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The MOF MIL-100(Fe) was successfully synthesized using both a conventional solvothermal
method and an innovative green synthesis approach. It was characterized using FTIR, PXRD, TG-
DTA, BET, and SEM techniques, and tested for hydrogen production through the hydrolysis of sodium
borohydride (NaBH,). The catalyst produced through a green synthesis approach demonstrated superior
catalytic performance, achieving a hydrogen generation rate of 443.46 mL min™' g_ ' at 340.15 K, with
an activation energy of 16.2 kJ mol™!, and good recyclability over multiple cycles. This is attributed
to its higher specific surface area (1224 m?/g) and greater porosity than the solvothermal synthesized
material, which presented a higher activation energy (19.0 kJ mol™). These findings position MIL-
100(Fe) synthesized via green methods as a promising candidate for sustainable hydrogen production.
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1. Introduction

Global economic growth, population increases, and
technological advancements are driving the rising demand
for primary energy sources such as oil, coal, and natural gas,
which together account for around 85% of global energy
consumption. This high level of consumption leads to the
emission of approximately 36 billion tonnes of CO, each
year'. There is, therefore, consensus on the need for policies
to mitigate greenhouse gas emissions (GEE). To achieve
this goal, strategies include the use of renewable energies
such as solar, wind, and biomass. Additionally, CO, capture
and utilization technologies, along with energy carriers and
clean fuels such as hydrogen (H,), have been considered*.

Hydrogen production has become increasingly important
in the global energy transition due to its versatility. As a clean
energy source, hydrogen plays a crucial role in reducing
carbon emissions. Additionally, it offers advantages such as
high energy density and widespread availability. Its thermal
power is 140.4 MJ/kg, which is 3 to 4 times greater than that
of hydrocarbon fuels such as coconut oil and gasoline*®.

Hydrogen gas is a lightweight molecule with a very low
density. For instance, 1 kg of H,(g) occupies over 11 m? at
room temperature and atmospheric pressure, which presents
storage challenges. To effectively store hydrogen, pressures
between 20 and 70 MPa are required, depending on the type
of pressure vessel utilized. Additionally, cooling hydrogen
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to a temperature of 38 K is also necessary for certain storage
techniques’. Thus, there is a significant investment in Hydrogen
Carriers as a technology for H, storage. These compounds
can store H, molecules through catalytic hydrogenation
and release them via catalytic dehydrogenation reactions*.

Boron-based materials, such as borohydrides (LiBH, and
NaBH,) and ammonia borane (NH,BH,), are promising
carriers for hydrogen storage due to their high gravimetric
storage capacities®. Sodium borohydride (NaBH,) is notable
for its high hydrogen content (10.7 wt %), safety, water
stability, non-flammability, and its capacity to generate
hydrogen through hydrolysis reactions, making it ideal for
storage. The hydrolysis of NaBH, is a catalytic process that
theoretically produces four moles of H,(g) for each mole
of NaBH,, as shown in the chemical Equation 1 below®':

NaBH4(aq) +4H20(1) - NaB(HO)4( ) +4H2( 2) €))

By conducting the reaction of NaBH, with its deuterate
analog NaBD,, using mixtures of H,0, D,0, and H,0/D,0,
Guella et al." indicated that half of the hydrogen produced
comes from the BH,” anions and the other half from water,
proven by the presence of deuterium atoms in the product.
During hydrolysis, only hydrogen is released as a gas, which
excludes the need for final purification of the material. This
exothermic and spontaneous reaction still produces as a by-
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product the non-toxic sodium metabolite that can be recycled
to form the corresponding borohydride.

Due to the slow reaction speed of NaBH, hydrolysis for
hydrogen production at room temperature, a suitable catalyst is
typically used to accelerate the reaction. Catalysts of precious
metals have been widely discussed due to their stable chemical
properties and good catalytic activity, such as Pt'?, Pd, and
Ru. However, the high cost and limited availability limit
its widespread application. Therefore, developing an active,
durable, and low-cost catalyst for the hydrolysis reaction of
NaBH, is the key to the efficient production of hydrogen'*.

Materials based on non-precious metals are also a
desirable alternative, among which the cobalt, iron, and nickel
catalysts stand out. For example, Lin et al.'> synthesized
carbon-supported Co catalysts and obtained an HGR value
(hydrogen generation rate) in the NaBH, hydrolysis reaction
of 49 L, min' g ' to 303 K and an activation energy
calculated as 35.09 kJ/mol. Ghodke et al.'® described the
synthesis of nickel nanoparticles as a catalyst for hydrogen
production, which in turn showed a 300 K HGR value of 255
mL,, min' g_-' and activation energy of 69.76 kJ/mol. The
FeCo-B catalyst, B indicates the presence of boron, described
by Balbay et al.'” showed excellent catalytic activity for
dehydrogenating NaBH,, 4536 mL H, min™' g '

Studies indicate that many catalysts based on the
aforementioned metals are manufactured by pyrolysis or
chemical reduction of the adsorbed metal on the surface
of different substrates'®!%!°. These catalysts often show
aggregation during the pyrolysis or reduction. To overcome
this defect, organic metal structures (MOFs) have often been
used as metal precursors for catalytic preparation’>2. MOFs
are hybrid crystalline materials consisting of ions or metal
clusters coordinated with multidentate organic molecules,
giving rise to porous, well-defined, and stable structures
with large surface areas and flexible adaptability. The metal
species in these catalysts are generally well distributed and
immobilized against migration, resulting in improved catalyst
performance®*,

The literature covers numerous MOFs applied in
catalysis, particularly for the MIL-100 (Fe), which is widely
studied due to its mesoporous cages, large surface area, and
many coordinatively unsaturated metal sites?. Han et al.®
synthesized MIL-100(Fe) without solvent and without
hydrofluoric acid, which exhibited catalytic performance in
the acetalization of benzaldehyde with methanol, producing
93% of dimethyl acetate of benzaldehyde and maintaining
its initial activity after five cycles. Wang et al.*® described
the efficiency of MIL-100(Fe) in catalytic removal of ozone.
The MOF demonstrated a durable 100% ozone conversion
efficiency for over 100 hours under conditions of 45% relative
humidity. Nivetha et al.?” synthesized the MIL-100(Fe)
MOF using a modified hydrothermal method, without the
use of hydrofluoric acid (HF). The synthesized material
was investigated as an electrocatalyst for the hydrogen
evolution reaction, demonstrating excellent performance in
both acidic and alkaline media. The electrochemical results
showed low Tafel slope values (53.59 and 56.65 mV dec!,
high exchange current densities (76.44 and 72.75 mA cm™?),
low overpotentials (148.29 and 150.57 mV), and good long-
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term stability, with the high activity attributed to its large
surface area and porous nature.

Amouzesh et al.?® present a strategy to enhance
photocatalytic efficiency for water splitting under ultraviolet
light by incorporating ZnO nanoparticles into the MIL-100(Fe)
framework through atmospheric pressure atomic layer deposition
(ALD). The ZnO/MIL-100(Fe) composite, prepared via a
1-cycle ALD process, exhibited higher hydrogen evolution
rates of 8465 pmol g™ ' h™" and improved durability.

This article presents the synthesis and characterization
of the MOF MIL-100(Fe) using two different solvents: water
and DMF. The resulting products were utilized as catalysts
for hydrogen production through the hydrolysis of sodium
borohydride. We analyzed how the different synthetic
approaches affected the catalytic properties of the materials.

2. Experimental Section

2.1. Materials and methods

Reactants and solvents were used as received without further
purification. Iron (III) nitrate nonahydrate (Fe(NO,),.9H,0)
and benzene-3.5-tricarboxylic acid (H,BTC) were acquired
from Sigma-Aldrich. Sodium hydroxide (NaOH), ethanol
(EtOH), and N,N-dimetylformamide (DMF) were acquired
from Dynamics. Iron(II) sulfate heptahydrate (FeSO,.7H,0)
was acquired from Vetec.

2.2. Conventional synthesis of MIL-100 (Fe) S

In a typical solvothermal procedure, 0.0016 mol of Iron
(IMI) nitrate nonahydrate (Fe(NO,),.9H,0) and 0.0013 mol of
benzene-1,3,5-tricarboxylic acid (H,BTC) were dissolved in
30 mL of N, N-dimethylformamide. The mixture was stirred
for 20 minutes and then transferred to a Teflon reactor, where
it was heated to 150 °C for 24 hours in an autoclave. After
washing with DMF and ethanol three times each, the obtained
orange powder was dried in a vacuum at 60 °C for 22 hours.
This sample has been designated as MIL-100(Fe) S.

2.3. Green synthesis of MIL-100 (Fe) G

The green synthetic approach eliminates harmful solvents,
including DMF, and high temperatures and pressures. Instead,
we utilized distilled water at room temperature. First, sodium
trimesate (Na,BTC) was prepared by mixing 0.0068 mol
of H,BTC and 0.02 mol of sodium hydroxide (NaOH) in
125 mL of distilled water, followed by sonication until
complete dissolution. The solution was filtered to remove
any unreacted H,BTC, and 50 mL of ethanol was added to
the filtrate to precipitate sodium trimesate (Na,BTC). The
obtained compound was filtered and washed with ethanol
to remove unreacted NaOH and then diethyl ether. The soft,
light white powder was dried overnight in an oven at 45 °C.

To synthesize MIL-100(Fe), 0.0063 mol of Na,BTC
was added in 125 mL of distilled water. A second solution
was prepared by dissolving 0.0081 mol of Iron (II) sulfate
heptahydrate (FeSO,.7H,0) in 125 ml of water. Both solutions
were then mixed and allowed to react in the presence of air
for 15 hours at room temperature. Finally, the precipitate was
separated from the supernatant liquid by centrifugation and
washed three times with water and three times with ethanol.
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The solid was then dried in a vacuum oven at 70 °C for 12
hours. This sample has been designated as MIL-100(Fe) G.

2.4. Characterization

Powder X-ray Diffraction (PXRD) analyses were
performed using a Rigaku SmartLab diffractometer equipped
with a D/Tex Ultra 250 detector. The radiation employed
was Cu Ka (L = 1.5406 A), filtered through a nickel filter,
with a current setting of 30 mA and a voltage of 40 kV. The
diffractograms were recorded in increments of 0.01° from
5° to 60° (20). The crystallite sizes were estimated using
the Scherrer equation®. The simulated diffractograms were
calculated using the corresponding crystallographic data and
the Mercury software version 3.8. Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectroscopy was
performed using a Bruker Vertex 70/v spectrometer. The
samples were analyzed over the range of 500-4000 cm™.
The TGA/DTA curves were measured from 25 to 800 °C
at a heating rate of 10 °C/min using a Shimadzu TGA 50
thermal balance (DTG-60H), under synthetic air with a
flow rate of 50 mL/min. Scanning Electron Microscopy
(SEM) images were taken using a high-resolution MIRA
3 TESCAN apparatus operating at an acceleration voltage
of 15 kV. The surface area of the catalysts was determined
from nitrogen adsorption-desorption curves obtained at
77.3 K using Quantachrome Autosorb-iQ instruments and
the BET method. Before the measurements, the samples
were degassed at 80 °C for 24 hours in a vacuum oven.

2.5. Hydrogen generation experiments

The experiments for H, production were conducted in
triplicate at temperatures of 300.15, 320.15, and 340.15 K, using
the water displacement method™. In a typical procedure, 40 mg
of catalyst was added to a two-neck flask. Next, a solution of
NaBH, (40 mg dissolved in 10 mL of water) was introduced
into the flask using a syringe, while keeping the mixture under
magnetic stirring for 40 minutes. During this time, the volume
of hydrogen gas (H,) produced was quantified by measuring
the corresponding water displacement in the system.

The hydrogen evolution was monitored by measuring
the time required to reach specific, predetermined volumes
of H, gas during each experiment. Rather than recording the
cumulative volume of hydrogen at regular time intervals, the
methodology was designed to determine how long it took
for the reaction to generate fixed amounts of hydrogen. As
a result, the time variable was treated as the independent
variable in the data plots. Accordingly, error bars were
assigned to the time axis, reflecting the variation observed
across experimental replicates in the duration required to
produce each target volume.

To determine the stability of the catalyst, the catalytic
reactions were repeated by performing cycles. For each
cycle, another equivalent amount of NaBH, (40 mg) was
added to the mixture after the previous cycle with no
catalyst regeneration. The volume of hydrogen produced
was measured during the following 40 minutes. For the
most promising material, the effects of varying the catalyst
amount (30, 40, and 50 mg) and NaBH, (30, 40, 50, and
60 mg) were evaluated at a temperature of 300.15 K. The
Hydrogen Generation Rate (HGR) was calculated using

Equation 2, taking into account the volume of H, produced
from the linear portion of the graph, divided by time, and
the mass of the catalyst.

@

where: Vi, is the volume of hydrogen generated during

NaBH, hydrolysis (mL), ¢ is the time (min), and 7q: is a
catalyst mass (g).

Using the Arrhenius equation (Equation 3), the activation
energy for the hydrolysis reaction catalysed by MIL-100(Fe) S
and MIL-100(Fe) G is determined:

Ln(k)= —%%Jr Ind 3)

In this equation, k stands for the rate constant (s), A is the
pre-exponential factor, Ea is the activation energy (J mol™),
R is the universal gas constant (8.314 J mol! K'), and T is
the absolute temperature (K).

Hydrogen generation rates were measured at various
temperatures while maintaining all other experimental conditions
constant. The rate constant (k) was obtained from the slope of
the hydrogen volume versus time curve, focusing on the initial
stage of the reaction, where the rate is maximal and exhibits linear
behavior. The natural logarithm of k (In k) was then plotted as
a function of the inverse absolute temperature (1/T), yielding a
linear trend with a slope corresponding to—E /R. From this slope,
the activation energy (E ) was calculated for each catalyst*'.

3. Results and Discussion

3.1. ATR-FTIR

Figure 1 presents the ATR-FTIR spectra of the
MIL-100(Fe) S and MIL-100(Fe) G samples, along with

MIL-100(Fe)_G
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Figure 1. ATR-FTIR spectra of the MIL-100(Fe) S and MIL-100(Fe) G
samples, along with the ligand precursors H,BTC and Na,BTC.
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the ligand precursors H,BTC and Na,BTC. The spectra of
MIL-100(Fe)_S and MIL-100(Fe) G exhibit a broadband
between 3100 and 3500 cm™, associated with the stretching
vibrations v(O—H), which originate from water molecules
coordinated to the open metal sites in the MIL-100(Fe)
framework??.

The FTIR spectrum of H,BTC (benzene-1,3,5-tricarboxylic
acid) displays characteristic bands at 1716 cm™ and 1267 cm™,
corresponding to the stretching vibrations of the protonated
carboxyl group (-COOH). Specifically, the band at 1716 cm™ is
attributed to the C=0 stretching (v(C=0)), while the band at
1267 cm! arises from C-O stretching (v(C-0))*.

In the FTIR spectrum of MIL-100(Fe) G and MIL-100(Fe) S,
the C=0 and C-O bands are absent, as the carboxyl groups
of the ligand have been completely deprotonated and
coordinated to the iron centers. Consequently, the bands
observed at 1630 cm™ and 1375 cm™ in MIL-100(Fe) G and
1620 cm™ and 1371 cm™ in MIL-100(Fe)_S are assigned to
the asymmetric v, (COO") and symmetric v (COO") stretching
vibrations of the carboxylate anion (COO), respectively,
confirming its coordination with the iron ions and the
formation of the MOF structure. The difference between the
symmetric and asymmetric vibrations, with values greater
than 200 cm™ (Av = 255 and 249 cm™), suggests that the
carboxylates adopt a monodentate coordination mode®*.

The FTIR spectra of Na,BTC, MIL-100_S, and MIL-100_G
exhibit strong similarities, particularly in the regions associated
with carboxylate vibrations. This close resemblance between the
spectrum of Na,BTC (the fully deprotonated form of H,BTC)
and the spectra of both MIL-100(Fe) samples confirms the
deprotonation of the H,BTC ligand and indicates its coordination
with the iron ions. The coordination involving carboxylate
groups aligns with the anticipated structure of MIL-100(Fe),
as described in the introduction, where organic ligand acts as
abridge between the iron octahedral trimers®>**. Additionally,
the vibration observed around 470 cm™! for both structures can
be attributed to the Fe-O stretch, which occurs as the oxygen
atom coordinates with the iron ions?®'*>36,

MIL-100(Fe)_G

MIL-100(Fe)_S

MIL-100(Fe)_Simulated [0.5 FWHM]

Normalized Intensity (a.u.)

MIL-100(Fe)_Simulated [0.1 FWHM]

L B e e S HNL A e e e e e e
5 10 15 20 25 30 35 40 45 50 55 60

26 (degree)

Figure 2. PXRD patterns of synthesized MIL-100(Fe) S and
MIL-100(Fe) G samples compared to simulated PXRD patterns

of MIL-100(Fe) calculated using FWHM values of 0.1 and 0.5.
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3.2. PXRD

The experimental diffraction patterns of samples
MIL-100(Fe) S and MIL-100(Fe) G, along with the simulated
diffraction pattern of MIL-100(Fe), are shown in Figure 2.
The simulated pattern, calculated from the crystallographic
data obtained in the CCDC file #640536, matches well with
the experimental patterns®'7*. The crystalline structure of
MIL-100(Fe), as described in the literature, consists of iron
octahedral trimers that share a common vertex, u3-0O. These
trimers are interconnected by benzene-1,3,5-tricarboxylate,
or H,BTC, forming super-tetrahedrons that cluster into a
Mobil Thirty-Nine zeolite architecture®>".

It is worth noting that the diffraction peaks in the
MIL-100(Fe) S pattern are broader than those observed in
the MIL-100(Fe) G pattern. The width of the band, known as
Full-Width at Half Maximum (FWHM), was used to calculate
the crystallite size using the Scherrer equation. The average
crystallite size calculated for the samples MIL-100(Fe) S
and MIL-100( Fe) G were 6.1 and 25 nm, respectively.

3.3. Thermal analysis

TG-DTA curves of synthesized powders are shown
in Figure 3. The TG curve of the MIL-100(Fe)_S sample
shows three mass loss events in the temperature range of
25-800 °C. The first mass loss of 7.56%, an endothermic
event, occurred between 42.4-104.83 °C and was related to
the evaporation of water and ethanol, both on the surface
and within the material’s porosity. The second mass loss
(33.91%) from 315.10 to 504.81 °C corresponds to the
decomposition of coordinated organic ligands due to
structural breakdown, an exothermic event. The final
mass loss (9.36%), an endothermic event, refers to the
collapse of the MIL-100(Fe) structure due to the complete
removal of organic linkers?-34°,

Two stages of thermal decomposition were observed
for MIL-100(Fe) G, as shown in Figure 3. The first
stage, with a 32.02% mass loss, is due to the removal
of physisorbed water, an endothermic event. In the

100 2
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Figure 3. TG-DTA profiles of (a) MIL-100(Fe) S and (b) MIL-
100(Fe) G samples.
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temperature range of approximately 100 to 300 °C, the
TG curve was slightly inclined downward, indicating that
the MOF was relatively stable. The second stage, which
involves a mass loss of 37.91%, is an exothermic event
associated with the organic ligand’s combustion and the
MOF structure’s collapse?®-34.

3.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to characterize
the morphology of the MIL-100 samples prepared through
various synthetic approaches, with the corresponding images
displayed in Figure 4.

The MIL-100_S material, synthesized via a conventional
solvothermal route, exhibits well-defined microcrystals with
smooth surfaces that aggregate into uneven clusters with an
average size of 97 pm. In contrast, the MIL-100 G sample,
obtained via a green synthetic method, displays particles
with a predominantly octahedral morphology, although
some smaller, irregularly shaped particles are also observed.
The average particle size for the MIL-100 G material is
significantly smaller, measuring approximately 0.183 pm.

This difference in morphology and particle size between
the two samples highlights the influence of the synthesis
method on the final product®*3¢.

3.5. BET

The textural properties of the MIL-100(Fe) samples, as
determined by BET analysis, are presented in Table 1. The
MIL-100(Fe) G sample, synthesized via a green method
and at room temperature, exhibits a significantly higher
surface area and total pore volume than the solvothermally
synthesized MIL-100(Fe) S material. This substantial
difference is attributed to the distinct synthesis conditions

Table 1. Textural properties of pristine MIL-100(Fe)_S and MIL-
100(Fe)_G.

Sample Surface area (BET) Total pore volume
(m’g") (ccgh
MIL-100(Fe) S 71.820 0.4860
MIL-100(Fe) G 1224.337 0.7168

MIL-100(Fe)_S

wm
20,0— %0 200 50 600 700

Agglomerate size (um)

(e) MIL-100(Fe)_G
_m 0.15 020 025

030

Number of agglomerates
&

o

Number of partcles

o

Particle size (um)

Figure 4. SEM micrographs of (a)-(b) MIL-100(Fe)_S, (c)-(d) MIL-100(Fe)_G, and the particle size distribution of (d) MIL-100(Fe) S

and (¢) MIL-100(Fe) G.



6 Vieira et al.

employed. The green synthesis approach likely favors
more extensive crystallization and the development of a
more porous framework, resulting in a larger surface area
and pore volume. Furthermore, as with any other type of
material, the MOF particle size is inversely related to the
surface area-to-volume ratio*'; that is, decreasing particle
size results in a greater surface area. This enhanced
porosity in MIL-100(Fe) G suggests a greater potential for
applications in catalysis and adsorption processes, where
a high surface area and accessible pore volume are crucial
for efficient performance.

3.6. Catalytic activity in the hydrolysis of sodium
borohydride

To investigate the catalytic activity of MIL-100(Fe) in
the hydrolysis of sodium borohydride (NaBH,), hydrogen
production experiments were conducted at various temperatures
(300.15 K, 320.15 K, and 340.15 K) for 40 minutes, using
40 mg of catalyst. Control experiments, performed in the
absence of a catalyst, yielded low hydrogen production
volumes: 7 mL, 10 mL, and 16 mL at 300.15 K, 320.15 K,
and 340.15 K, respectively. These low yields underscore the
importance of a catalyst for efficient hydrogen generation.
Introducing MIL-100(Fe) significantly enhanced hydrogen
production (see Figure 5).
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Figure 5. Hydrogen generation from the hydrolysis of NaBH,
catalyzed by (a) MIL-100(Fe) S and (b) MIL-100(Fe) G at different
temperatures (catalyst mass: 40 mg).
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The MIL-100_G catalyst, synthesized via a green
method, exhibited superior performance at all investigated
temperatures. At 300.15 K (near room temperature),
MIL-100_G generated 40 mL of H, within 10 minutes,
corresponding to a reaction efficiency of 38.46%. Under the
same conditions, the solvothermally synthesized MIL-100_S
catalyst produced 32 mL of H, in 21.58 minutes, achieving
a reaction efficiency of 30.77%.

As expected, the hydrogen generation rate (HGR) increases
with increasing reaction temperature due to the enhanced
kinetics of NaBH, hydrolysis. Elevated temperatures increase
the kinetic energy of the reactants, leading to more frequent
and energetic collisions between NaBH, and the active sites
of the catalyst. This, in turn, accelerates the hydrolysis
reaction, resulting in higher hydrogen generation rates.
The analysis of the hydrogen evolution profiles indicates
that the hydrolysis of NaBH, catalyzed by MIL-100(Fe)_S
follows pseudo-first-order kinetics, whereas the reaction
catalyzed by MIL-100(Fe) G exhibits zero-order kinetics.
Table 2 presents the rate constants (k) obtained from the
fitting of pseudo-first-order and zero-order kinetic models
to the experimental data collected at 300.15 K.

The Arrhenius equation (Equation 3) was used to determine
the activation energy (Ea) for the hydrolysis reaction of NaBH,
using MIL-100(Fe) S and MIL-100(Fe) G.The MIL-100(Fe) S
catalyst has an activation energy of 19.0 kJ mol", while the
MIL-100(Fe) G has an activation energy of 16.2 kJ mol.
Figure 6 shows the Arrhenius plot for both catalysts.

The Ea values provide important information about
the energy barrier associated with the reaction. The lower
the value, the more easily the reaction can occur at lower
temperatures. Table 3 summarizes all the data related to

Table 2. Parameters obtained from the pseudo-first-order and zero-
order kinetic models fitted to the experimental data at 300.15 K.

Sample Kinetic Model ~ k (mL min™) R?
MIL-100(Fe) S Zero-order 0.10 0.981
MIL-100(Fe) S  Pseudo-first-order 0.26 0.993
MIL-100(Fe) G Zero-order 0.33 0.993
MIL-100(Fe) G  Pseudo-first-order 1.26 0.904

6.4

Equation y=a+bx Standard Error
Adj. RSquare | 0.9569

Intercept 11.80004 0.90945

6.0 \ Slope 1954.03494 | 289.99603

e MIL-100(Fe)_G

/.

g 5.2+
=
- L]
4.8 \
| ]
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Intercept 11.76897 1.4555
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Figure 6. Arrhenius plot for MIL-100(Fe)_S and MIL-100(Fe) G.
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Table 3. Catalytic performance of MIL-100(Fe)_S and MIL-100(Fe)_G in the hydrolysis of NaBH,.

Catalyst T®) HGR Efficiency Ea
(mL min" g_ ") (%) (kJ mol™)

300.15 60.39 30.77

MIL-100(Fe)_S 320.15 113.38 48.08 19.0
340.15 146.96 62.50
300.15 204.25 38.46

MIL-100(Fe) G 320.15 278.55 48.08 16.2
340.15 443.46 67.31

hydrogen production using the two catalytic systems,
MIL-100(Fe) S and MIL-100(Fe) G.

The superior performance of the MIL-100(Fe) G catalyst
can be attributed to differences in their structural and surface
properties arising from the distinct synthesis conditions.

The elevated temperatures employed in the solvothermal
method promote rapid crystal nucleation and growth, resulting
in larger, well-defined crystals with a more homogeneous
particle size distribution, as confirmed by SEM analysis.
However, this accelerated growth can limit the development
of porosity by leading to pore collapse or partial blockage
due to densification of the framework, resulting in a low
specific surface area of 72 m*g. In contrast, the green
approach synthesis performed at room temperature results
in a slower nucleation rate and smaller crystals, creating a
more porous and irregular microstructure, which leads to a
higher surface area of 1224 m?/g. This structure features an
open-pore network that enhances the diffusion of sodium
borohydride and water, improving reaction efficiency. Smaller
crystals also increase the number of structural defects,
providing additional active sites for the hydrolysis reaction.
Consequently, the high specific surface area of the catalyst
significantly boosts its catalytic activity, contributing to its
superior performance.

Additional experiments were conducted to evaluate the
recyclability of the catalysts. It is worth noting that the catalysts
were not regenerated between cycles, and all analyses were
carried out at 300.15 K. The results indicate that the MOF
MIL-100(Fe)_S sustained catalytic hydrogen generation over
four cycles, though with a gradual decline in performance.
Conversely, the MOF MIL-100(Fe) G demonstrated greater
stability, maintaining hydrogen production across five
consecutive cycles, as illustrated in Figure 7.

This decline indicates the structural degradation of the
MOF during the reaction, as well as the formation of by-
products such as the magnetite (Fe,0O,) and the tincalconite
(Na,[B40O(OH),]-3H,0), along with morphological changes
including loss of crystallinity and a reduction in particle size.
In contrast, MIL-100(Fe) G demonstrated greater structural
stability and maintained catalytic activity over five cycles,
likely due to differences in microstructure and crystallinity
that delay degradation.

Given the promising results obtained with the
MIL-100(Fe) G catalyst, this material was chosen to
investigate the effects of varying the mass of NaBH, and the

100 [ MIL-100(Fe)_S
I MIL-100(Fe)_G

90
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Figure 7. Recyclability of the samples MIL-100(Fe) S and MIL-
100(Fe) G. Percentage values associated with the maximum
efficiency achieved in the first cycle.

catalyst on the catalytic hydrolysis of sodium borohydride
at 300.15 K. The results are shown in Figure 8.

Figure 8a shows how the concentration of NaBH, affects
the rate of hydrogen generation. Data analysis indicates that
hydrogen production increases as the amount of NaBH,
rises, aligning with the theoretical expectation that higher
NaBH, availability leads to increased H, production.
Moreover, Figure 8b demonstrates a clear enhancement
in the Hydrogen Generation Rate (HGR) with increasing
NaBH, concentrations. The HGR values of 179.08, 204.25,
284.09, and 314.46 L min™' g_ ~' were obtained for 30, 40,
50, and 60 mg of NaBH,, respectively.

This progressive increase suggests that within the tested
range, the catalytic system operates efficiently without
significant mass transfer limitations or saturation effects. The
increased availability of NaBH, molecules likely increases
the frequency of collisions and the local concentration near
the catalyst surface, facilitating faster hydrogen evolution®.

Figure 9a shows the results of the analysis of the impact
of catalyst mass on hydrogen production using 30, 40, and
50 mg of MIL-100(Fe) G. Increasing the amount of catalyst
positively affected the Hydrogen Generation Rate (HGR)
values, as shown in Figure 9b. However, the reaction yield
remained constant at 38.46%, except for the 30 mg sample,
which yielded 24.04%.



30 40 50 60
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Figure 8. NBH, hydrolysis in the presence of MIL-100(Fe) G
catalyst: (a) Hydrogen generation with varying amounts of NaBH,
at 300.15 K; and (b) The effect of NaBH, quantity on the hydrogen
generation rate (300.15 K, catalyst mass: 40 mg).

The lower yield observed with 30 mg of catalyst and
an HGR of 141.24 mL min™ g_ "' indicates that this amount
cannot catalyze the reaction efficiently. In contrast, 50 mg of
catalyst resulted in the highest HGR, 328.95 mL min"' g_ ",
due to the shorter time required for H, production. However,
no significant improvement in efficiency was observed
compared to 40 mg of MIL-100(Fe) G. Thus, using 50 mg of
catalyst may lead to unnecessary waste of catalytic material,
as the H, production did not exceed 40 mL, indicating that
the amount of NaBH, limits the reaction.

3.6.1. Characterization of the spent catalysts

Figure 10 presents the PXRD patterns of the spent catalyst
alongside the calculated tincalconite (Na,[B,0,(OH),]-3H,0)
diffractogram.

The experimental patterns exhibit intense and well-defined
diffraction peaks of tincalconite (COD file #2000170), a byproduct
resulting from the hydrolysis of sodium borohydride (NaBH,).
The absence of MIL-100 diffraction peaks in the spent catalyst
diffractograms indicates complete conversion of the MOF
structure into magnetite (Fe,0,). The diffraction peaks marked
with a small circle align well with the main peaks of magnetite
(JCPDS file #19-629).

The spent catalysts were also characterized using SEM.
The micrographs of sample MIL-100(Fe) S are shown in
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Figure 9. (a) Hydrogen generation by varying the mass of MIL-
100(Fe) G. (b) The influence of MIL-100(Fe) G mass on the
hydrogen generation rate (300.15 K, NaBH, mass: 40 mg).
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Figure 10. PXRD patterns of the spent catalysts MIL-100(Fe) S and
MIL-100(Fe) G, along with the calculated diffractogram of tincalconite.

Figures 11aand 11b, indicating that, compared to the pristine sample,
there was a significant decrease in agglomerate size, dropping from
values above 100 um to below 5 um. A closer examination of
these agglomerates reveals a rougher, more irregular surface with
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Table 4. Comparison of activation energy (Ea) values for various catalysts in the hydrolysis reaction of sodium borohydride (NaBH,).

Catalysts NaBH, (Wt%)  NaOH (wt%) temiiif:r‘;“(o ) Fakimol'  HGRmLmin'g'  References
Fe/SiO, 5 10 RT 59 130 “
Fe,0,@OMWCNTSs 1 - RT 15.96 1368 4
Co-Fe-B 5 0.1 RT 55.6 1069.3 4
Ni-Fe-B 15 5 RT 27 21 o
FeB-Ni B 0.75 8 RT 69.6 90.90 s
Fe-Fe,B 1.0 0.1 RT 38 140 o
MIL-100(Fe) S 0.4 - RT 19 60.39 This work
MIL-100(Fe) G 0.4 - RT 16.2 204.25 This work

RT: Room Temperature

visible fissures. Additionally, a second microstructure is observed,
characterized by rod-like crystals.

The micrograph of the spent sample MIL-100(Fe) G displays
two distinct microstructures: the first is characterized by porous
agglomerates with irregular surfaces, while the second comprises
rod-like crystals, likely associated with the crystalline phases
identified by PXRD, tincalconite, and magnetite®.

Table 4 summarizes the hydrogen production rates and
activation energies (Ea) reported in the literature for NaBH,
hydrolysis catalyzed by various Fe-based materials. While
Fe-based catalysts have generally demonstrated promising

activity, the use of MIL-100(Fe) for this application has not
been previously reported. As a result, the findings presented
here make a unique contribution to the field, expanding the
scope of Fe-based catalysts for hydrogen production from
the hydrolysis of NaBH,. Notably, MIL-100(Fe)_G exhibited
an outstanding balance between catalytic activity and a low
energy barrier, even under mild reaction conditions and
without the use of alkaline additives. Compared to other
Fe-based catalysts operating under harsher conditions,
MIL-100(Fe) materials display competitive or superior
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MIL-100(Fe)

Figure 12. Proposed mechanism for hydrolysis of NaBH4 on the surface of the MOF MIL-100(Fe).

performance, reinforcing their potential as efficient and
sustainable alternatives for hydrogen generation.

3.6.2. Mechanism of the dehydrogenation of NaBH,

The hypothetical mechanism is based on the studies of
Demirci and Miele*® and Ekinci®'. The first step consists of
the adsorption of NaBH, on the catalyst’s surface. Adsorption
can occur directly with Fe3* ions, which can coordinate with
NaBH, molecules, activating the B-H (borohydride) bond
and/or through functional groups such as -OH. In this way,
the proposed mechanism explains how the adsorption of the
reagents occurs involving the OH groups linked to the metal ion.

The dissociation of sodium borohydride produces BH,’
and Na' ions. The hydrogens from the hydroxyl groups on the
surface are evidently protic, so it is believed that BH,  adsorbs
on the surface layer through interactions between the B of
the reagent and the oxygen of the O-H group.

The second stage is the hydrolysis of the three-remaining
adsorbed BH, hydrides, (OH)-BH,. Is there a possibility
that the adsorbed water could promote the hydrolysis of
the adsorbed BH,. In this case, the reaction mechanism is
consistent with the Langmuir-Hinshelwood model. Due to
its partially positive charge, Fe** ions attract polar molecules,
such as water (H,0), which has an asymmetric charge
distribution. This polarity allows the oxygen in water to be
attracted to the electron-deficient Fe** ions on the surface
of MIL-100(Fe). The interaction between H,O and Fe*
stabilizes the adsorption of water on the surface of the MOF.
This stabilization is crucial to ensure that water molecules

remain adsorbed and available for subsequent reactions. The
proposed mechanism is depicted in Figure 12.

The gaseous hydrogen formed can reduce the Fe** ions
present in MIL-100(Fe) to Fe*". After the reduction, the Fe**
and Fe** ions can combine with the available oxygen to form
magnetite Fe,0,. Therefore, the conversion of MIL-100(Fe)
into Fe,O,, indicated by the analysis of the post-catalysis
catalysts, may alter the catalytic properties of the materials.

4. Conclusions

This study examined the effectiveness of MIL-100(Fe)
produced through conventional solvothermal (MIL-100(Fe) S)
and green synthesis (MIL-100(Fe) G) methods for catalyzing
the hydrolysis of NaBH, to generate hydrogen. Characterizations
using PXRD and SEM confirmed the successful synthesis
of MIL-100(Fe). The MIL-100(Fe) G sample exhibited
a higher average crystallite size and smaller particle size
than the MIL-100(Fe) S sample. MIL-100(Fe) materials
demonstrated catalytic activity for hydrogen production from
NaBH, hydrolysis at 300.15 K. The MIL-100(Fe)_G catalyst
exhibited significantly higher catalytic activity, achieving a
hydrogen generation rate of 443.46 mL-min-gcat" with 67.31%
yield at 340.15 K and an activation energy of 16.2 kJ-mol.
This superior performance is attributed to its smaller particle
size and considerably higher surface area (1224.337 m?-g™)
compared to the MIL-100(Fe) S (71.820 m?-g"). While the
MIL-100(Fe) G catalyst demonstrated reusability for at
least five cycles at 300.15 K without regeneration, a gradual
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decrease in catalytic activity was observed. Post-reaction
analyses revealed the formation of tincalconite (a hydrated
sodium borate) on the catalyst surface, likely blocking active
sites and contributing to the activity decline. Although the
literature on iron-based catalysts for hydrogen production is
limited, this study highlights their potential. It emphasizes that
the synthetic method has a significant influence on catalytic
performance and impacts the material’s microstructural
properties, thereby affecting its catalytic activity.
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