell
performance experiments have been carried out. Among
the prepared catalysts, 17.69 LHz*g’lcat*min’1 hydrogen
generation rate has been obtained with CoB-Triton 150
(CoB-T150) catalyst, whereas the result of the standard
catalyst (CoB) is 12.61 Lyo*g car*min~ . According to fuel
cell experiments, the developed CoB-T150 catalyst and hy-
drolysis reaction provides almost same degree of hydrogen
quality with industrial hydrogen. Besides, low activation
energy was measured as 44.21 kJ/mol with developed CoB-
Triton 150 catalyst. Results indicates that, Triton X 100
can be a good promoter for CoB catalysts, with its easily
implementation and good results compared to metal alter-
natives. The findings obtained from the study will signifi-
cantly contribute to the hydrolysis performance of NaBH,
and enhance awareness regarding alternative hydrogen
energy that can be used to reduce harmful emissions
caused by maritime transportation.


https://doi.org/10.1016/j.ijhydene.2023.07.054
https://doi.org/10.1016/j.ijhydene.2023.07.054

500

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) 489—503

Declaration of competing interest

The

authors declare that they have no known competing

financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This

study has been supported by Yildiz Technical University

Scientific Research Projects Coordination Unit under project
number FBA-2022-4761. The content of the study was
compiled from the first author's PhD dissertation.

REFERENCES

(1

(2]

(3]

4

5

6

7

[8

[9

(0]

(11]

(12]

[13]

Sénmez Hi, Okumus F, Kaya C, Aydin Z, Safa A,
Kokkiilink G. Waste to energy conversion: pyrolytic oil and
biodiesel as a renewable fuel blends on diesel engine
combustion, performance, and emissions. Int ] Green
Energy 2021;19:1333—44. https://doi.org/10.1080/
15435075.2021.1996367.

Olmer N, Comer B, Roy B. XM-IC on, 2017 U. Greenhouse gas
emissions from global shipping, 2013—2015 Detailed
Methodology. 2017.

York R, Bell SE. Energy transitions or additions?: why a
transition from fossil fuels requires more than the growth
of renewable energy. Energy Res Social Sci 2019;51:40—3.
https://doi.org/10.1016/J.ERSS.2019.01.008.

Azarpour A, Suhaimi S, Zahedi G, Bahadori A. A review on
the drawbacks of renewable energy as a promising energy
source of the future. Arabian J Sci Eng 2012;38:317—-28.
https://doi.org/10.1007/S13369-012-0436-6. 2012 38:2.
Kayfeci M, Kecebas A, Bayat M. Hydrogen production. Solar
hydrogen prod: processes. Syst Technol 2019:45—83. https://
doi.org/10.1016/B978-0-12-814853-2.00003-5.

Jalil Z, Rahwanto A, Handoko E. Effect of nanostructure Ni
on the sorption properties of mechanical milled MgH2 for
solid hydrogen storage materials. MATEC Web Conferences
2018;197:02014. https://doi.org/10.1051/MATECCONEF/
201819702014.

Abdalla AM, Hossain S, Nisfindy OB, Azad AT, Dawood M,
Azad AK. Hydrogen production, storage, transportation and
key challenges with applications: a review. Energy Convers
Manag 2018;165:602—27. https://doi.org/10.1016/
J.ENCONMAN.2018.03.088.

Langmi HW, Engelbrecht N, Modisha PM, Bessarabov D.
Hydrogen storage. Electrochem Power Sources:
Fundamentals, Systems, and Applications 2022:455—86.
https://doi.org/10.1016/B978-0-12-819424-9.00006-9.

Millet P. Hydrogen storage in hydride-forming materials.
Adv Hydrogen Prod Stor Dist 2014:368—409. https://doi.org/
10.1533/9780857097736.3.368.

Chen P. Fuel cells and hydrogen technology.
Comprehensive Renew Energy; 2012.

Gardiner J, Collat J. The hydrolysis of sodium
tetrahydroborate. identification of an intermediate. ] Am
Chem Soc 1964;86.

Moussa G, Moury R, Demirci UB, Sener T, Miele P. Boron-
based hydrides for chemical hydrogen storage. Int ] Energy
Res 2013;37:825—42. https://doi.org/10.1002/ER.3027.

Santos DMF, Sequeira CAC. Sodium borohydride as a fuel
for the future. Renew Sustain Energy Rev

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(23]

[26]

[27]

[28]

[29]

2011;15:3980—4001. https://doi.org/10.1016/
J.RSER.2011.07.018.

Sljuki¢ B, Santos DMF. Direct borohydride fuel cells (DBFCs).
Direct Liquid Fuel Cells 2021:203—32. https://doi.org/
10.1016/B978-0-12-818624-4.00010-8.

Aydin M, Hasimoglu A, Ozdemir OK. Kinetic properties of
Cobalt-Titanium-Boride (Co-Ti-B) catalysts for sodium
borohydride hydrolysis reaction. Int ] Hydrogen Energy
2016;41:239—48. https://doi.org/10.1016/
j.ijhydene.2015.09.105.

Nunes HX, Ferreira MJF, Rangel CM, Pinto AMFR. Hydrogen
generation and storage by aqueous sodium borohydride
(NaBH4) hydrolysis for small portable fuel cells (H2 —
PEMFC). Int ] Hydrogen Energy 2016;41:15426—32. https://
doi.org/10.1016/j.ijhydene.2016.06.173.

Mohring RM, Eason IA, Fennimore KA. Performance bench
testing of automotive-scale hydrogen on Demand™
hydrogen generation technology. SAE Tech Papers
2002:1—7. https://doi.org/10.4271/2002-01-0098.

Soon-mo K, Shinuang K, Kim T. Development of NaBH4-
based hydrogen generator for fuel cell unmanned aerial
vehicles with movable fuel cartridge. Energy Proc
2019;158:1930-5. https://doi.org/10.1016/j.egypro.2019.01.443.
Diesveld B, De Maeyer E. Maritime fuel cell applications: a
tool for conceptual decision making. Int Shipbuild Prog
2020;67:57—77. https://doi.org/10.3233/ISP-190275.

Maas TJ van der. Assessment and comparison of alternative
marine fuels. 2020.

Lensing D. A study on the integra-tion of a novel NaBH4
fuelled hybrid system for a small inland vessel. Delft
University of Technology; 2020.

Wang T, Jiang T, Zhang H, Zhao Y, Zhang H. Adv in catalysts
for hydrogen production by methanolysis of sodium
borohydride. Int ] Hydrogen Energy 2022;47:14589—610.
https://doi.org/10.1016/j.ijhydene.2022.02.173.

Demirci UB. Sodium borohydride for the near-future
energy: a “rough diamond” for Turkey. Turk ] Chem
2018;42:193—-220. https://doi.org/10.3906/kim-1712-6.

Ozkan G, Akkus MS, Ozkan G. The effects of operating
conditions on hydrogen production from sodium
borohydride using Box-Wilson optimization technique. Int J
Hydrogen Energy 2019;44:9811—6. https://doi.org/10.1016/
J.JHYDENE.2018.12.134.

Ozerova AM, Skobelkina AA, Simagina VI, Komova OV,
Prosvirin IP, Bulavchenko OA, et al. Magnetically recovered
Co and Co@Pt catalysts prepared by galvanic replacement
on aluminum powder for hydrolysis of sodium borohydride.
Mater 2022:15. https://doi.org/10.3390/ma15093010.
Deonikar VG, Rathod PV, Pornea AM, Puguan JMC, Park K,
Kim H. Hydrogen generation from catalytic hydrolysis of
sodium borohydride by a Cu and Mo promoted Co catalyst. ]
Ind Eng Chem 2020;86:167—77. https://doi.org/10.1016/
JJIEC.2020.02.024.

Marrero-Alfonso EY, Gray JR, Davis TA, Matthews MA.
Minimizing water utilization in hydrolysis of sodium
borohydride: the role of sodium metaborate hydrates. Int J
Hydrogen Energy 2007;32:4723—30. https://doi.org/10.1016/
J.JHYDENE.2007.08.014.

Rivarolo M, Improta O, Magistri L, Panizza M, Barbucci A.
Thermo-economic analysis of a hydrogen production
system by sodium borohydride (NaBH4). Int ] Hydrogen
Energy 2018;43:1606—14. https://doi.org/10.1016/
J.JHYDENE.2017.11.079.

Ouyang LZ, Zhong H, Li ZM, Cao ZJ, Wang H, Liu JW, et al.
Low-cost method for sodium borohydride regeneration and
the energy efficiency of its hydrolysis and regeneration
process. ] Power Sources 2014;269:768—72. https://doi.org/
10.1016/J.JPOWSOUR.2014.07.074.


https://doi.org/10.1080/15435075.2021.1996367
https://doi.org/10.1080/15435075.2021.1996367
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref2
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref2
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref2
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref2
https://doi.org/10.1016/J.ERSS.2019.01.008
https://doi.org/10.1007/S13369-012-0436-6
https://doi.org/10.1016/B978-0-12-814853-2.00003-5
https://doi.org/10.1016/B978-0-12-814853-2.00003-5
https://doi.org/10.1051/MATECCONF/201819702014
https://doi.org/10.1051/MATECCONF/201819702014
https://doi.org/10.1016/J.ENCONMAN.2018.03.088
https://doi.org/10.1016/J.ENCONMAN.2018.03.088
https://doi.org/10.1016/B978-0-12-819424-9.00006-9
https://doi.org/10.1533/9780857097736.3.368
https://doi.org/10.1533/9780857097736.3.368
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref10
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref10
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref11
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref11
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref11
https://doi.org/10.1002/ER.3027
https://doi.org/10.1016/J.RSER.2011.07.018
https://doi.org/10.1016/J.RSER.2011.07.018
https://doi.org/10.1016/B978-0-12-818624-4.00010-8
https://doi.org/10.1016/B978-0-12-818624-4.00010-8
https://doi.org/10.1016/j.ijhydene.2015.09.105
https://doi.org/10.1016/j.ijhydene.2015.09.105
https://doi.org/10.1016/j.ijhydene.2016.06.173
https://doi.org/10.1016/j.ijhydene.2016.06.173
https://doi.org/10.4271/2002-01-0098
https://doi.org/10.1016/j.egypro.2019.01.443
https://doi.org/10.3233/ISP-190275
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref20
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref20
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref21
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref21
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref21
https://doi.org/10.1016/j.ijhydene.2022.02.173
https://doi.org/10.3906/kim-1712-6
https://doi.org/10.1016/J.IJHYDENE.2018.12.134
https://doi.org/10.1016/J.IJHYDENE.2018.12.134
https://doi.org/10.3390/ma15093010
https://doi.org/10.1016/J.JIEC.2020.02.024
https://doi.org/10.1016/J.JIEC.2020.02.024
https://doi.org/10.1016/J.IJHYDENE.2007.08.014
https://doi.org/10.1016/J.IJHYDENE.2007.08.014
https://doi.org/10.1016/J.IJHYDENE.2017.11.079
https://doi.org/10.1016/J.IJHYDENE.2017.11.079
https://doi.org/10.1016/J.JPOWSOUR.2014.07.074
https://doi.org/10.1016/J.JPOWSOUR.2014.07.074
https://doi.org/10.1016/j.ijhydene.2023.07.054
https://doi.org/10.1016/j.ijhydene.2023.07.054

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) 489—503

501

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

[44]

(45]

Abdelhamid HN. A review on hydrogen generation from the
hydrolysis of sodium borohydride. Int ] Hydrogen Energy
2021;46:726—65. https://doi.org/10.1016/
J.JHYDENE.2020.09.186.

Qin C, Ouyang L, Wang H, Liu J, Shao H, Zhu M. Regulation
of high-efficient regeneration of sodium borohydride by
magnesium-aluminum alloy. Int ] Hydrogen Energy
2019;44:29108—15. https://doi.org/10.1016/
J.JHYDENE.2019.05.010.

Le TT, Pistidda C, Puszkiel J, Milanese C, Garroni S,
Emmler T, et al. Efficient synthesis of alkali borohydrides
from mechanochem reduction of borates using
magnesium-aluminum-based waste. Metals 2019;9:1—-17.
https://doi.org/10.3390/met9101061.

Demirci UB. About the technological readiness of the H2
generation by hydrolysis of B(-N)-H compounds. Energy
Technol 2018;6:470—86. https://doi.org/10.1002/
ente.201700486.

Ping W, Kang X. Hydrogen-rich boron-containing materials
for hydrogen storage. Dalton Trans 2008:5400—13. https://
doi.org/10.1039/b805658g.

Tomboc GRM, Tamboli AH, Kim H. Synthesis of Co304
macrocubes catalyst using novel chitosan/urea template for
hydrogen generation from sodium borohydride. Energy
2017;121:238—45. https://doi.org/10.1016/
J.ENERGY.2017.01.027.

Kiren B, Ayas N. Nickel modified dolomite in the hydrogen
generation from sodium borohydride hydrolysis. Int J
Hydrogen Energy 2022;47:19702—17. https://doi.org/10.1016/
J.JJHYDENE.2021.11.159.

Lin F, Zhang A, Zhang ], Yang L, Zhang F, Li R, et al.
Hydrogen generation from sodium borohydride hydrolysis
promoted by MOF-derived carbon supported cobalt
catalysts. Colloids Surf A Physicochem Eng Asp 2021:626.
https://doi.org/10.1016/].COLSURFA.2021.127033.

Zhang H, Feng X, ChengL, Hou X, Li Y, Han S. Non-noble Co
anchored on nanoporous graphene oxide, as an efficient
and long-life catalyst for hydrogen generation from sodium
borohydride. Colloids Surf A Physicochem Eng Asp
2019;563:112-9. https://doi.org/10.1016/
J.COLSURFA.2018.12.002.

Ozdemir OK, Hasimoglu A, Ahsen AS. Synthesis of graphene-
based Co-B catalyst via simultaneous chemical reduction for
hydrolysis of sodium borohydride. ] Renew Sustain Energy
2013;5:63135. https://doi.org/10.1063/1.4854658.

Nie M, Zou YC, Huang YM, Wang JQ. Ni—Fe—B catalysts for
NaBH4 hydrolysis. Int ] Hydrogen Energy 2012;37:1568—76.
https://doi.org/10.1016/].]JHYDENE.2011.10.006.

Tiirkcan JH, Elcicek H, Ozdemir OK. Optimization of
synthesis parameters for catalytic performance of Ni—B
catalysts using response surface methodology. Int J
Hydrogen Energy 2021;46:7903—11. https://doi.org/10.1016/
j.ijhydene.2020.11.270.

Yolcular S, Karaoglu S. Hydrogen generation from sodium
borohydride with cobalt boride catalysts. Alkii Fen Bilimleri
Dergisi 2020;2:84—96.

Ou L. The origin of enhanced electrocatalytic activity of
Pt—M (M = Fe, Co, Ni, Cu, and W) alloys in PEM fuel cell
cathodes: a DFT computational study. Comp Theoretical
Chem 2014;1048:69—76. https://doi.org/10.1016/
J.COMPTC.2014.09.017.

Lee ], Kong KY, Jung CR, Cho E, Yoon SP, Han J, et al. A
structured Co—B catalyst for hydrogen extraction from
NaBH4 solution. Catal Today 2007;120:305—10. https://
doi.org/10.1016/].CATTOD.2006.09.019.

Schlesinger HI, Brown HC, Finholt AE, Gilbreath JR,
Hoekstra HR, Hyde EK. Sodium borohydride, its hydrolysis
and its use as a reducing agent and in the generation of

[46]

(47]

48]

(49]

(50]

[51]

[52]

(53]

[>4]

(53]

[56]

[57]

58]

[59]

hydrogen. ] Am Chem Soc 1953;75:215-9. https://doi.org/
10.1021/JA01097A057.

Liu BH, Li Q. A highly active Co-B catalyst for hydrogen
generation from sodium borohydride hydrolysis. Int ]
Hydrogen Energy 2008;33:7385—91.

Yoon J, Doh ], Park S. Methods for manufacturing of cobalt
boride coating layer on surface of steels by using a pack
cementation process. 2015. https://doi.org/10.1016/
j.Surfcoat.

Demirci UB, Miele P. Cobalt in NaBH 4 hydrolysis. Physical
Chem Physics 2010;12:14651—65. https://doi.org/10.1039/
COCP00295].

Zhang H, Xu G, Zhang L, Wang W, Miao W, Chen K, et al.
Ultrafine cobalt nanoparticles supported on carbon
nanospheres for hydrolysis of sodium borohydride. Renew
Energy 2020;162:345—54. https://doi.org/10.1016/
J.RENENE.2020.08.031.

Sagir K, Elcicek H, Ozdemir OK. Optimization of catalyst
preparation conditions for hydrogen generation in the
presence of Co—B using taguchi method. Int ] Hydrogen
Energy 2021;46:5689—98. https://doi.org/10.1016/
j.ijhydene.2020.11.069.

Hosgun S, Sahin YB. OPTIMIZATION OF HYDROGEN
GENERATION BY CATALYTIC HYDROLYSIS OF NaBH 4
WITH HALLOYSITE-SUPPORTED COB CATALYST USING
RESPONSE SURFACE METHODOLOGY. Clay Clay Miner
2021;69:128—41. https://doi.org/10.1007/s42860-021-00113-0.
Mohammad Pour MT, Paydar MH. Investigation on the
effect of synthesizing temperature on the catalytic activity
of nickel cobalt boron catalysts in sodium borohydride
hydrolysis process. Int ] Hydrogen Energy 2022:36372—80.
https://doi.org/10.1016/].JHYDENE.2022.08.217.

Xia Y, Pei Y, Wang Y, Li F, Li Q. Effects of various metal
doping on the structure and catalytic activity of CoB
catalyst in hydrogen production from NaBH4 hydrolysis.
Fuel 2023;331:125733. https://doi.org/10.1016/
J.FUEL.2022.125733.

Naujokaitis A, Tamasauskaité-Tamasiunaite L, et al.
Investigation of hydrogen generation from sodium
borohydride using different cobalt catalysts. Int ] Hydrogen
Energy 2021;46:1989—96. https://doi.org/10.1016/
J.JHYDENE.2020.10.047.

Jia X, Sang Z, Sun L, Xu F, Pan H, Zhang C, et al. Graphene-
modified Co-B-P catalysts for hydrogen generation from
sodium borohydride hydrolysis. Nanomaterials
2022;12:2732. https://doi.org/10.3390/NANO12162732.
2022;12:2732.

Baydaroglu FO, Ozdemir E, Giirek AG. Polypyrrole supported
Co—W-B nanoparticles as an efficient catalyst for improved
hydrogen generation from hydrolysis of sodium
borohydride. Int ] Hydrogen Energy 2022;47:9643—52.
https://doi.org/10.1016/].]JHYDENE.2022.01.052.

Li F, Li], Chen L, Dong Y, Xie P, Li Q. Preparation of CoB
nanoparticles decorated PANI nanotubes as catalysts for
hydrogen generation from NaBH4 hydrolysis. ] Taiw Ins
Chem Engineers 2021;122:148-56. https://doi.org/10.1016/
JJTICE.2021.04.051.

Peng C, Li T, Zou Y, Xiang C, Xu F, Zhang J, et al. Bacterial
cellulose derived carbon as a support for catalytically active
Co—B alloy for hydrolysis of sodium borohydride. Int J
Hydrogen Energy 2021;46:666—75. https://doi.org/10.1016/
J.JHYDENE.2020.10.026.

iskenderoglu FC, Baltacioglu MK. Effects of blast furnace
slag (BFS) and cobalt-boron (Co-B) on hydrogen production
from sodium boron hydride. Int ] Hydrogen Energy
2021;46:29230—42. https://doi.org/10.1016/
J.JHYDENE.2020.12.219.


https://doi.org/10.1016/J.IJHYDENE.2020.09.186
https://doi.org/10.1016/J.IJHYDENE.2020.09.186
https://doi.org/10.1016/J.IJHYDENE.2019.05.010
https://doi.org/10.1016/J.IJHYDENE.2019.05.010
https://doi.org/10.3390/met9101061
https://doi.org/10.1002/ente.201700486
https://doi.org/10.1002/ente.201700486
https://doi.org/10.1039/b805658g
https://doi.org/10.1039/b805658g
https://doi.org/10.1016/J.ENERGY.2017.01.027
https://doi.org/10.1016/J.ENERGY.2017.01.027
https://doi.org/10.1016/J.IJHYDENE.2021.11.159
https://doi.org/10.1016/J.IJHYDENE.2021.11.159
https://doi.org/10.1016/J.COLSURFA.2021.127033
https://doi.org/10.1016/J.COLSURFA.2018.12.002
https://doi.org/10.1016/J.COLSURFA.2018.12.002
https://doi.org/10.1063/1.4854658
https://doi.org/10.1016/J.IJHYDENE.2011.10.006
https://doi.org/10.1016/j.ijhydene.2020.11.270
https://doi.org/10.1016/j.ijhydene.2020.11.270
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref42
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref42
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref42
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref42
https://doi.org/10.1016/J.COMPTC.2014.09.017
https://doi.org/10.1016/J.COMPTC.2014.09.017
https://doi.org/10.1016/J.CATTOD.2006.09.019
https://doi.org/10.1016/J.CATTOD.2006.09.019
https://doi.org/10.1021/JA01097A057
https://doi.org/10.1021/JA01097A057
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref46
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref46
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref46
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref46
https://doi.org/10.1016/j.Surfcoat
https://doi.org/10.1016/j.Surfcoat
https://doi.org/10.1039/C0CP00295J
https://doi.org/10.1039/C0CP00295J
https://doi.org/10.1016/J.RENENE.2020.08.031
https://doi.org/10.1016/J.RENENE.2020.08.031
https://doi.org/10.1016/j.ijhydene.2020.11.069
https://doi.org/10.1016/j.ijhydene.2020.11.069
https://doi.org/10.1007/s42860-021-00113-0
https://doi.org/10.1016/J.IJHYDENE.2022.08.217
https://doi.org/10.1016/J.FUEL.2022.125733
https://doi.org/10.1016/J.FUEL.2022.125733
https://doi.org/10.1016/J.IJHYDENE.2020.10.047
https://doi.org/10.1016/J.IJHYDENE.2020.10.047
https://doi.org/10.3390/NANO12162732
https://doi.org/10.1016/J.IJHYDENE.2022.01.052
https://doi.org/10.1016/J.JTICE.2021.04.051
https://doi.org/10.1016/J.JTICE.2021.04.051
https://doi.org/10.1016/J.IJHYDENE.2020.10.026
https://doi.org/10.1016/J.IJHYDENE.2020.10.026
https://doi.org/10.1016/J.IJHYDENE.2020.12.219
https://doi.org/10.1016/J.IJHYDENE.2020.12.219
https://doi.org/10.1016/j.ijhydene.2023.07.054
https://doi.org/10.1016/j.ijhydene.2023.07.054

502

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) 489—503

[60]

[61]

[62]

[63]

(64]

[65]

[66]

[67]

[68]

(69]

[70]

(71]

[72]

(73]

[74]

Olkowska E, Ruman M, Polkowska G. Occurrence of surface
active agents in the environ. ] Anal Methods Chem
2014:1-15. https://doi.org/10.1155/2014/769708.

Nakama Y. Surfactants. Cosmetic science and technology:
theoretical principles and applications. Elsevier Inc.; 2017.
p. 231—44. https://doi.org/10.1016/B978-0-12-802005-
0.00015-X.

Loghmani MH, Shojaei AF, Khakzad M. Hydrogen
generation as a clean energy through hydrolysis of sodium
borohydride over Cu-Fe-B nano powders: effect of polymers
and surfactants. Energy 2017;126:830—40. https://doi.org/
10.1016/J.ENERGY.2017.03.006.

Baydaroglu FO, Zdemir O Ercan, Gii Rek AG. Ruthenium
nanoparticles immobilized on surfactant-directed
polypyrrole as an effective and reusable catalyst for
hydrogen generation. React Kinet Mech Catal
2017;122:575—91. https://doi.org/10.1007/s11144-017-1222-y.
Tung N, Rakap M. Surfactant-aided synthesis of RhCo
nanoclusters as highly effective and recyclable catalysts for
the hydrolysis of methylamine borane and dimethylamine
borane. Catal Sci Technol 2020;10:7865—74. https://doi.org/
10.1039/D0OCY01472A.

LongB, Chen]J, Zhao Z, Ye H, WuY, Zhou W, et al. Synthesis of
anovel Ag/Co—B/CTAB catalyst via chemical reaction at room
temperature for hydrolysis of ammonia borane. Energ Tech
2022;10:2200439. https://doi.org/10.1002/ENTE.202200439.
Chen J, Long B, Hu H, Zhong Z, Lawa I, Zhang F, et al.
Synthesis of a novel Co—B/CuNWs/CTAB catalyst via
chemical reaction at room temperature for hydrolysis of
ammonia-borane. Int ] Hydrogen Energy 2022;47:2976—91.
https://doi.org/10.1016/].JHYDENE.2021.10.255.

Hu H, Long B, Jiang Y, Sun S, Lawan I, Zhou W, et al.
Synthesis of a novel Co-B/CTAB catalyst via solid-state-
reaction at room temperature for hydrolysis of ammonia-
borane. Chem Res Chin Univ 2020;36:1209—16. https://
doi.org/10.1007/540242-020-0209-9. 2020 36:6.

LiH, Liao ], Zhang X, Liao W, Wen L, Yang], et al. Controlled
synthesis of nanostructured Co film catalysts with high
performance for hydrogen generation from sodium
borohydride solution. ] Power Sources 2013;239:277—83.
https://doi.org/10.1016/] JPOWSOUR.2013.03.167.

Alrugqi SS, AL-Thabaiti SA, Khan Z. Iron-nickel bimetallic
nanoparticles: surfactant assisted synthesis and their
catalytic activities. ] Mol Liquids 2019;282:448—55. https://
doi.org/10.1016/].MOLLIQ.2019.03.021.

Wu Z, Ge S. Facile synthesis of a Co—B nanoparticle catalyst
for efficient hydrogen generation via borohydride
hydrolysis. Catal Commun 2011;13:40—3. https://doi.org/
10.1016/].CATCOM.2011.06.017.

Elcicek H, Erol M, Ozdemir OK. Preparation of highly
efficient NiB catalyst via triton-stabilized for alkaline NaBH4
hydrolysis reaction. Int ] Energy Res 2021:14644—57. https://
doi.org/10.1002/er.6731.

ZouY, Gao Y, Huang P, Xiang C, Chu H, Qiu S, et al. Effects of
the preparation solvent on the catalytic properties of
cobalt—boron alloy for the hydrolysis of alkaline sodium
borohydride. Metals 2017;7:365. https://doi.org/10.3390/
MET7090365. 2017,7:365.

Shen X, Dai M, Gao M, Zhao B, Ding W. Solvent effects in the
synthesis of CoB catalysts on hydrogen generation from
hydrolysis of sodium borohydride. Chin J Catal
2013;34:979—85. https://doi.org/10.1016/51872-2067(12)
60577-4.

Izgi MS, Sahin O, Baytar O, Saka C. Catalytic activity of
cobalt-boron-fluoride particles with different solvent
mediums on sodium borohydride hydrolysis for hydrogen
generation. Energy Sources, Part A Recovery, Util Environ

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

Eff 2021;43:1933—44. https://doi.org/10.1080/
15567036.2019.1668081.

Mayeen A, Shaji LK, Nair AK, Kalarikkal N. Morphological
characterization of nanomaterials. Characterization of
nanomaterials. Adv Key Tech 2018:335—64. https://doi.org/
10.1016/B978-0-08-101973-3.00012-2.

Abd Mutalib M, Rahman MA, Othman MHD, Ismail AF,
Jaafar J. Scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) spectroscopy. Membrane
Characterization 2017:161—79. https://doi.org/10.1016/B978-
0-444-63776-5.00009-7.

Orasugh JT, Ghosh SK, Chattopadhyay D. Nanofiber-
reinforced biocomposites. Fiber-reinforced
nanocomposites. Fund Appl 2020:199—233. https://doi.org/
10.1016/B978-0-12-819904-6.00010-4.

Information on the FESEM (Field-emission scanning
electron microscope) https://www.vcbio.science.ru.nl/
public/pdf/fesem_info_eng.pdf

Hwang N, Project AB-T connexions. 2011 U. BET surface
area analysis of nanoparticles. 2011.

Hospodarova V, Singovszka E, Stevulova N, Hospodarova V,
Singovszka E, Stevulova N. Characterization of cellulosic
fibers by FTIR spectroscopy for their further
implementation to building materials. Am J Anal Chem
2018;9:303—10. https://doi.org/10.4236/AJAC.2018.96023.
Emrich M, Opper D. XRD for the analyst- Getting acquainted
with the principles. 2013.

Petit E, Miele P, Demirci UB. By-product carrying humidified
hydrogen: an underestimated issue in the hydrolysis of
sodium borohydride. ChemSusChem 2016;9:1777—80.
https://doi.org/10.1002/CSSC.201600425.

Murugan A, Brown AS. Review of purity analysis methods
for performing quality assurance of fuel cell hydrogen. Int ]
Hydrogen Energy 2015;40:4219—33. https://doi.org/10.1016/
J.JHYDENE.2015.01.041.

Yanez M, Relvas F, Ortiz A, Gorri D, Mendes A, Ortiz I. PSA
purification of waste hydrogen from ammonia plants to fuel
cell grade. Sep Purif Technol 2020;240:116334. https://
doi.org/10.1016/].SEPPUR.2019.116334.

Wu C, Bai Y, Liu DX, Wu F, Pang ML, Yi BL. Ni—Co—B
catalyst-promoted hydrogen generation by hydrolyzing
NaBH4 solution for in situ hydrogen supply of portable fuel
cells. Catal Today 2011;170:33—9. https://doi.org/10.1016/
J.CATTOD.2011.01.046.

Ozerova AM, Simagina VI, Komova OV, Netskina OV,
Odegova GV, Bulavchenko OA, et al. Cobalt borate catalysts
for hydrogen production via hydrolysis of sodium
borohydride. J Alloys Compd 2012;513:266—72. https://
doi.org/10.1016/J.JALLCOM.2011.10.033.

ge Tong D, Chu W, yue Luo Y, Chen H, yang Ji X. Preparation
and characterization of amorphous Co-B catalysts with
mesoporous structure. ] Mol Catal Chem 2007;269:149—57.
https://doi.org/10.1016/]. MOLCATA.2007.01.016.

Chen J, Long B, Hu H, Zhong Z, Lawa I, Zhang F, et al.
Synthesis of a novel Co—B/CuNWSs/CTAB catalyst via
chemical reaction at room temperature for hydrolysis of
ammonia-borane. Int ] Hydrogen Energy 2021:2976—91.
https://doi.org/10.1016/].]JHYDENE.2021.10.255.

Loghmani MH, Shojaei AF. Hydrogen generation from
hydrolysis of sodium borohydride by cubic Co—La—Zr—B
nano particles as novel catalyst. Int ] Hydrogen Energy
2013;38:10470—8. https://doi.org/10.1016/
J.JHYDENE.2013.05.141.

Zhao Y, Ning Z, Tian J, Wang H, Liang X, Nie S, et al.
Hydrogen generation by hydrolysis of alkaline NaBH4
solution on Co—Mo—Pd—B amorphous catalyst with
efficient catalytic properties. ] Power Sources


https://doi.org/10.1155/2014/769708
https://doi.org/10.1016/B978-0-12-802005-0.00015-X
https://doi.org/10.1016/B978-0-12-802005-0.00015-X
https://doi.org/10.1016/J.ENERGY.2017.03.006
https://doi.org/10.1016/J.ENERGY.2017.03.006
https://doi.org/10.1007/s11144-017-1222-y
https://doi.org/10.1039/D0CY01472A
https://doi.org/10.1039/D0CY01472A
https://doi.org/10.1002/ENTE.202200439
https://doi.org/10.1016/J.IJHYDENE.2021.10.255
https://doi.org/10.1007/S40242-020-0209-9
https://doi.org/10.1007/S40242-020-0209-9
https://doi.org/10.1016/J.JPOWSOUR.2013.03.167
https://doi.org/10.1016/J.MOLLIQ.2019.03.021
https://doi.org/10.1016/J.MOLLIQ.2019.03.021
https://doi.org/10.1016/J.CATCOM.2011.06.017
https://doi.org/10.1016/J.CATCOM.2011.06.017
https://doi.org/10.1002/er.6731
https://doi.org/10.1002/er.6731
https://doi.org/10.3390/MET7090365
https://doi.org/10.3390/MET7090365
https://doi.org/10.1016/S1872-2067(12)60577-4
https://doi.org/10.1016/S1872-2067(12)60577-4
https://doi.org/10.1080/15567036.2019.1668081
https://doi.org/10.1080/15567036.2019.1668081
https://doi.org/10.1016/B978-0-08-101973-3.00012-2
https://doi.org/10.1016/B978-0-08-101973-3.00012-2
https://doi.org/10.1016/B978-0-444-63776-5.00009-7
https://doi.org/10.1016/B978-0-444-63776-5.00009-7
https://doi.org/10.1016/B978-0-12-819904-6.00010-4
https://doi.org/10.1016/B978-0-12-819904-6.00010-4
https://www.vcbio.science.ru.nl/public/pdf/fesem_info_eng.pdf
https://www.vcbio.science.ru.nl/public/pdf/fesem_info_eng.pdf
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref79
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref79
https://doi.org/10.4236/AJAC.2018.96023
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref81
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref81
https://doi.org/10.1002/CSSC.201600425
https://doi.org/10.1016/J.IJHYDENE.2015.01.041
https://doi.org/10.1016/J.IJHYDENE.2015.01.041
https://doi.org/10.1016/J.SEPPUR.2019.116334
https://doi.org/10.1016/J.SEPPUR.2019.116334
https://doi.org/10.1016/J.CATTOD.2011.01.046
https://doi.org/10.1016/J.CATTOD.2011.01.046
https://doi.org/10.1016/J.JALLCOM.2011.10.033
https://doi.org/10.1016/J.JALLCOM.2011.10.033
https://doi.org/10.1016/J.MOLCATA.2007.01.016
https://doi.org/10.1016/J.IJHYDENE.2021.10.255
https://doi.org/10.1016/J.IJHYDENE.2013.05.141
https://doi.org/10.1016/J.IJHYDENE.2013.05.141
https://doi.org/10.1016/j.ijhydene.2023.07.054
https://doi.org/10.1016/j.ijhydene.2023.07.054

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) 489—503

503

[91]

[92]

(93]

[94]

(95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

2012;207:120—6. https://doi.org/10.1016/
JJPOWSOUR.2012.01.118.

Xu J, Du X, Wei Q, Huang Y. Efficient hydrolysis of sodium
borohydride by Co-B supported on nitrogen-doped carbon.
Chem Select 2020;5:6683—90. https://doi.org/10.1002/
SLCT.201904818.

Chen Y, Jin H. Fabrication of amorphous Co-Cr-B and
catalytic sodium borohydride hydrolysis for hydrogen
generation n.d. https://doi.org/10.1557/jmr.2019.411.

Zhang X, Li C, Qu J, Guo Q, Huang K. Cotton stalk activated
carbon-supported Co—Ce—B nanoparticles as efficient
catalysts for hydrogen generation through hydrolysis of
sodium borohydride. Carbon Resources Convers
2019;2:225—-32. https://doi.org/10.1016/].CRCON.2019.11.001.
Li Z, Li H, Wang L, Liu T, Zhang T, Wang G, et al. Hydrogen
generation from catalytic hydrolysis of sodium borohydride
solution using supported amorphous alloy catalysts
(Ni—Co—P/y-Al203). Int ] Hydrogen Energy 2014;39:14935—41.
https://doi.org/10.1016/].JHYDENE.2014.07.063.

Amendola SC, Sharp-Goldman SL, Janjua MS, Spencer NC,
Kelly MT, Petillo PJ, et al. A safe, portable, hydrogen gas
generator using aqueous borohydride solution and Ru
catalyst. Int ] Hydrogen Energy 2000;25:969—75. https://
doi.org/10.1016/S0360-3199(00)00021-5.

Fangaj E, Ali AA, Glingor F, Bektas S, Ceyhan AA. The use of
metallurgical waste sludge as a catalyst in hydrogen
production from sodium borohydride. Int ] Hydrogen
Energy 2020;45:13322—9. https://doi.org/10.1016/
J.JHYDENE.2020.03.043.

Ekinci A, Cengiz E, Kuncan M, Sahin O. Hydrolysis of
sodium borohydride solutions both in the presence of Ni—B
catalyst and in the case of microwave application. Int J
Hydrogen Energy 2020;45:34749—60. https://doi.org/10.1016/
J.JHYDENE.2020.08.264.

Liu CH, Chen BH, Hsueh CL, Ku JR, Tsau F, Hwang KJ.
Preparation of magnetic cobalt-based catalyst for hydrogen
generation from alkaline NaBH4 solution. Appl Catal B
Environ 2009;91:368—79.

Wang L, Zhong M, Li ], Zhao X, Hao W, Guo Y. Highly
efficient ferromagnetic Co-B-O catalyst for hydrogen
generation. Int ] Hydrogen Energy 2018;43:17164—71. https://
doi.org/10.1016/J.]J]HYDENE.2018.07.107.

Dai HB, Liang Y, Wang P, Yao XD, Rufford T, Lu M, et al.
High-performance cobalt—tungsten—boron catalyst
supported on Ni foam for hydrogen generation from
alkaline sodium borohydride solution. Int ] Hydrogen
Energy 2008;33:4405—12. https://doi.org/10.1016/
J.JHYDENE.2008.05.080.

Guo J, Hou Y, Li B, Liu Y. Novel Ni—Co—B hollow
nanospheres promote hydrogen generation from the
hydrolysis of sodium borohydride. Int ] Hydrogen Energy
2018;43:15245—54. https://doi.org/10.1016/
J.JHYDENE.2018.06.117.

ZouY, Yin Y, Gao Y, Xiang C, Chu H, Qiu S, et al. Chitosan-
mediated Co—Ce—B nanoparticles for catalyzing the
hydrolysis of sodium borohydride. Int ] Hydrogen Energy
2018;43:4912—21. https://doi.org/10.1016/
J.JJHYDENE.2018.01.125.

Gupta S, Patel N, Fernandes R, Kothari DC, Miotello A.
Mesoporous Co—B nanocatalyst for efficient hydrogen
production by hydrolysis of sodium borohydride. Int J
Hydrogen Energy 2013;38:14685—92. https://doi.org/10.1016/
J.JHYDENE.2013.09.006.

Huang Y, Wang Y, Zhao R, Shen PK, Wei Z. Accurately
measuring the hydrogen generation rate for hydrolysis of
sodium borohydride on multiwalled carbon nanotubes/
Co—B catalysts. Int ] Hydrogen Energy 2008;33:7110-5.
https://doi.org/10.1016/].JHYDENE.2008.09.046.

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Ke D, Tao Y, Li Y, Zhao X, Zhang L, Wang ], et al. Kinetics
study on hydrolytic dehydrogenation of alkaline sodium
borohydride catalyzed by Mo-modified Co—B nanoparticles.
Int ] Hydrogen Energy 2015;40:7308—17. https://doi.org/
10.1016/].JHYDENE.2015.04.041.

Shen X, Wang Q, Guo S, Liu B, Sun Z, Zhang Z, et al. W-
modified CoB supported on Ag-activated TiO2 for hydrogen
generation from alkaline NaBH4 solution. Int ] Hydrogen
Energy 2015;40:6346—57. https://doi.org/10.1016/
J.JHYDENE.2015.03.092.

Ozdemir E. Enhanced catalytic activity of Co—B/glassy
carbon and Co—B/graphite catalysts for hydrolysis of sodium
borohydride. Int ] Hydrogen Energy 2015;40:14045—51.
https://doi.org/10.1016/J.]JHYDENE.2015.06.099.

Wang W, Zhao Y, Chen D, Wang X, Peng X, Tian J. Promoted
Mo incorporated Co—Ru—B catalyst for fast hydrolysis of
NaBH4 in alkaline solutions. Int ] Hydrogen Energy
2014;39:16202—11. https://doi.org/10.1016/
J.JHYDENE.2013.12.093.

Saka C, Eygi MS, Balbay A. Cobalt loaded organic acid
modified kaolin clay for the enhanced catalytic activity of
hydrogen release via hydrolysis of sodium borohydride. Int J
Hydrogen Energy 2021;46:3876—86. https://doi.org/10.1016/
J.JHYDENE.2020.10.201.

Lu YC, Chen MS, Chen YW. Hydrogen generation by sodium
borohydride hydrolysis on nanosized CoB catalysts
supported on TiO2, Al203 and CeO2. Int ] Hydrogen Energy
2012;37:4254—8. https://doi.org/10.1016/
J.JJHYDENE.2011.11.105.

Wang Y, Zou K, Zhang D, Cao Z, Zhang K, Xie Y, et al.
Cobalt—copper—boron nanoparticles as catalysts for the
efficient hydrolysis of alkaline sodium borohydride
solution. Int ] Hydrogen Energy 2020;45:9845—53. https://
doi.org/10.1016/J.IJHYDENE.2020.01.157.

Yuan X, Jia C, Ding XL, Ma ZF. Effects of heat-treatment
temperature on properties of Cobalt-Manganese- Boride as
efficient catalyst toward hydrolysis of alkaline sodium
borohydride solution. Int ] Hydrogen Energy
2012;37:995—1001. https://doi.org/10.1016/
J.JHYDENE.2011.03.064.

Aydin M, Hasimoglu A, Bayrak Y, Ozdemir OK, Kaan
Ozdemir O. Kinetic properties of co-reduced Co-B/graphene
catalyst powder for hydrogen generation of sodium
borohydride. ] Renew Sustain Energy 2015;7. https://doi.org/
10.1063/1.4906914.

Kipcak i, Kalpazan E. Preparation of CoB catalysts supported
on raw and Na-exchanged bentonite clays and their
application in hydrogen generation from the hydrolysis of
NaBH4. Int ] Hydrogen Energy 2020;45:26434—44. https://
doi.org/10.1016/J.]JHYDENE.2020.03.230.

Tian H, Guo Q, Xu D. Hydrogen generation from catalytic
hydrolysis of alkaline sodium borohydride solution using
attapulgite clay-supported Co-B catalyst. ] Power Sources
2010;195:2136—42. https://doi.org/10.1016/
JJPOWSOUR.2009.10.006.

Zhao ], Ma H, Chen J. Improved hydrogen generation from
alkaline NaBH4 solution using carbon-supported Co—B as
catalysts. Int ] Hydrogen Energy 2007;32:4711—6. https://
doi.org/10.1016/].IJHYDENE.2007.07.004.

Sun H, Meng J, Jiao L, Cheng F, Chen ]. A review of
transition-metal boride/phosphide-based materials for
catalytic hydrogen generation from hydrolysis of boron-
hydrides. Inorg Chem Front 2018;5:760—72. https://doi.org/
10.1039/C8QI00044A.

Liu BH, Li ZP. A review: hydrogen generation from
borohydride hydrolysis reaction. ] Power Sources
2009;187:527—34. https://doi.org/10.1016/
JJPOWSOUR.2008.11.032.


https://doi.org/10.1016/J.JPOWSOUR.2012.01.118
https://doi.org/10.1016/J.JPOWSOUR.2012.01.118
https://doi.org/10.1002/SLCT.201904818
https://doi.org/10.1002/SLCT.201904818
https://doi.org/10.1557/jmr.2019.411
https://doi.org/10.1016/J.CRCON.2019.11.001
https://doi.org/10.1016/J.IJHYDENE.2014.07.063
https://doi.org/10.1016/S0360-3199(00)00021-5
https://doi.org/10.1016/S0360-3199(00)00021-5
https://doi.org/10.1016/J.IJHYDENE.2020.03.043
https://doi.org/10.1016/J.IJHYDENE.2020.03.043
https://doi.org/10.1016/J.IJHYDENE.2020.08.264
https://doi.org/10.1016/J.IJHYDENE.2020.08.264
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref98
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref98
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref98
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref98
http://refhub.elsevier.com/S0360-3199(23)03447-X/sref98
https://doi.org/10.1016/J.IJHYDENE.2018.07.107
https://doi.org/10.1016/J.IJHYDENE.2018.07.107
https://doi.org/10.1016/J.IJHYDENE.2008.05.080
https://doi.org/10.1016/J.IJHYDENE.2008.05.080
https://doi.org/10.1016/J.IJHYDENE.2018.06.117
https://doi.org/10.1016/J.IJHYDENE.2018.06.117
https://doi.org/10.1016/J.IJHYDENE.2018.01.125
https://doi.org/10.1016/J.IJHYDENE.2018.01.125
https://doi.org/10.1016/J.IJHYDENE.2013.09.006
https://doi.org/10.1016/J.IJHYDENE.2013.09.006
https://doi.org/10.1016/J.IJHYDENE.2008.09.046
https://doi.org/10.1016/J.IJHYDENE.2015.04.041
https://doi.org/10.1016/J.IJHYDENE.2015.04.041
https://doi.org/10.1016/J.IJHYDENE.2015.03.092
https://doi.org/10.1016/J.IJHYDENE.2015.03.092
https://doi.org/10.1016/J.IJHYDENE.2015.06.099
https://doi.org/10.1016/J.IJHYDENE.2013.12.093
https://doi.org/10.1016/J.IJHYDENE.2013.12.093
https://doi.org/10.1016/J.IJHYDENE.2020.10.201
https://doi.org/10.1016/J.IJHYDENE.2020.10.201
https://doi.org/10.1016/J.IJHYDENE.2011.11.105
https://doi.org/10.1016/J.IJHYDENE.2011.11.105
https://doi.org/10.1016/J.IJHYDENE.2020.01.157
https://doi.org/10.1016/J.IJHYDENE.2020.01.157
https://doi.org/10.1016/J.IJHYDENE.2011.03.064
https://doi.org/10.1016/J.IJHYDENE.2011.03.064
https://doi.org/10.1063/1.4906914
https://doi.org/10.1063/1.4906914
https://doi.org/10.1016/J.IJHYDENE.2020.03.230
https://doi.org/10.1016/J.IJHYDENE.2020.03.230
https://doi.org/10.1016/J.JPOWSOUR.2009.10.006
https://doi.org/10.1016/J.JPOWSOUR.2009.10.006
https://doi.org/10.1016/J.IJHYDENE.2007.07.004
https://doi.org/10.1016/J.IJHYDENE.2007.07.004
https://doi.org/10.1039/C8QI00044A
https://doi.org/10.1039/C8QI00044A
https://doi.org/10.1016/J.JPOWSOUR.2008.11.032
https://doi.org/10.1016/J.JPOWSOUR.2008.11.032
https://doi.org/10.1016/j.ijhydene.2023.07.054
https://doi.org/10.1016/j.ijhydene.2023.07.054

	Enhancing the efficiency of sodium borohydride hydrolysis with a novel CoB-Triton catalyst
	Introduction
	Materials and methods
	Test bench and experimental setup
	Catalyst preparation
	Hydrogen generation tests
	Characterization
	Fuel cell performance tests

	Results and discussion
	FE-SEM results
	Mastersizer results
	BET results
	FTIR results
	XRD results
	Surfactant effects on HGR
	Kinetic analysis results
	Effect of NaOH
	Effect of NaBH4
	Effect of temperature
	Effect of catalyst amount

	Fuel cell performance

	Conclusion
	Declaration of competing interest
	Acknowledgments
	References


