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ARTICLE INFO ABSTRACT

Article History: Hydrogen gas (H,) is commonly regarded as an eco-friendly and renewable
Received:2025-05-29  energy carrier. Ce-UiO-66 was modified through the impregnation of different
Accepted:2025-06-25 concentrations of nickel nitrate (Ni(NO3z),-6H,0) in order to synthesize such
Online: 2025-08-28 high-performance catalysts, then the catalysts were characterized via XRD,
FTIR, and N, adsorption techniques. The dehydrogenation of NaBH, was used

to assess the catalytic activity of the synthesized materials. The hydrogen

II\(/I%/'\:/\gords: generation rate (HGR) measurements revealed the impact of Ni2* doping. A
Ni@C,e-UiO-66 marked increase in catalytic activity was observed compared to Ce-UiO-66.
Sodium boroh Ydride The work discussed the effects of catalyst loading, NaBH, concentration, and
h . Y reaction temperature. 20% Ni@Ce-UiO-66 catalyst demonstrates high (HGR)
ydrolysis, S0 . S : .
Hvdroaen of 694 mL-min~-g~. Comprehensive Kinetic and thermodynamic evaluations
C:tal gis ' were performed through examining reaction rates (k), activation energy (Ea),
ysts. and thermodynamic parameters (AH, AS, and AG). The obtained results
' highlight that these catalysts have strong potential for driving innovations in
hydrogen energy systems. Moreover, the results proved high reusability,
sustaining consistent performance across four cycles.
INTRODUCTION

The overreliance on fossil fuels, coupled with increasing environmental concerns,
has spurred significant research efforts into renewable energy alternatives to replace
conventional carbon-based fuels. Among these, hydrogen energy has gained prominence
as a leading contender in the clean energy sector, owing to its exceptional energy density
and minimal environmental impact advantages that set it apart from traditional fossil
fuels. This underscores hydrogen's vital role in both modern industry and everyday
applications [1-3]. Currently, numerous production methods exist to generate hydrogen
efficiently such as water electrolysis [4], photoelectrolysis [5], thermolysis [6], biological
processes [7] and thermochemical conversion methods [8]. More recently, chemical
hydrolysis of hydrides, particularly sodium borohydride (NaBH,), has gained widespread
adoption as an efficient means of hydrogen generation [9,10]. NaBH, exhibits
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exceptional hydrogen storage capacity (10.8 wt%) and produces non-toxic byproducts
through aqueous reactions. Its complete insensitivity to external magnetic fields makes it
an outstanding candidate for metallic catalysis, demonstrating both high efficiency and
excellent reusability [11]. Remarkably, it enables hydrogen production even under low-
temperature conditions. The hydrolysis of NaBH, yields only environmentally benign
byproducts - sodium metaborate (NaBO,) and water - further enhancing its sustainability
credentials.

NaBH,+2H,0 — 4H,+NaBO, A H=-212.1 kJ/mol 1)

Heterogeneous catalysts have demonstrated excellent controllability in hydrogen
generation processes. Noble metal catalysts, particularly ruthenium (Ru), rhodium (Rh),
platinum (Pt), and palladium (Pd), exhibit superior performance in the catalytic
hydrolysis of NaBH,. These materials are preferred due to their exceptional catalytic
activity, remarkable stability, and strong resistance to deactivation [12-14]. The
exorbitant cost and restricted supply of noble metals have driven extensive investigations
into developing high-performance catalysts derived from abundant first raw transition
metals such as nickel (Ni), iron (Fe), cobalt (Co), and copper (Cu) as cost-effective and
abundant substitutes for precious metal catalysts. These non-noble catalysts have been
engineered in various forms (e.g., nanoparticles, alloys, and supported composites) to
enhance their catalytic efficiency and practical applicability in NaBH, hydrolysis [15-22].
The catalytic performance of transition metals can be significantly improved by
immobilizing them on suitable support materials. Without proper stabilization, transition
metal nanoparticles tend to coalesce during catalytic reactions, leading to reduced surface
area and diminished catalytic efficiency. Among the various support materials
available, metal-organic frameworks (MOFs) have emerged as one of the most promising
substrates for anchoring transition metal nanoparticles. MOFs are a class of highly
porous, crystalline materials composed of metal ions or clusters coordinated with organic
linkers. They have numerous benefits such as a large surface area, low density,
substantial pore volume, and various crystal structures [23-28].

Herein, Ni@Ce-UiO-66 catalysts were synthesized through a wet impregnation
method, where controlled amounts of nickel nitrate hexahydrate (Ni (NO3 ), -6H, O)
were incorporated into the Ce-UiO-66 matrix to optimize its catalytic efficiency for
NaBH,; dehydrogenation. Systematic evaluation of hydrogen evolution rates
demonstrated that Ni?* incorporation substantially enhanced the dehydrogenation kinetics
relative to the pristine Ce-UiO-66 framework. Notably, Ni@Ce-UiO-66 catalysts exhibit
substantially enhanced HGR values compared to Ce-UiO-66, highlighting the crucial role
of nickel incorporation in boosting dehydrogenation kinetics.
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MATERIALS AND METHOD

1. Materials
1.1 Synthesis of Ce-UiO-66

Ce-Ui0-66 was synthesized by first dissolving 1.64 g of cerium ammonium nitrate in
3.6 mL water and 0.33 g of terephthalic acid (BDC) in 15.4 mL DMF separately, then
gradually adding the BDC solution to the cerium solution under stirring, which produced
a yellow precipitate. The mixture was stirred continuously for 24 h at room temperature
before the resulting solid was isolated by centrifugation, washed sequentially with DMF
and acetone, and finally dried overnight at 80°C [29].

1.2. Synthesis of x% Ni@Ce-UiO-66

Ni@Ce-UiO-66 was synthesized through a wet impregnation method [30]. Briefly, 1
g of the metal-organic framework (MOF) was dispersed in an aqueous solution of nickel
nitrate hexahydrate (Ni (NOz ), -6H, O) with target loadings of 10 and 20 wt.%. The
suspension was continuously stirred at 70°C for 2 h, then oven-dried at 100°C for 24 h to
obtain the final catalyst.

2. Characterization techniques

Ce-Ui0O-66 and 20% Ni@Ce-UiO-66 were characterized using complementary
analytical techniques. XRD analysis was performed on a Philips PW 2103/100
diffractometer (Cu Ko radiation, A = 1.5418 A) with a 5-70° 26 range at 0.06°/min
scanning rate. FTIR spectra (4000-400 cm™ 1) were acquired at 4 cm™ ! resolution using a
Shimadzu IR-470 spectrophotometer, with samples dispersed in KBr pellets. Textural
properties were evaluated through N, physisorption at 77 °K using a Quantachrome
3200 system, where approximately 0.1 g samples were degassed prior to BET surface
area measurements.

3. NaBH, hydrolysis

The hydrolysis of NaBH, was carried out in a 100 mL flask under controlled
isothermal conditions (30-50 °C). Hydrogen evolution (Vu,, mL) was monitored

gasometrically by measuring water displacement in a calibrated burette, maintaining
system pressure equilibrium. The reaction mixture (50 mL of 0.03-0.11 M NaBH,) was
stirred magnetically to ensure temperature uniformity, and hydrolysis was initiated by
adding catalyst (0.03-0.09 g). Before testing, catalysts were pre-activated at 80-100 °C
for 1 h. The hydrogen generation rate (HGR) was determined based on the equation:

HGR= Vy, (mL)/ (t (min) x m (g))
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where m is the catalyst mass, t is the time needed for the complete reaction of hydrolytic
dehydrogenation, and V, is total H, produced.

RESULTS AND DISCUSSION

1. Characterization
1.1. XRD analysis

As shown in Fig.1, the x-ray diffractogram of Ce-UiO-66 reveals characteristic
reflections at 20 = 7.4°, 8.5°, 12.0°, 16.5°, 18.0°, and 25.0°, consistent with the cubic
framework topology of UiO-66. Minor peak displacements relative to Ce-UiO-66
confirm successful isoreticular substitution with cerium, while peak broadening suggests
reduced crystallinity or nanoscale domain formation. Phase purity is evidenced by the
absence of extraneous diffraction features. Remarkably, Ni-functionalized Ce-UiO-66
(Ni@Ce-UiO-66) maintains the parental diffraction peaks, indicating preservation of
crystallinity with Ni** incorporation. The invariant lattice parameters and unaltered peak
profiles suggest atomic-level dispersion of Ni?* species, likely occupying coordinative
unsaturated sites as amorphous moieties within the porous architecture.

20% Ni[@Ce-Ui0O-66

Intensity (a.un.)

CeT10-66

10 20 30 40 50 60 70
26 (°)

Fig. 1: XRD diffractograms for Ce-UiO-66 and 20% Ni@Ce-UiO-66 catalysts.
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1.2. FTIR analysis

To evaluate their chemical compositions, FTIR spectra of Ce-UiO-66 and 20%
Ni@Ce-UiO-66 catalysts were recorded and are show in (Fig. 2). Ce-UiO-66 exhibited
distinct vibrational bands: O—H stretch (3405 cm™), C=0 stretch (1652 cm™), aromatic
C=C stretch (1500 cm™), and carboxylate asymmetric/symmetric stretches at 1554 cm™
and 1382 cm™, respectively [31-36]. Upon Ni2* loading, the O—H band in Ni@Ce-UiO-
66 broadened slightly (3380 cm™ 1), attributed to coordinated water or hydroxyl species
from Ni(NOs),-6H,0. Notably, the carboxylate peaks shifted to 1560 cm™ (asymmetric)
and 1378 cm™ (symmetric), signifying Ni?* coordination with the linker. These
observations confirm the successful embedding of nickel ions while maintaining the
MOF’s structural integrity.

20% Ni@Ce-Ti0-66

Transmittance (%o)

Ce-UiO-66

T T T T T T T T T T T T v !
4000 3500 3000 2500 2000 1500  1OOO 500
Wavenumber (cm'lj

Fig. 2: FT-IR spectra for Ce-UiO-66 and 20% Ni@Ce-UiO-66 catalysts.
1.3. N, adsorption

The texture and porosity of Ce-UiO-66 and 20% Ni@Ce-UiO-66 catalysts were
studied by analyzing nitrogen adsorption-desorption isotherms (Fig. 3). The adsorption
isotherms of the two catalysts were belong to type II isotherms according to Brunauer’s
classification, accompanied by H4 hysteresis loops, indicating the presence of narrow,
uniformly sized pores. The BET surface areas, calculated from adsorption data in the
relative pressure range (P/P, = 0.05-0.30), were found to be 99.6 and 154 m? g* for Ce-
Ui0-66 and 20% Ni@Ce-UiO-66, respectively (Table 1). Pore-size distribution curves
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(Fig. 3b) and structural parameters (Table 1) further reveal that the total pore volumes are
3.7 and 5.6 (cc/g) x1072, while the average pore diameters are 17.3 and 17.4 A for Ce-
Ui0-66 and 20% Ni@Ce-UiO-66, respectively. These findings confirm the microporous

nature of both materials, with Ni incorporation enhancing surface area and pore volume.
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Fig. 3: a) N, adsorption-desorption isotherms Ce-UiO-66 and 20% Ni@Ce-UiO-66,
b) Pore-size distribution for Ce-UiO-66 and 20% Ni@Ce-UiO-66.

Table (1): The specific surface area Sget, pore characteristics of Ce-UiO-66 and
20% Ni@Ce-UiO-66.

Surface area Pore volume Pore diameter
Catalyst 2
(Seer) (M*/g) (cclg) x107 (A)
Ce-UiO-66 99.6 3.7 17.3
20% Ni@Ce-UiO-66 | 154 5.6 174

2. Catalytic activity

In order to check the modification of Ce-UiO-66 through the incorporation of

Ni*

ions at varying concentrations, preliminary experiments were carried out using

sodium borohydride dehydrogenation as a test reaction. As depicted in Fig. 4, the
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resulting histogram demonstrates a significant decrease in the time needed to generate 75
mL of H,, confirming the pronounced influence of Ni®* ions on accelerating the
hydrolysis process.
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Ce-UiO-66 10% Ni 20% Ni

Fig.4: The effect of the Ni loading level (10, 20 wt.%) on the reaction time for V5 of
hydrogen generated on Ce —UiO-66.

In addition to the significant influence of reaction temperature on the hydrogen
generation process, other impacts such as catalyst dose and NaBH,4 concentration also
play a crucial role in determining both the reaction rate and its kinetic behavior.

2.1. Effect of catalyst weight

The reaction rate is highly dependent on catalyst dosage, as it directly influenced by
the available active surface area for the reaction. To explore this relationship,
experiments were conducted using various catalyst masses (0.03, 0.05, 0.07, and 0.09 g)
using 0.05 M NaBH, at 30 °C. As depicted in Fig. 5, increasing the catalyst dosage
significantly reduced the time required to generate 75 mL of H,, demonstrating a clear
correlation between catalyst quantity and reaction efficiency.
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Fig. 5: The effect of 20% Ni@Ce-UiO-66 loading on hydrogen generation via NaBH,4
hydrolysis.

2.2. Effect of NaBH, concentration

The hydrogen production efficiency was evaluated across various NaBH,4
concentrations (0.05-0.11 M) using 0.03g of catalyst at 30°C. Fig. 6 presents the time-
dependent hydrogen evolution regimes that revealing two key trends: (1) both the total
hydrogen yield and production rate increased proportionally with NaBH,4 concentration,
and (2) the reaction completion time significantly decreased at the concentration of
NaBHy, increased.
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Fig. 6: The influence of different NaBH, concentrations (0.05 M, 0.07 M, 0.09 M,
and 0.11 M).

2.3. Effect of reaction temperature

Temperature significantly influences the hydrolysis kinetics in hydrogen production
events, as evidenced in Fig. 7. The experimental data reveal a direct correlation between
reaction temperature and hydrogen evolution rate during NaBH, hydrolysis. This
temperature dependence originates from the enhancement of molecular kinetic energy at
elevated temperatures, which accelerates the reaction dynamics. The results conclusively
establish reaction temperature as a critical parameter governing hydrogen generation rates
in this context.
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Fig. 7: Hydrogen generation from NaBH, via 20% Ni@Ce-UiO-66 at various
reaction temperatures of 30, 35, 40, 45, and 50 ‘C.

3. Catalytic dehydrogenation kinetic and thermodynamic parameters
Kinetic and thermodynamic analysis of the catalytic dehydrogenation process was
performed by transforming the obtained hydrogen volume-time (Vp,-t) data into sodium

borohydride concentration-time ([NaBH,4]-t) plots. These were subsequently converted to
In(a-x)-t plots (Fig. 8a) to establish the reaction order (n) through iterative analysis. The
reaction rate constant (k) was derived from the slope of the linearized In(a-x)-t
relationship. Temperature-dependent rate constants (30-50°C) were further analyzed
using the linearized Arrhenius equation (2) to determine the activation parameters.

Ink=InA-EJ/RT 2

The Kinetic parameters were defined as follows: Kk represents
the reaction rate constant, A denotes the pre-exponential factor, R is the
universal gas constant (8314 J mol"* K%, and T signifies the
absolute temperature. Activation energy (E.) was also determined from
the slope of the linear Arrhenius plot (In k vs. 1/T) presented in Fig. 8b,
exhibiting a wvalue of 475 kJ/mol with excellent correlation (R? =
0.994). Furthermore, thermodynamic parameters including enthalpy
change (AH) and entropy change (AS) were evaluated using the Eyring
equation (3) to characterize the reaction pathway.

k — kBT/h e AS/IR e—AH/RT (3)
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k represents the reaction rate constant, kg denotes the Boltzmann constant (1.381 x
102 J.K™1), and h is Planck's constant (6.626 x 10* J.s). The fundamental
thermodynamic relationship governing the process were interelated by Equation (4):

AG = AH - TAS (4)
where AS is the activation entropy, AG signifies the Gibbs free energy of activation, T is
the absolute temperature, and AH represents the enthalpy change for NaBH4
dehydrogenation (—212.1 kJ-mol™).

The thermodynamic functions presented in Table. 2 demonstrate the negative sign for
both AG and AH, accompanied by a positive AS values. These results collectively
confirm the thermodynamic favorability of NaBH, catalytic dehydrogenation over the
Ni@Ce-UiO-66 catalyst system.

20% Ni@Ce-Ui0O-66 ,0.03 g cat., 0.05 M NaBH
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Fig. 8: a) In (a-x) versus time plots constructed for the NaBH, d(ehyzjrogenation
reaction on Ni@Ce-UiO-66 at different reaction temperatures (30-50 °C), b)
Arrhenius plots (In k versus 1/T) constructed for the NaBH, dehydrogenation
reaction on Ni@Ce-UiO-66.
Table 2: The rate constant, activation energy, enthalpy change, the entropy and free
energy of activation for the catalytic NaBH,4 dehydrogenation reaction.

T k Ea AH AS AG
°K) (min?) | (kd.mol™®) | (kd.mol™®) | (kJ.mol?) | (kJ.mol™)
303 0.03 0.97 -83.0
308 0.045 0.96 -83.4
313 0.057 475 -212.1 0.947 -84.4
318 0.075 0.930 -84.9
323 0.10 0.92 -85.5
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4. Reaction mechanism

Regarding the NaBH, hydrolysis literature [37], our proposed mechanism explores
the following three critical stages: (i) reactant adsorption takes place on Ni®'sites within
the MOF's nanochannels, (ii) Ni** mediated B-H bond activation via electron withdrawal,

and (iii) stepwise protonation through a BH3(OH) ™ intermediate that undergoes three

hydrolytic conversions (each producing H,) until metaborate formation completion. The
MOF architecture serves dual roles: ensuring high dispersion of Ni®* active sites
meanwhile structurally templating the reaction sequence for controlled hydrogen
evolution kinetics essential in storage systems.
5. Catalyst recyclability

Catalyst recyclability was systematically evaluated through multiple reaction
cycles (Fig. 9). The experimental data demonstrate that 20% Ni@Ce-UiO-66 maintains
consistent catalytic activity across four consecutive runs, indicating exceptional
recyclability. This performance stability suggests the material's robust structural integrity,
with no significant degradation or morphological alterations that would compromise its
functionality. The observed reusability of 20% Ni@Ce-UiO-66 highlights its potential for
extended application in catalytic processes, offering both economic and environmental
advantages through reduced material consumption and minimized waste generation.
These findings underscore the catalyst's contribution to sustainable chemical processes.

100 ~

[o2] (o]
o o
1 1

Efficency (%)

N
o
1

20

0 T T T
1 2 3 4

Cycles
Fig. 9: Recyclability effect on the performance of 20% Ni@Ce-UiO-66 catalyst.

Table 3 presents a comparative analysis of hydrogen generation rates (HGR)
between our developed catalysts and previously reported systems. Notably, the 20%
Ni@Ce-UiO-66 catalyst demonstrates superior HGR performance when benchmarked
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against reference catalysts including Ni [38], WSC-Ni [39], NiB/NiFe,O, [40], Ce-UiO-
66, and 15% SO, /Ce-UiO-66 [41].

Table 3: HGR values measured using our present catalysts and literature-

reported ones.

HGR
Catalyst Catalyst Reaction conditions Ref.
wt. (mL.min™.g™h
Ni 75%
14 wt% NaBH,¢ 30° C 96.3 [38]
WSC-Ni 100 mg NaBH, (1.0 g/L), 30°C 130 [39]
NlB/NlFEQO4 04): 0
Joomg | NeBHs(Gwt /;)S,ONCaOH (5 Wt.%), 200 (40]
Ce-UiO-66 50 mg 0.05 M NaBH, 30°C 97.4 [41]
15% SO,/Ce-UiO-66 | 50 mg 0.05 M NaBH, 30°C 163.1 [41]
0
20 % Ni@Ce-Ui0-66 | 0 M9 0.05 M NaBH, 30°C 2055 This study
0
20 % Ni@Ce-UiO-66 | 30 mg 0.11 M NaBH,, 30 °C 336.9 This study
0
20 % Ni@Ce-UiO-66 | 30 mg 0.05M NaBH,, 30 °C 222.8 This study
0
20% Ni@Ce-UiO-66 | 30 mg 0.05 M NaBH,, 35°C 284 This study
0
20% Ni@Ce-Ui0-66 | 30 mg 0.05 M NaBH;, 40°C 4098 This study
0
20% Ni@Ce-UiO-66 | 30 mg 0.05 M NaBH;, 45°C 540 This study
0
20% Ni@Ce-UiO-66 30 mg 0.05 M NaBH,, 50 °C 694 This study
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CONCLUSIONS

Ni@Ce-UiO-66 catalysts were synthesized via wet impregnation by loading Ce-
UiO-66 with 10-20 wt.% nickel nitrate hexahydrate (Ni(NO3),-6H,0). XRD, FTIR, and
N, adsorption techniques were employed to characterize the synthesized catalysts prior to
testing their catalytic efficiency via sodium borohydride dehydrogenation. These catalysts
prevailed excellent efficiency, reduction of reaction time completion, minimizing the
catalyst usage, and low metal leaching. A superior hydrogen evolution rate of 694 mL
min™ g was observed for 20% Ni@Ce-UiO-66 under optimized conditions (50°C, 30
mg catalyst, 50 mM NaBH,). The reaction kinetics followed first-order behavior at
reduced borohydride concentrations, exhibiting an activation energy barrier of 47.5 kJ
mol ™. Thermodynamic data confirm the spontaneity, feasibility and exothermicity of the
hydrolysis reaction. The materials also retained high catalytic activity over four cycles,
demonstrating excellent recyclability, making them suitable for scalable energy
applications.
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