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Enhancing hydrogen generation
from sodium borohydride
hydrolysis and the role

of a Co/CuFe,0, nanocatalyst

in a continuous flow system

Faezeh Mirshafiee & Mehran Rezaei**

In this study, a series of cobalt-based spinel ferrites catalysts, including nickel, cobalt, zinc, and
copper ferrites, were synthesized using the sol-gel auto-combustion method followed by a chemical
reduction process. These catalysts were employed for accelerating hydrogen generation via the
sodium borohydride hydrolysis process. A continuous stirred tank reactor was used to perform
catalytic reactor tests. All samples were subjected to analysis using XRD, FESEM, EDX, FTIR, and
nitrogen adsorption—desorption techniques. The results revealed that the cobalt-based copper
ferrite sample, Co/Cu-Ferrite, exhibited superior particle distribution, and porosity characteristics,
as it achieved a high hydrogen generation rate of 2937 mL/min.g.,;. In addition, the higher
electrical donating property of Cu-Ferrite which leads to the increase in the electron density of the
cobalt active sites can account for its superior performance towards hydrolysis of NaBH,. Using

the Arrhenius equation and the zero-order reaction calculation, activation energy for the sodium
borohydride hydrolysis reaction on the Co/Cu-Ferrite catalyst was determined to be 18.12 kJ/mol.
This low activation energy compared to other cobalt-based spinel ferrite catalysts confirms the
catalyst’s superior performance as well. Additionally, the outcomes from the recycling experiments
revealed a gradual decline in the catalyst’s performance after each cycle during 4 repetitive cycles.
The aforementioned properties render the Co/Cu-Ferrite catalyst an efficient catalyst for hydrogen
generation through NaBH, hydrolysis.
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Recent population growth and industrialization have increased energy demand. Currently, the majority of energy
is sourced from non-renewable fossil fuels which are harmful to the environment and cannot be replenished.
Hence, nations worldwide are prioritizing the reduction of fossil fuel consumption while increasing the produc-
tion of renewable energy sources'. Recently, hydrogen has attracted significant attention worldwide as a clean
energy carrier in developing renewable energy sources. Hydrogen is an attractive alternative fuel source due to
its lack of pollution, as its only byproduct is pure water. Additionally, hydrogen possesses a notable gravimetric
energy density of approximately 120 MJ/kg, a value that surpasses that of many conventional fuels. Moreover, the
versatility of hydrogen makes it a valuable tool in addressing energy and environmental challenges, as hydrogen
can be produced from various sources, including renewable sources such as wind and solar power?. In addition,
hydrogen can be produced through biological means by utilizing industry-based or agricultural wastes’. To
promote a hydrogen-based society, it is necessary to seek clean and safe methods for hydrogen production. One
of the novel technologies for hydrogen production is the use of hydrogen storage materials. Metal hydrides are
considered to be secure materials for hydrogen storage in the solid state, as they offer high volumetric densities
and can operate under mild conditions*. They can produce hydrogen and release it to the system when needed
without the need for storage. Sodium borohydride has attracted significant attention among various hydrides due
to its non-explosive nature, high hydrogen storage capacity, etc.’. Borohydride hydrolysis can serve as a viable
source of hydrogen that can be readily supplied to Proton Exchange Membrane Fuel Cells (PEMFC) to power
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electronic devices, including but not limited to vehicles, smartphones and tablets®. However, the slow kinetics
of the sodium borohydride hydrolysis process poses a challenge. Therefore, the design of an efficient catalyst is
inevitable. Numerous metal nanoparticle catalysts like Co’, Ni®, Fe?, mixed metals'?, etc. have been developed for
this process. Nonetheless, the high surface energy of these nanoparticles results in their agglomeration'. Thus,
the utilization of catalytic support materials was proposed as a solution to mitigate this issue. To date, various
support materials, such as metal oxides'?, carbon-based materials'®, zeolites', MOF", etc. have been suggested.

Spinel ferrites, with the general formula MFe,O,, are a class of magnetic spinel materials. Due to their high
electrical resistance, permeability, magnetization, and thermodynamic stability, they are suitable for a wide range
of applications, including electrical devices, medical science, microwave absorption, water purification, etc.!°.
Recently, the spinel ferrites were also used as a catalyst in a few sodium borohydride hydrolysis process studies.
Wang et al.'” evaluated CoFe,O, as a catalytic support in the hydrolysis of sodium borohydride and modified it
with transition metals such as ruthenium, palladium, rhodium, platinum, iridium, and silver. The results showed
that ruthenium supported on cobalt ferrite with TOF (Turnover frequency) of 421 moly,/min.mol,, showed
the best catalytic performance. Liang et al.'® developed a NiB/NiFe,O, catalyst for hydrogen generation from
NaBH, hydrolysis. Using this catalyst, a hydrogen generation rate (HGR) of 299.88 mL/min.g,, higher than pure
NiB, has been achieved. Abdelsalam et al.'” investigated Ag/CoFe,O,~CNT performances in the hydrolysis of
sodium borohydride at room temperature. The results revealed the H, generation rate as high as 320 mL/min.
.. and a low activation energy of 14.7 kJ/mol. Zhang et al.”° synthesized CuFe,O, through a one-pot approach,
which was utilized as a catalyst in the production of hydrogen via the hydrolysis of sodium borohydride. The
CuFe,0, nanocubes achieved a high hydrogen generation rate of 1.5 L/min.g,, which was higher than other
shaped CuFe,0, materials.

Given the promising potential of these nanomaterials, exploring various spinels as a support is an intriguing
avenue for further investigation. To date, several methods have been utilized for the preparation of spinel ferrites,
including the sol-gel auto-combustion method?!, solvothermal techniques?, microwave-assisted methods®, and
mechanical approaches?. Inbaraj et al. conducted a study where they synthesized CoFe,O, nanomaterial using
a green synthesis method that involved natural honey. In this method, honey acted as a fuel or reducing agent
for the sol-gel auto-combustion process. The hydroxyl and amine groups present in honey provided the initial
molecular matrix for Co** and Fe** ions®. A study conducted by G et al. involved the synthesis of nanoparticles
of Ni Mg, ,Fe,0,(x=0, 0.2, 0.4, 0.6). The nanoparticles were created through combustion with the assistance of
microwaves. The process used Tamarindus indica seed extract as fuel. The resulting nanoparticles were cubic
and had an average crystalline size of 17-18 nm?®. Nguyen et al. studied the synthesis of ZnFe,0,@Zn0 nano-
composites using Chrysanthemum spp. floral waste as a green method. Floral waste was used as the reducing
and stabilizing agents during the conversion of metal ions into metal oxide and so during the biosynthesis of
ZnFe,0,@Zn0 nanocatalyst”’. Each method mentioned for preparing spinel ferrites has yielded distinct and
noteworthy results. Among these methods, the sol-gel auto-combustion approach is advantageous due to its
ease, safety, and rapid production, resulting in time, and cost savings. Moreover, this method offers several
advantages, over the other methods. It allows for easy control of the particle size of the product, ensures chemi-
cal homogeneity and purity in the final product, and facilitates the formation of extended networks by partially
hydrolyzed species, which lowers the crystallization temperature?. Additionally, compared to other methods, the
auto-combustion method is a time and energy-efficient approach that can be easily scaled up for complex oxide
preparations®. Sol-gel auto-combustion method involves using metal nitrates and organic fuels like citric acid,
glycine, urea, etc. as precursors. The fuel acts as a reducing agent and also provides the energy for the combus-
tion reaction. The process involves mixing precursors in a solution and heating them. Due to the presence of fuel
and oxidizer, coupled with highly exothermic reactions, the mixture can lead to an auto-combustion reaction,
causing the rapid conversion of gels into ash and gaseous by-products. The ash left behind after the combustion
process mainly consists of metal oxides, which are then calcined to obtain the desired catalysts®. Accordingly,
in the present study, we have employed the sol-gel auto-combustion method to synthesize cobalt, copper, nickel,
and zinc-based spinel ferrites as catalytic support. Following this, we have deposited the active phase of cobalt
onto these supports to utilize them in the hydrolysis process of sodium borohydride. To scale up the process, it is
necessary to conduct hydrogen generation in a continuous flow system. In addition, continuous flow systems offer
several advantages over batch reactors. Continuously Stirred Tank Reactors (CSTR) operate under steady-state
conditions, offering reproducible results compared to batch reactors where conditions may fluctuate during the
reaction cycle. In addition, continuous flow systems provide enhanced control over reaction parameters such as
temperature, pressure, flow rates, and residence time. This level of control allows for optimizing reaction condi-
tions to enhance efficiency while improving process safety too. Moreover, the integration of continuous flow
systems with analytical techniques enables real-time monitoring of reaction progress, so, facilitating immediate
adjustments to optimize the process. Accordingly, a syringe pump was utilized in this study to facilitate continu-
ous hydrogen generation. Ultimately, the effective parameters influencing hydrogen generation rate and kinetic
parameters in the continuously stirred tank reactor were identified.

Materials and methods

Chemicals

The chemicals used in the study were Fe(NO;);.9H,0 (Merck), Co(NO;),.6H,0 (Merck), Ni(NO;),.6H,0O
(Merck), Cu(NOs3),.3H,0(Merck), Zn(NO;),.6H,0(Merck), Citric acid (Sigma-Aldrich), Amonia(Nanotech),
NaBH, (Sigma-Aldrich, 98%), and NaOH(Merck). All chemical materials were of analytical grade and used as
received. In addition, for the preparation of all the solutions, deionized water was used.
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Synthesis of catalysts

To synthesize MFe,O, (M = Co, Ni, Cu, Zn) nanoparticles, a stoichiometric molar ratio of metal nitrates, M/
Fe=0.5, was initially dissolved in 100 mL of deionized water and stirred for approximately 10 min. Subsequently,
citric acid was added to the solution at a 1:1 molar ratio concerning the metals (Fe** plus M?*). The pH of the
solution was then adjusted to 7 by adding ammonia solution dropwise. The resulting solution was subjected to
stirring at 100°C until it formed a viscous gel. In a short time, the gel underwent auto-combustion and trans-
formed into ash. The combination of highly exothermic gel formation reactions and the presence of fuel con-
tributed to the auto-combustion and rapid transformation of gels into ash in sol-gel systems. The obtained ash
was ground and subjected to calcination in air at 600°C for a duration of 3 h. The chemical reactions involving
metal and iron precursors with citric acid can be described as follows:

M(NO3), + Fe(NO3), + nC¢HgO7 — MFe(CsHs507),, + 2NO3 + H,O

Metal citrate complexes (MFe(C,H;0,),,) form a gel-like precursor through hydrolysis and condensation
reactions in the presence of citric acid and other reagents. Upon heating, the gel precursor undergoes an auto-
combustion process, leading to the decomposition of the gel precursor to the MFe,O, phase and the formation
of gaseous by-products. For the synthesis of supported catalysts with a 30 wt.% cobalt content, ferrites and
Co(NO;),.6H,0 were dissolved in 50 mL of deionized water and subsequently stirred for 10 min. A solution of
sodium borohydride was then gradually added dropwise to the aforementioned aqueous solution at a molar ratio
of NaBH,/Co (II) = 5. Following a mixing duration of 20 min, the precipitate was filtered, washed with deionized
water, and dried at 80 °C overnight. To ensure the reproducibility of the outcome, all synthesis procedures were
repeated three times.

Catalytic activity tests

To determine the rate of hydrogen generation, a hydrolysis reaction was conducted in a continuous system.
Initially, 16 mg of catalyst was introduced into the two-neck flask, as a reactor, at a fixed temperature of 35°C.
Subsequently, 3 mL of an aqueous solution containing 2wt.% NaBH, and 4wt.% NaOH was injected into the
glass reactor using a Terufusion Syringe Pump, model STC 523, with a flow rate of 30 mL/h. The batch hydrolysis
process was conducted under the same order and conditions, i.e. temperature of 35 °C, using 16 mg of catalyst
and a 3 mL solution containing 2 wt.% NaBH, and 4 wt.% NaOH. The sole difference between these two meth-
ods was using a syringe pump with a predetermined flow rate in the continuous stirred tank reactor instead of
administering the reagent solution all at once with a regular syringe. The experimental setup for generating H,
from the hydrolysis of NaBH, in a continuous system is shown in Fig. 1. H, evolution began immediately after
feed introduction and the volume of produced hydrogen was determined by monitoring the displacement of
water level in the adjacent vacuum Erlenmeyer.

The hydrogen generation rate (HGR) is calculated using the generated hydrogen volume per reaction time
and catalyst amount (having a mL/(minute*g.,,) unit). However, in this formula, the generated hydrogen volume
is the maximum volume produced during a certain time, as reported in the literature®. Each experiment was
conducted at least three times, and the average values were reported. Following the reaction, the catalyst was

syring pump
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Figure 1. A simple representation of the ongoing continuous experimental setup being utilized.
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separated using a magnet and thoroughly washed with water and ethanol before being dried at 100°C. These cata-
lysts were subsequently subjected to reuse under identical experimental conditions as those utilized previously.

Characterization

The X-ray diffraction (XRD) spectrum of the synthesized catalysts was determined using a Bourevestnik (model
DRON-8, Russian) apparatus. Morphological analysis was conducted via scanning electron microscopy (FESEM)
using a TESCAN-MIRA3 (Czech) instrument. The distribution of elements was investigated by energy-dispersive
X-ray (EDX) mapping analysis. The surface area and pore size distribution of the prepared samples were ascer-
tained using physical adsorption and desorption of nitrogen on the surface of the catalyst, within the relative
pressure range of 0.05 to 0.99. This analysis was conducted using a Belsorp mini (Japan) apparatus.

Results and discussion

Samples characterization

XRD analysis

Figure 2 displays the XRD spectrum of the synthesized samples. Specifically, the characteristic peaks located
at 260=18.5, 29.8, 35.12, 42.72, 53.15, 56.55, and 62.06° in Fig. 2a are attributed to zinc ferrite while the peaks
observed at 20 =30.29, 35.68, 43.35, 53.88, 57.35, and 63.01° in Fig. 2b are associated with nickel ferrite. In addi-
tion, the relatively broad peaks located at 18.27, 29.8, 33.13, 35.52, 37, 38.71, 43.88, 53.85, 58.09, and 62.06° in
Fig. 2c and the characteristic peaks at 30.09, 35.46, 43.15, 57.06, and 62.6° in Fig. 2d indicate the formation of
copper and cobalt ferrites, respectively. The diffraction peaks can be indexed to the (111), (220), (222), (311),
(400), (422), (511), and (440) crystal planes of nanoparticles®>. Upon the incorporation of cobalt on each of the
ferrites as support, Fig. 2e-h, the XRD spectrum was the same, and no discernible peaks associated with cobalt
metal were detected, possibly due to its large dispersion. The average crystallite size of Co/Zn-Ferrite, Co/Ni-
Ferrite, Co/Cu-Ferrite, and Co/Co-Ferrite, determined by the Scherrer equation, was estimated at 28.1, 36.2,
23.5, and 23.2 nm respectively. Therefore, the examination of the obtained XRD spectra not only confirms the
successful synthesis of both the supports and supported catalysts but also demonstrates the absence of impuri-
ties in the synthesized catalysts.
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Figure 2. XRD patterns of (a) Zn-Ferrite, (b) Ni-Ferrite, (c) Cu-Ferrite, (d) Co-Ferrite, (e) Co/Zn-Ferrite, (f)
Co/ Ni-Ferrite, (g) Co/Cu-Ferrite, and (h) Co/Co-Ferrite.
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FESEM analysis

The FESEM technique was employed to ascertain the morphology and dimensions of the particles, as well as
to evaluate the distribution of constituents within the synthesized catalysts. The outcomes of this analysis are
depicted in Fig. 3. Comparing the micrographs, it is obvious that all the ferrites exhibit polyhedral shapes close
to spherical morphology, with an average particle size ranging from 20-100 nm. Among different ferrites, cop-
per ferrite has a smaller particle size, as corroborated by the outcomes reported in the X-ray diffraction analysis.
These components are arranged close to each other, forming an intricate network. As evidenced by Fig. 3e-h,
following the impregnation of cobalt onto various ferrite supports, the resultant product retains a morphology
similar to that of the support, albeit with a marginally rougher surface. This phenomenon can be attributed to
the presence of cobalt nanoparticles, which may sometimes aggregate. Upon comparison of the figures, it is
evident that among the different supports and supported samples, the most homogeneously dispersed and least
agglomerated particles are observed in Cu-Ferrite and Co/Cu-Ferrite samples.

The EDS mapping analysis was used to validate the presence of four distinct constituents, namely cobalt,
copper, iron, and oxygen, in the Co/Cu-Ferrite sample. The result of Fig. 4 revealed that these components are
present and uniformly distributed throughout the synthesized sample, with no discernible influence of nano-
particle aggregation. Furthermore, the intensity of the peaks corresponding to the aforementioned elements
in the EDX image demonstrated that the cobalt content in the synthesized Co/Cu-Ferrite sample was near the
weight percentage employed during the synthesis, thereby affirming the precision of the synthetic methodology.

N, adsorption/desorption analysis

To determine the pore characteristics of the catalysts, the BET method was used. This method uses the surface
adsorption of nitrogen gas and studies its adsorption and desorption isotherms to provide information about
surface area, pore volume, and more.

Table 1 shows that Co-Ferrite and Cu-Ferrite have the highest and lowest surface area and pore volume
among different supports. However, after cobalt was loaded onto each of the carriers, an increase in surface area
and total pore volume was observed, with Co/Cu-Ferrite having the highest surface area. It is possible that the
introduction of cobalt could increase the surface area due to chemical or physical changes in the support. These
changes may include oxidation, reduction, the creation of additional surface roughness, defects, active sites,
gasification, etc. This could lead to the creation of new pores or the enlargement of existing ones. In addition,
when Co nanoparticles are loaded onto the carrier, they can interact with the surface of the support through
various mechanisms such as physical adsorption, chemical bonding, or diffusion into the support matrix. These
interactions can lead to the formation of a new phase or structure at the interface between Co nanoparticles and
the support so, increasing the pore characteristic. A greater surface area means there are more active sites avail-
able for reactant molecules. Therefore, based on the results of the FE-SEM and BET method, the Co/Cu-Ferrite
sample is expected to perform better in the sodium borohydride hydrolysis process.
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Figure 3. FE-SEM images of (a): Ni-Ferrite, (b): Co-Ferrite, (c): Cu-Ferrite, (d): Zn-Ferrite, (e): Co/Ni-Ferrite,
(f): Co/ Co-Ferrite, (g): Co/Cu-Ferrite, and (h): Co/Zn-Ferrite.
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Figure 4. EDS mapping (top), and EDX (down) analysis of Co/Cu-Ferrite.

Sample Seer* | View” | M.P.DS
Ni-Ferrite 1535 | 0.10 26.12
Co-Ferrite 26.72 | 0.18 27.09
Cu-Ferrite 11.35 | 0.09 31.97
Zn-Ferrite 16.25 |0.14 36.88
Co/Ni-Ferrite 25.79 |0.19 30.61
Co/Co-Ferrite 30.77 | 0.25 32.68
Co/Cu-Ferrite 32.65 |0.32 39.28
Co/Zn-Ferrite 30.74 |0.16 42.70

Table 1. Textural properties of spinel ferrites and supported ferrites. *Surface area with BET Method (m?/gr).

®Volume adsorbed at p/p,=0.99 (mL/gr). “Mean pore diameter (nm).

Scientific Reports |

(2024) 14:9659 |

https://doi.org/10.1038/s41598-024-60428-5

nature portfolio



www.nature.com/scientificreports/

Quantity adsorbed(Va/cm3(STP) g-1)

Quantity adsorbed(Va/cm3(STP) g-1)

In Fig. 5, the nitrogen adsorption and desorption isotherms for the supported catalysts are presented. The
isotherms of spinel ferrite carriers were included in the supplementary data, Figure S1. All the samples exhibit a
type Il adsorption isotherm. The size distribution of the pores in the inner part of each shape suggests that these
samples have a mesoporous and macropores structure, most of them fall within the range of 2-50 nm. These
large pores act as a bridge between the micropores, creating an additional transfer path for reactant molecules®.

FTIR analysis

FTIR spectra were recorded for spinel ferrites and Co/Cu-Ferrite in the range of 450-4400 cm™" and the results
are shown in Fig. 6. The prominent absorption band at 575 cm™, from the stretching vibrations of the Fe-O
group, provides evidence for ferrite formation. The peak at 2360 cm™ in the infrared spectrum of ferrites is typi-
cally associated with atmospheric CO,. The broad bands at 3429 cm™ of all samples indicated the obvious pres-
ence of hydroxyl group (-OH)**. Compared with that of ferrite-based supports, a new absorption band appeared
for the Co/Cu-Ferrite sample. Peaks between 1200 and 1400 cm™ are commonly associated with metal-oxygen
vibration molecules. So, a peak in this region may indicate the presence of cobalt-oxygen bonds in this sample.

Activity test
To investigate the effectiveness of the synthesized catalysts in the process of sodium borohydride hydrolysis, the
quantity of hydrogen generated via the hydrolysis of NaBH, on the surface of these nanocatalysts was measured
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Figure 5. Nitrogen adsorption —desorption isotherm and BJH pore size distribution curves for the: (a) Co/
Ni-Ferrite, (b) Co/Co-Ferrite, (¢) Co/Cu-Ferrite, and (d) Co/Zn-Ferrite.
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Figure 6. FTIR spectrums of four spinel ferrites and Co/Cu-Ferrite.

in a continuous setup utilizing the common water displacement method. The outcomes of this investigation are
presented in Fig. 7. As evident from the results, the presence of bare supports resulted in a considerably low and
negligible generation of hydrogen on each of the carriers. This low amount is due to the self-hydrolysis of NaBH,
and, it is low due to the sluggish kinetics of the self-hydrolysis process at room temperature, as much literature
reported®. However, copper ferrite outperformed the other samples due to its smaller and more uniform particle
distribution. Hence, it can be inferred that the synthesized supports do not exhibit any obvious catalytic activity
in the process of sodium borohydride hydrolysis.

The performance of the samples after the loading of cobalt is depicted in Fig. 8. According to the results, while
the bare supports exhibited little catalytic activity, the introduction of cobalt as an active phase on the substrate
led to a considerable enhancement in hydrogen production, suggesting that the active component in the hydroly-
sis of NaBH, is cobalt rather than the support. Specifically, the Co/Zn-Ferrite catalyst demonstrated the lowest
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Figure 7. Hydrogen generation curves of the NaBH, hydrolysis over different spinel ferrites.
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Figure 8. Hydrogen generation curves of the NaBH, Hydrolysis over different supported spinel ferrites.

amount of hydrogen generation, whereas the Co/Cu-Ferrite catalyst exhibited the highest amount. The superior
catalytic performance of the Co/Cu-Ferrite sample, attaining a maximum generation rate of 2937.5 mL/min.g,,
can be attributed to its higher particle distribution and larger surface area compared to other catalysts. However,
for other samples, their weaker pore characteristics and particle distribution resulted in lower performance. It
is evident that the obtained results are consistent with the pore characteristics, especially the pore volume of the
samples. In addition, research indicates that Cu-Ferrite has higher electrical conductivity and lower dielectric
constant than other Ferrites®. A literature review has revealed that the effectiveness of a catalyst is influenced
by the adequate dispersion of active components, the quantity of active sites, and the high electron density of
active sites. Therefore, the hydrolysis process will perform better when the surface of the cobalt metal has a
higher concentration of electrons®. So, Cu-ferrite with higher electron donating properties and charge carrier
density can increase the electron density of the cobalt active sites, resulting in enhanced catalytic activity of the
Co/Cu-Ferrite nanocatalyst during the hydrolysis reaction. Consequently, for further investigations, the cobalt
catalyst supported on Cu-Ferrite was selected as the main catalyst for the hydrolysis process.

As stated earlier, the present study aimed to investigate the NaBH, hydrolysis process in a continuous hydro-
gen generation system. Nevertheless, to evaluate the impact of the type of reactor setup on the hydrogen genera-
tion rate, the sodium borohydride hydrolysis process was conducted under the temperature of 35 °C, using 16
mg of catalyst and a 3 mL solution containing 2 wt.% NaBH, and 4 wt.% NaOH, separately in both continuous
and batch setups. The sole difference between these two methods was the utilization of a syringe pump with a
predetermined flow rate in the continuous stirred tank reactor instead of administering the reagent solution all
at once. As can be seen in Fig. 9, the batch system yielded a greater quantity of hydrogen over a shorter duration.
Specifically, 138 mL of hydrogen was produced within the 2 min in the batch process, while this value was 69
mL in the continuous system. The reason why batch stops earlier than continuous can be attributed to the fact
that in a batch reactor, the reactants are added all at once at the beginning of the reaction, while in a continuous
flow reactor, the reactants are continuously supplied. If a reactant is depleted before completion, a batch reac-
tor may end the reaction prematurely. At the same time, the larger amount of borohydride ion that is exposed
to the catalytic active sites in the batch setup can increase the yield of production. Despite this, due to the lack
of comprehensive investigations on the sodium borohydride hydrolysis process and its associated parameters
in continuous setups, hydrogen generation was conducted under a continuous stirred tank reactor to further
continue the research.

Effect of different parameters on the catalyst activity

Effect of catalyst quantity

The effect of catalyst dosage on the amount of hydrogen gas generated is presented in Fig. 10. As demonstrated,
the quantity of produced hydrogen increased by increasing the catalyst amount, from 12 to 20 mg. However,
beyond this point, with a further increase in catalyst dosage to 24 mg, the hydrogen generation rate began to
decline. This phenomenon can be attributed to the fact that although increasing the quantity of catalyst leads
to an increase in catalytic active sites, it simultaneously increases the solution viscosity and active site coverage,
thereby diminishing the hydrogen generation volume®. Thus, it can be deduced that during the initial stages
of the process, the rise in catalytic active sites was the primary factor in the increase of hydrogen production.
However, upon exceeding a catalyst dosage of 20 mg, mass transfer hindrances lead to a reduction in hydrogen
generation.
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Figure 9. Comparison of hydrogen evolution of the NaBH, hydrolysis in the batch and continuous system.
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Figure 10. The effect of catalyst amount on the volume of hydrogen generation (2wt.%NaBH,, 4wt.%NaOH,
35°C, and flow rates of 30 mL/h).

Effect of feed flow rate

Figure 11 illustrates the impact of the flow of a reactive solution on the rate of hydrogen generation in a con-
tinuous system. The results demonstrate that hydrogen generation increases with higher flow rates due to the
increased contact between sodium borohydride and the catalyst, resulting in a more substantial reaction. Addi-
tionally, it can be observed that under a consistent flow rate during solution injection, hydrogen generation also
exhibits a constant rate.

In our previous study®, we proposed a mechanism for this process. First, BH,” and H,O molecules get
adsorbed on the surface of the catalyst. The BH, ions chemisorb to the catalyst surface, which leads to the pro-
duction of CoBH;™ and CoH intermediates. These intermediates then react with H,O to produce BH;(OH)™ ion
and H,. Subsequently, the hydrogen shifts from BH;(OH)- ion to an unoccupied cobalt atom according to
BH;(OH)~ — BH,(OH),”" — BH(OH),~— B(OH), reaction. By repeating this procedure, 4H, is produced at
each cycle as follows:

NaBH, + 4H,O — NaB(OH), + 4H,
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Figure 11. The effect of reactive solution flow on the volume of hydrogen generation (16 mg cat, 2 wt.%NaBH,,
4wt.%NaOH, and 35°C).

Effect of temperature

To investigate the impact of temperature on the catalytic hydrolysis of sodium borohydride, the experiments were
conducted across a range of temperatures (25-40 °C), while maintaining a constant concentration of sodium
borohydride, catalyst quantity, and sodium hydroxide concentration. The results, illustrated in Fig. 12 demon-
strate a direct relationship between temperature and the rate of reactions in the sodium borohydride hydrolysis
process, leading to an increase in the generation of hydrogen gas. A higher rate of hydrogen generation at higher
temperatures is consistent with the expected behavior of molecules at higher temperatures, which tend to be
more active and available.

Kinetic study
According to numerous literature reports, the process of hydrolyzing NaBH, follows zero-order kinetics®.
This is based on the observation of a linear increase in hydrogen generation volume over time at fixed NaBH,
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Figure 12. The effect of temperature on the volume of hydrogen generation (16 mg cat, 2 wt.%NaBH,,
4wt.%NaOH, and flow rates of 30 mL/h).
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concentrations. So, the zero-order reaction calculation is used in the kinetic study. By applying the Arrhenius
equation, Egs. (1) and (2), and determining the slope of the resultant line, the activation energy can be calculated:

Eq
r:k:ko.exp(—R‘T) (1)

E,

RT

Ln(r) = Ln(kg) —

)

In the above equations, the symbol "r" represents the hydrogen generation rate, "k," denotes the frequency
factor, "E," stands for the activation energy, "R" represents the ideal gas constant, and "T" signifies the reaction
temperature.

The graphical representation in Fig. 13 depicts the correlation between Lnk and 1/T, derived from the data
presented in Fig. 12. By stating the slope of the resultant line, the activation energy for Co/Cu-Ferrite nano-
catalyst was calculated to be 18.12 kJ/mol. However, the activation energy was calculated for other catalysts
too. Figure S2 shows the correlation between Lnk and 1/T for all cobalt-based samples. Through the slope and
intercept analysis of this figure, we calculated the activation energy for Co/Co-Ferrite, Co/Ni-Ferrite, and Co/
Zn-Ferrite as 20.5 kJ/mol, 43.6 kJ/mol, and 55 kJ/mol respectively. Considering that the lowest activation energy
was obtained on the Co/Cu-Ferrite sample, the superior catalytic performance of Co/Cu-Ferrite was confirmed
again. A lower activation energy will generally result in a faster reaction rate and can facilitate the reaction more
efficiently. Moreover, the obtained activation energy values are consistent with the pore characteristics of the
catalysts. The relatively low activation energy on Co/Cu-Ferrite confers a positive attribute to the catalyst, as it
lowers the amount of energy needed for the reaction to initiate.

Reusability test

The stability of the catalyst holds pivotal importance in the successful commercialization of hydrogen genera-
tion systems reliant on NaBH, hydrolysis. To this end, the current investigation aimed to evaluate the catalytic
stability of the Co/Cu-Ferrite nanocatalyst through four successive and repeated applications. The findings of
Fig. 14 suggests a decrease in the catalyst’s activity with each subsequent use. This reduction in activity can be
attributed to the decline in catalyst mass and leaching of cobalt active phase during each wash, which has a large
contribution to the catalyst activity reduction. Furthermore, the reduction in catalyst activity can be attributed
to additional factors, including the accumulation of byproducts on the catalyst surface, aggregation of the metal
active phase, etc.”.

Table 2 compares the hydrogen generation potential of different ferrite-based catalysts, evaluating their per-
formance based on two critical parameters, namely, activation energy and hydrogen generation rate. It can be
inferred that the catalyst under investigation has achieved a satisfactory outcome in comparison to the perfor-
mance of the other catalysts cited, as evidenced by the results presented in Table 2.
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Figure 13. Arrhenius diagram obtained from the data in Fig.

12.
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Figure 14. The stability of Co/Cu-Ferrite catalyst for 4 repetitive cycles.

NaBH, concentration

Catalyst Temperature (C) Catalyst amount (mg) (Wt%) HGR (mL/min.g) E, (kJ/mol) Ref
CuFe,0, 30 - 10 1500 4153 2
CuFe,0,/RGo 25 30 45 mM 622 33.95 40
NiB/NiFe,O, 25 100 0.5 299.88 72.52 18
NiFe,O, 70 10 0.66 2181 50 4
Ag/CoFe,0,~CNT 25 50 3mmol 320 14.7 19
Co/Cu-Fe,0, 35 16 2 2937 18.12 This work

Table 2. The hydrogen generation properties of different ferrite-based catalysts.

Conclusion

The present investigation involved the synthesis of cobalt-based catalysts on nickel, cobalt, zinc, and copper
ferrites for use in the sodium borohydride hydrolysis process in a continuous flow system. The catalytic activity
of the synthesized samples was assessed at a temperature of 35 °C, employing 16 mg of catalyst and 3 mL of an
aqueous solution containing 2 wt.% NaBH, and 4 wt.% NaOH via the water displacement method. It was found
that Co/Cu-Ferrite exhibited superior characteristics, resulting in a high hydrogen generation rate of 2937 mL/
min.g... Higher particle distribution, electrical conductivity, and larger surface area compared to other samples
are responsible for its high activity. Additionally, calculating the activation energy for all cobalt-based catalysts,
the activation energy on the Co/Cu-Ferrite catalyst was determined to be as low as 18.12 kJ/mol, lower than
others which verifies the superiority of the Co/Cu-Ferrite sample. This low activation energy is deemed favorable
in the design and application of this catalyst in the hydrolysis reaction of sodium borohydride. However, the
catalytic activity of the Co/Cu-Ferrite catalyst was observed to gradually decrease over 4 repeating applications.
The decrease in catalyst mass and leaching of the cobalt active phase during each wash was identified as one of
the main reasons for this phenomenon.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 14 January 2024; Accepted: 23 April 2024
Published online: 26 April 2024

References
1. Kumar, J. A. et al. Agricultural waste biomass for sustainable bioenergy production: Feedstock, characterization and pre-treatment
methodologies. Chemosphere 331, 138680 (2023).
2. Yue, M. et al. Hydrogen energy systems: A critical review of technologies, applications, trends and challenges. Renew. Sustain.
Energy Rev. 146, 111180 (2021).
3. Aravind Kumar, J. et al. A comprehensive review on bio-hydrogen production from brewery industrial wastewater and its treat-
ment methodologies. Fuel 319, 123594 (2022).

Scientific Reports |

(2024) 14:9659 |

https://doi.org/10.1038/s41598-024-60428-5 nature portfolio



www.nature.com/scientificreports/

4. Klop¢i¢, N., Grimmer, L., Winkler, E, Sartory, M. & Trattner, A. A review on metal hydride materials for hydrogen storage. J. Energy
Storage 72, 108456 (2023).

5. Ceyhan, A. A,, Edebali, S. & Fangaj, E. A study on hydrogen generation from NaBH4 solution using Co-loaded resin catalysts. Int.
J. Hydrogen Energy 45, 34761-34772 (2020).

6. Ibrahim, A., Paskevicius, M. & Buckley, C. E. Chemical compression and transport of hydrogen using sodium borohydride. Sustain.
Energy Fuels 7, 1196-1203 (2023).

7. Wu, C,, Wu, E, Bai, Y., Yi, B. & Zhang, H. Cobalt boride catalysts for hydrogen generation from alkaline NaBH4 solution. Mater.
Lett. 59, 1748-1751 (2005).

8. Wang, Y. et al. Hydrogen generation from hydrolysis of sodium borohydride using nanostructured NiB catalysts. Int. J. Hydrogen
Energy 41, 16077-16086 (2016).

9. Tuan, T.N,, Yi, Y., Lee, J. K. & Lee, J. Fe-B catalyst fabricated by hybrid capacitive adsorption-chemical reduction method and its
application for hydrogen production from NaBH4 solution. Catal. Today 216, 240-245 (2013).

10. 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 331, 125733 (2023).

11. Chen, B. et al. Cobalt nanoparticles supported on magnetic core-shell structured carbon as a highly efficient catalyst for hydrogen
generation from NaBH4 hydrolysis. Int. J. Hydrogen Energy 43, 9296-9306 (2018).

12. Erat, N, Bozkurt, G. & Ozer, A. Co/CuO-NiO-Al203 catalyst for hydrogen generation from hydrolysis of NaBH4. Int. J. Hydrogen
Energy 47, 24255-24267 (2022).

13. Fang, S. et al. Modified CNTs interfacial anchoring and particle-controlled synthesis of amorphous cobalt-nickel-boron alloy
bifunctional materials for NaBH4 hydrolysis and supercapacitor energy storage. J. Alloys Compd. 936, 167990 (2023).

14. Joydev, M., Binayak, R. & Pratibha, S. Zeolite supported cobalt catalysts for sodium borohydride hydrolysis. Appl. Mech. Mater.
490-491, 213-217 (2014).

15. Tuan, D. D. & Lin, K.-Y.A. ZIF-67-derived Co;0, rhombic dodecahedron as an efficient non-noble-metal catalyst for hydrogen
generation from borohydride hydrolysis. J. Taiwan Inst. Chem. Eng. 91, 274-280 (2018).

16. Narang, S. B. & Pubby, K. Nickel spinel ferrites: A review. J. Magn. Magn. Mater. 519, 167163 (2021).

17. Wang, Y. & Liu, X. Catalytic hydrolysis of sodium borohydride for hydrogen production using magnetic recyclable CoFe204-
modified transition-metal nanoparticles. ACS Appl. Nano Mater. 4, 11312-11320 (2021).

18. Liang, Z., Li, Q, Li, E, Zhao, S. & Xia, X. Hydrogen generation from hydrolysis of NaBH, based on high stable NiB/NiFe,O, catalyst.
Int. J. Hydrogen Energy 42, 3971-3980 (2017).

19. Abdelsalam, M., Taeho, Y., KiM, Y. & Mostafa, Y. Design a well-dispersed ag-based/Cofe204-Cnt catalyst for hydrogen production
via Nabh4 hydrolysis. Available SSRN 4235107.

20. Zhang, E. et al. One-pot synthesis of magnetic copper ferrite nanocubes for hydrogen production by hydrolysis of sodium boro-
hydride. Ceram. Int. 49, 23464-23470 (2023).

21. Abbas, N. et al. The photocatalytic performance and structural characteristics of nickel cobalt ferrite nanocomposites after doping
with bismuth. J. Colloid Interface Sci. 594, 902-913 (2021).

22. Datt, G., Sen Bishwas, M., Manivel Raja, M. & Abhyankar, A. C. Observation of magnetic anomalies in one-step solvothermally
synthesized nickel-cobalt ferrite nanoparticles. Nanoscale 8, 5200-5213 (2016).

23. Yu, S.-H., Wang, Q.-L., Chen, Y., Wang, Y. & Wang, J.-H. Microwave-assisted synthesis of spinel ferrite nanospherolites. Mater.
Lett. 278, 128431 (2020).

24. Sharifi, A., Hayati, R., Setoudeh, N. & Rezaei, G. A comparison between structural and magnetic behavior of cobalt ferrite syn-
thesized via solid state and chemical methods. Mater. Res. Express 8, 106103 (2021).

25. Inbaraj, D. J,, Chandran, B. & Mangalaraj, C. Synthesis of CoFe204 and CoFe204/g-C3N4 nanocomposite via honey mediated
sol-gel auto combustion method and hydrothermal method with enhanced photocatalytic and efficient Pb+2 adsorption property.
Mater. Res. Express 6, 55501 (2019).

26. G, V. et al. Green synthesis of nickel-doped magnesium ferrite nanoparticles via combustion for facile microwave-assisted optical
and photocatalytic applications. Environ. Res. 235, 116598 (2023).

27. Nguyen, N. T. T. et al. Green synthesis of ZnFe204@ZnO nanocomposites using Chrysanthemum spp. floral waste for photocata-
lytic dye degradation. J. Environ. Manage. 326, 116746 (2023).

28. Velhal, N. B,, Patil, N. D., Shelke, A. R., Deshpande, N. G. & Puri, V. R. Structural, dielectric and magnetic properties of nickel
substituted cobalt ferrite nanoparticles: Effect of nickel concentration. AIP Adv. 5, 97166 (2015).

29. Li, E, Ran, J,, Jaroniec, M. & Qiao, S. Z. Solution combustion synthesis of metal oxide nanomaterials for energy storage and conver-
sion. Nanoscale 7, 17590-17610 (2015).

30. Wolf, E. E., Kumar, A. & Mukasyan, A. S. Combustion synthesis: a novel method of catalyst preparation. in Catalysis: Volume 31
(The Royal Society of Chemistry, 2019). doi:https://doi.org/10.1039/9781788016971-00297.

31. Muir, S. S. et al. New electroless plating method for preparation of highly active Co-B catalysts for NaBH4 hydrolysis. Int. J.
Hydrogen Energy 39, 414-425 (2014).

32. Shahid, M. et al. Dysprosium substituted nickel cobalt ferrite nanomaterials and their composites with reduced graphene oxide
for photocatalysis. J. Taibah Univ. Sci. 14, 1308-1316 (2020).

33. Mirshafiee, F, Karimzadeh, R. & Khoshbin, R. Free template synthesis of novel hybrid MFI/BEA zeolite structure used in the
conversion of methanol to clean gasoline: Effect of Beta zeolite content. Fuel 304, 121386 (2021).

34. Xian, G. et al. Synthesis of spinel ferrite MFe204 (M = Co, Cu, Mn, and Zn) for persulfate activation to remove aqueous organics:
Effects of M-site metal and synthetic method. Front. Chem. 8 (2020).

35. Mirshafiee, F. & Rezaei, M. Co/Fe304@GO catalyst for one-step hydrogen generation from hydrolysis of NaBH4: Optimization
and kinetic study. Int. J. Hydrogen Energy https://doi.org/10.1016/j.ijhydene.2023.04.337 (2023).

36. Thangjam, B. & Soibam, I. Comparative study of structural, electrical, and magnetic behaviour of Ni-Cu-Zn nanoferrites sintered
by microwave and conventional techniques. J. Nanomater. 2017, 5756197 (2017).

37. Shi, L., Chen, Z, Jian, Z., Guo, F. & Gao, C. Carbon nanotubes-promoted Co-B catalysts for rapid hydrogen generation via NaBH4
hydrolysis. Int. ]. Hydrogen Energy 44, 19868-19877 (2019).

38. Ekinci, A., Sahin, O. & Horoz, S. Kinetics of catalytic hydrolysis of NaBH4 solution: Ni-La-B catalyst. J. Aust. Ceram. Soc. 58,
113-121 (2022).

39. Dai, H.-B,, Liang, Y., Ma, L.-P. & Wang, P. New insights into catalytic hydrolysis kinetics of sodium borohydride from Michaelis—
Menten Model. J. Phys. Chem. C 112, 15886-15892 (2008).

40. Tang, M., Xia, F, Gao, C. & Qiu, H. Preparation of magnetically recyclable CuFe204/RGO for catalytic hydrolysis of sodium
borohydride. Int. ]. Hydrogen Energy 41, (2016).

41. Lesik, S. & Ivanenko, I. Composite NiFe204 catalyst for sodium borohydride hydrolysis. ECS Trans. 107, 15433 (2022).

Acknowledgements

This work is based upon research funded by Iran National Science Foundation (INSF) under project No. 4013287

and 97017638.

Scientific Reports | (2024) 14:9659 | https://doi.org/10.1038/s41598-024-60428-5 nature portfolio


https://doi.org/10.1039/9781788016971-00297
https://doi.org/10.1016/j.ijhydene.2023.04.337

www.nature.com/scientificreports/

Author contributions
Faezeh Mirshafiee: Conceptualization, Methodology, Performance, Validation, Investigation, Writing original
draft. Mehran Rezaei: Supervision, Conceptualization, Validation, review & editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-60428-5.

Correspondence and requests for materials should be addressed to M.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:9659 | https://doi.org/10.1038/s41598-024-60428-5 nature portfolio


https://doi.org/10.1038/s41598-024-60428-5
https://doi.org/10.1038/s41598-024-60428-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhancing hydrogen generation from sodium borohydride hydrolysis and the role of a CoCuFe2O4 nanocatalyst in a continuous flow system
	Materials and methods
	Chemicals
	Synthesis of catalysts
	Catalytic activity tests
	Characterization

	Results and discussion
	Samples characterization
	XRD analysis
	FESEM analysis
	N2 adsorptiondesorption analysis
	FTIR analysis

	Activity test
	Effect of different parameters on the catalyst activity
	Effect of catalyst quantity
	Effect of feed flow rate
	Effect of temperature

	Kinetic study
	Reusability test

	Conclusion
	References
	Acknowledgements


