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Abstract

To fulfil global energy needs and protect the environment, reducing fossil fuel use and increasing clean energy sources like hydrogen is
essential. Hydrolysis of sodium borohydride offers a safe and cost-effective method for hydrogen production. This study focuses on the use of
Ce- and/or Zr-based metal-organic frameworks (MOFs) and their functionalized materials with additives with different levels (5-15 wt%)
(ammonium sulfate (AS), ammonium dihydrogen orthophosphate (ADHP), and phosphomolybdic acid (PMA)) as catalysts for the
dehydrogenation of NaBH.. These functionalized MOFs exhibit improved catalytic activity compared to the MOFs. 15 wt% AS/NH,-UiO-66
displayed the highest hydrogen generation rate (377.8 mL H, g™ min™). This study is the first to use Ce-BDC MOF (Ce-UiO-66) as a catalyst
in NaBH, hydrolysis. It produced 75 mL H, within 15 min where the functionalized Ce-UiO-66 with 15 wt% ADPH achieved complete
hydrolysis in just 9 min. various factors affecting the reaction, such as catalyst mass, NaBH, concentration, and reaction temperature were
analyzed. XRD, FTIR, XPS, BET analysis was used to characterize these catalysts. The acidity of the functionalized MOFs, was assessed
using pyridine as a probe. The rate constant, activation energy, enthalpy change, entropy change, and free energy of activation were
estimated. These materials could pave the way for more effective catalysts in energy-related applications.
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1. Introduction

The major concern in our modern society is the production of large amounts of energy with minimal global pollution [1].
The utilization of fossil fuels has a significant negative impact on the environment. Thus, it has become necessary to
decrease their consumption and develop "clean" energy sources to reduce this significant global issue [2]. Hydrogen gas is
considered an ideal clean and renewable energy resource due to its high energy density, zero emissions, and
availability from various sources [3]. The multiple resources for hydrogen production are divided into two groups. The
first group includes water-splitting technologies such as water electrolysis [4], photoelectrolysis [5] and thermolysis [6].
The second group contains biomass technologies such as biological ~ processes [7], and thermochemical processes
[8]. Recently, hydrolysis of hydrides such as sodium borohydride (NaBH4) has been widely used to generate hydrogen [9,10].
Sodium borohydride (NaBH4) has many advantages, including safety, affordability, relatively high stability, and
containment of 10.6 wt% of hydrogen. The hydrolysis of NaBH4 can be elucidated by the following equation:

NaBH,+2H,0 — 4H,+NaBO, (6))

A H=-212.1 kJ/mol

Metal-organic frameworks (MOFs) represent a type of porous materials that have adjustable pore size and high surface area
[11-16]. They are being increasingly used in various applications, such as catalysis [17-19], sensing [20], biosensing [21],
adsorption [22, 23], devices [24, 25], medicine [26,27], drug delivery [28], and photocatalysis. MOFs have been utilized as
catalysts in the process of photocatalytic H, generation from water [29]. They offer numerous benefits such as a large surface
area, substantial pore volume, low density, and various crystal structures, and being easily functionalized with different
reagents and conjugated with nanomaterials. Accordingly, they have garnered considerable attention as catalyst for hydrogen
generation via NaBH4 hydrolysis [30-34].

In recent years, the addition of sulfate, phosphate, or phosphomolybdic hetero-poly acid has been explored as a promising
strategy for improving the properties of MOFs and expanding their applications [35-41]. Such a modification of MOFs may
be undertaken either during their direct synthesis [35] or post-synthesis [36, 37]. However, the post-synthesis mode is more
commonly used due to its simplicity and versatility.

Because of the marvelous properties of Ce and Zr based MOFs, they have been used in many different applications like
photocatalytic hydrogen generation [42-44], and hydrogen production from plastics [45]. In this investigation, the
dehydrogenation of NaBH, was the test reaction used to evaluate the catalytic activity of the Ce- and Zr-MOFs based
catalysts. Herein, we added various amounts (5, 10 or 15 wt%) of ammonium sulfate, ammonium dihydrogen orthophosphate,
or phosphomolybdic acid to enhance the catalytic conduct of laboratory synthesized MOFs in the dehydrogenation process of
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NaBH,. The hydrogen generation rate (HGR) values were estimated to understand the role of the acidic nature in affecting
the catalytic performance of the catalysts. The acid-functionalized MOFs were found to exhibit higher HGR than the pure
MOFs.

2. Experimental details
2.1. Materials
2.1.1. Pure MOFs

UiO-66 (Universitetet i Oslo) (denoted MOF-I) was synthesized as reported by Abdulhamid [46]. Accordingly, 1.808 g of
hydrated zirconyl chloride (ZrOCI2.8H20), 0.987 g of terphthalic acid (Benzene 1,4-dicarboxylic acid (BDC) =
C6H4(CO2H)2), and 5.3 mL of acetic acid (C2H402) were mixed in 120 mL of dimethylformamide (DMF) and sonicated for
30 min. The resulting solution was placed into a 250-mL Teflon-lined stainless steel autoclave and heated at 120 oC for 24 h.
After cooling to room temperature (RT), the yielding white precipitate was separated, washed with DMF (120 mL) and
ethanol (120 mL), and dried at 85 oC in an electric oven overnight. NH2-UiO-66 (denoted MOF-II) was synthesized, washed,
and dried adopting the same recipe [46], however using 1.07 g of 2-amino terphethalic acid (2-aminobenzene 1,4-dicarboxylic
acid (NH2-BDC) = (NH2)C6H4(CO2H)2) instead of BDC.

On the other hand, Ce-UiO-66 (Ce-BDC MOF) (denoted MOF-III) was synthesized by adopting the recipe reported by
Yasssin and Taddesse [47]. Accordingly, a solution was made by dissolving a 1.644 g of cerium (IV) ammonium nitrate in 3.6
mL of distilled water and stirring for 30 min. Subsequently, a second solution was made by dissolving a 0.332-g portion of
terphethalic acid (BDC) in 15.4 mL DMF. Then, the second solution was added stepwise onto the first solution to form a
yellow precipitate of Ce-UiO-66. The precipitate was stirred at RT for 24 h, separated by centrifugation, washed three times
by DMF and acetone, and dried at 80 °C overnight.

2.1.2. Acid-functionalized MOF's

The thus synthesized pure MOFs were functionalized by the impregnation of three different acidic additives, namely
ammonium sulfate (AS = (NH,),SO,), ammonium dihydrogen orthophosphate (ADHP = NH,H,PO,), and phosphomolybdic
acid (PMA = H;PMo;,0,). A general wet impregnation method, similar to that reported in the literature [48], was performed
for MOF-1, MOF-II, or MOF-IIL

2.1.2.1. Synthesis of x PMA/MOF

PMA/MOFs were synthesized by wet impregnation. 1g of MOF was added to an aqueous PMA solution containing the
desired amount of PMA (where x= 5, 10, 15 wt%), followed by stirring for approximately 2 hours at 70°C. The resulting
mixture was then dried in an oven at 100°C for 24 hours.

2.1.2.2. Synthesis of x ADPH/MOF

ADPH /MOFs were prepared via the wet impregnation method [48]. MOF was mixed with calculated amounts of
NH,H,PO, (ADPH) (5, 10, 15 wt%) dissolved in a small quantity of distilled water. The mixture was stirred for 2 hours at
70°C and subsequently dried in an oven at 100°C for 24 hours.

2.1.2.3. Synthesis of x AS/MOF

AS/MOFs were synthesized by the wet impregnation method, using different amounts of (NH4),SO, (5, 10, 15 wt%). For
instance, SAS/MOF-I indicates a 5 wt% sulfate-impregnated Zr-based MOF, whereas 15PMA/MOF-III indicates a 15 wt%
phosphomolybdic acid-impregnated Ce-based MOF.

It is worth noting, that all of the chemicals employed in the material synthesis course were > 99% pure products of either
Alfa Aesar or Sigma-Aldrich, and used as obtained.

2.2. Characterization techniques

The bulk and surface compositions of the pure and functionalized MOFs were characterized by X-ray diffractometry
(XRD), Fourier-transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). XRD diffractograms
were acquired (at 5-90°, 0.06°/min, and A = 1.5418 A) employing a model PW 2103100 Philips diffractometer. FTIR spectra
were taken (at 4000-400 cm™ and a resolution of 4 cm™) from lightly loaded disks of KBr-supported test samples on a
Shimadzu IR-470 spectrophotometer (Japan). XPS spectra were recorded using a Thermo VG Scientific spectrometer. The
radiation source was monochromatic AlKa radiation power 1486.6 eV, the vacuum in the analysis chamber was better than 1
x 107 bar, and the binding energy (BE/eV) determination was based on the carbon contamination Cls at 284.6 eV. Nitrogen
adsorption was used for estimating BET surface areas of the prepared catalysts. Quantachrome (model 3200) gas adsorption
apparatus was used for constructing the nitrogen adsorption-desorption isotherm of the catalysts (0.1 gm). Pyridine
chemisorption measurements were carried out on test MOFs, by first exposing portions of the MOFs to pyridine vapor inside
pre-evacuated desiccators containing an aliquot of liquid pyridine at RT overnight. Then, a weighted amount of the pyridine-
covered MOF was subjected to thermal analysis. Eventually, the numbers of chemisorbed pyridine molecules were
determined and used to gauge the MOF surface acidity.

2.3. Catalytic activity evaluation
2.3.1. Catalysis measurements
In a 100 mL flask, NaBH4 was hydrolyzed and the volume of the evolving H2 gas (VH2/mL) was measured as a
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function of time (t/min) under isothermal conditions, using gasometry measurements. The VH2 was determined concerning
the volume of water displaced from the liquid burettes attached to the flask system. This allowed the pressure on both sides of
the manometer to be equalized. The flask was placed in an ultra-thermostat, which automatically controlled the reaction
temperature (30-45 oC) with the help of a magnetic stirrer to maintain a constant temperature. Typically, 50 mL of an aqueous
solution of the borohydride of a given concentration (0.03-0.07 M) was poured into the flask and a given mass (0.03-0.07 g)
of the test catalyst was added to trigger the reaction. The volumes were recorded at different time intervals (up to 30 min). The
results obtained enabled the construction of isothermal VH2-t plots for each run. It is worth noting, however, that immediately
before testing the catalytic activity of the MOFs they were mildly activated by heating at 80-100 oC for 1 h.

2.3.2. Data processing for kinetic and thermodynamic parameters

The obtained VH2-t plots were transformed into [NaBH4]-t plots, whereby In(a-x)-t plots were constructed and the reaction
(n) was determined applying the try-and-error algorithm. The reaction rate constant (k) was then derived from the slope of the
linear In (a-x)-t plots. The effect of reaction temperature (T/K) on the rate constant value made possible the application of
Arrhenius equation (2) and, hence, the construction of linear In k-T-1 plots, whereby derivation of values of the pre-
exponential parameter (A) and the activation energy (Ea/kJ.mol-1) was enabled.

Ink =In A - Ea/RT 2)

The enthalpy (AH/kJ.mol-1) and entropy (AS/kJ.mol-1) changes accompanying the catalytic reaction were calculated by
applying the Erying equation (3):

K = KBT/h e A5R g-AH/RT 3)

Where, k, kB and h are the rate constant, Boltzmann constant (1.381 X 10-23 J/K), and Plank’s constant (6.626 x10-34 J.s).
Accordingly, the free energy change (AG/kJ.mol-1) accompanying the reaction was calculated using the thermodynamic
relationship given in equation (4):

AG =AH - TAS (€)]

3. Results and discussion
3.1. Bulk phase and chemical composition for the MOFs

The X-Ray diffractograms obtained for the pure and functionalized MOFs are stacked in Fig. 1-(a-c). Pure MOF-I-1I1
are shown to recognizably exhibit two strong diffraction peaks at 26 = 7.08-7.26° and 8.20-8.32°, and five weak peaks at
24.83-25.56° 29.67-30.35°, 42.14-42.4°, 50.13-50.43°, and 57.18-57.51°. This diffraction pattern indicates that the reflecting
atomic arrays are due to crystallites of Zr(IV)-terephthalate metal-organic frameworks as compared to the JCPDS File No. 00-
451-2072 [49]. Accordingly, one may suggest that the Ce-content of MOF-III did neither influence the buildup of the basic
Zr-based MOF nor segregate into an XRD-detectable crystalline phase. However, the possibility of the formation of quite
isomorphous Ce(IV)-terephthalate MOF cannot be excluded with certainty. The diffractograms obtained for variously acid-
functionalized MOFs (Fig. 1-(a-c) also show that irrespective of the MOF used, neither of the three acid additives (i.e., AS,
ADHP, nor PMA) did influence significantly the diffraction patterns observed for the pure MOFs. This may help suggest that
the additive species are highly dispersed into the MOF pores in, most likely, a non-crystalline form
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Figure 1: XRD diffractograms obtained for the indicated pure (a) MOF-III, (b) MOF-I, and (c) MOF-II, and their 15 wt% acid-functionalized
versions.
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Bulk chemical compositions of the pure and functionalized MOFs were characterized using FTIR spectroscopy; the
spectra obtained are displayed in Fig. S1. The in-set spectra obtained for pure BDC (Fig. S1-a and S1-b) and NH,-BDC (Fig.
S1-c) are shown to monitor the following diagnostic absorptions (i) 3510-3500 em’, (i) 3400-3390 cm™, (iii) 1660 cm™, (iv)
1505-1495 ¢cm™, (v) 1588-1561 cm™ and 1394-1384 cm’! due to vNH,, O-H stretching , v(C=0) , v(C=C) in benzene ring and
asymmetric and symmetric peaks of stretching modes of carboxylic groups [50-55]. Except for the absorptions due to VNH,,
which are only observed in the spectrum of NH,-BBDC (Fig. S1-c), the other absorptions are monitored in the spectra of the
pure parent materials BDC and NH,-BDC.

For the functionalized MOFs, the following diagnostic absorptions can be observed in the spectra. The absorptions
at 1065 cm’!, 965 cm’!, 868 cm™! and 785 cm’! are respectively attributed to vP-O, vMo=0, vMo-O,-Mo and vMo-O.-Mo
vibrations [56-58] of PMA in 15PMA/MOFs , whereas the absorptions at 1115-1040 cm’!, 1020-1010 em™ and 520 cm™! are
assignable to various vibrations of PO, [59-61] in I5ADHP/MOFs. On the other hand, the absorptions at 1108 cm’l, 660-650
cm’’, and 620-610 cm™! are due to SO, vibrations [62-64] of AS in 15AS/MOFs. Moreover, the sharp absorption at 1385 cm’!
only monitored in the spectra of MOF-II (Fig. S1-c) is indicative of VNOj3™ ionic species, which are inherited during the
preparation course of MOF-III. Monitoring of these absorptions in the IR spectra obtained for the test pure and functionalized
MOFs evidences the anticipated chemical makeup of the yielding materials.

Egypt. J. Chem. 68, No. 5 (2025)



182 Ahmed Abdo Hassan et.al.

3.2. Surface elemental constitution and Texture investigation of pure and functionalized MOF-II
3.2.1. Surface elemental constitution of functionalized MOF-II

The fact that the various acid-functionalized MOF-II materials exhibited relatively high catalytic activity (vide infra)
rendered their XPS examination worth doing. The survey and high-resolution (HR) XPS spectra obtained for 15AS/MOF-II,
15ADHP/MOF-II, and 15PMA/MOF-II are displayed in Figs. 2, S2 and S3, respectively. The survey XPS spectrum obtained
for 15AS/MOF-II monitors electron emission peaks due to Zr 3d, S 2p, N 1s, C 1s, and O 1s (Fig. 2-a). The HR-XPS
spectrum of Zr 3d (Fig. 2-b) shows two peaks at B.E.values of 182.6 and 185.2 eV corresponding to Zr 3ds, and Zr 3d;),
respectively [52,65-68]. The 2.6-eV difference between them indicates that the source Zr is in the 4+ oxidation state. The
HR-XPS of S 2p shows two peaks at 168.4 and 169.69 eV corresponding to S2ps, and S2p,.,, respectively, which can be
related to structural sulfate (Fig. 2-c) [69]. The presence of nitrogen atoms was confirmed by two peaks at 399.05 and 401.13
eV corresponding to N-H and C=N, respectively (Fig. 2-d) [65]. The HR-XPS of C 1s resolves three peaks at 284.49, 286.05,
and 288.4 eV referring to C=C, C-N, and O-C=0 (Fig. 2-e), respectively [52,70,71]. The HR-XPS of O s shows three peaks
at 530.03, 531.5, and 532.4 eV corresponding to Zr-O, Zr-OH, and sulfate-oxygen, respectively ( Fig. 2-f).
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T Cls E z SZPl/zf
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Figure 2: Survey (a) and HR-XPS (b-f) spectra obtained for 15AS/MOF-IIL.

XPS spectra obtained for 1S ADHP/MOF-II are presented in Fig. S2. The survey spectrum (Fig. S2-a) monitors
peaks indicative of Zr 3d, P 2p, N 1s, C 1s, and O 1s electron emission sources. The HR-XPS of Zr 3d shows the two peaks
(at B.E. = 182.9 eV and 185.3 eV) diagnosing the exposure of Zr+ (Fig. S2-b) [52, 65-68]. Fig. S2-c shows the HR-XPS of P
2p with one peak at 133.4 eV confirming the presence of PO, species [66, 68, 72]. Conversely, the HR-XPS for N 1s peak
deconvolution resolves two peaks at 398.7 and 401.2 eV assignable to N-H and C=N, respectively (Fig. S2-d) [68]. The
carbon C 1s shows three peaks at 284.46, 285.99, and 288.46 eV referring to C=C, C-N, and O-C=0, respectively (Fig. S2-e)
[52, 70,71]. O 1s peak analysis resolves three peaks at 529.85, 531.43 and 532.76 eV assignable to Zr-O, P-O-Zr and P-O-H,
respectively (Fig. S2-f) [73].

Fig. S3 demonstrates the XPS spectra obtained for ISPMA/MOF-II. The survey spectrum (Fig. S3-a) reveals the
presence of P 2p and Mo 3d, in addition to the expected Zr 3d, O 1s, N 1s and C 1s emission sources. Deconvolution of the
Zr 3d peak resolves the two peaks (at 182.86eV and 185.32 eV) attributable to the Zr 3d5/2 and Zr 3d3/2 emissions (Fig. S3-
b) of Zr** [52, 65-68]. Fig. S3-c shows one peak at 133.5 eV related to P=O [74]. N 1s peak analysis (Fig. S3-d) resulted in
three peaks at 398.2, 399.25 and 400.48 eV corresponding to N-C, -NH,, -NH;", respectively [70]. The C Is peak analysis
(Fig. S3-e) also results in shows three peaks (at 284.78, 286.2, and 288.48 eV) but referring to C=C, C-N, and O-C=0,
respectively [52, 70,71]. Uniquely, the Mo 3d peak analysis resolved two peaks at 232.57 and 235.79 eV corresponding to Mo
3ds;, and Mo 3ds),, respectively (Fig. S3-f) [74] in oxidation state 6+.

3.2.2. Texture investigation of pure and functionalized MOF-II
The adsorption isotherms of some selected samples from the prepared MOFs under investigation were measured at liquid
nitrogen temperature (-196°C) and the calculated Sggr values for these samples were tabulated in Table 1.
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Table (1): Sger values pure and functionalized MOF-II

Catalyst SBET
NH,-UiO-66 130.8

15% PMA/ NH,-UiO-66 354
15% PO,/ NH,-UiO-66 48.87
15% SO,/ NH,-UiO-66 85.84

Summing up, the above presented and described characterization results may help draw the following implications: (i)
the pure and acid-functionalized MOFs only contain a single crystalline phase (Zr**-phethalate), whereas the rest of the
components of their chemical make are either highly dispersed into pores of the crystalline MOFs’ structure, or non-
crystalline; (ii) the impregnated parent materials (AS, ADHP, or PMA) of the acidic species are loaded by mechanical
deposition, thus showing no mutual interaction with the MOF composition; (iii) the expected elemental constitution of the test
MOFs is exposed at the surface, which may imply that the acid additives do not cover-up the metal content (Zr) of the test
MOF, and neither of the acid additives could change the zirconium oxidation state (4+).

3.3. Sodium borohydride dehydrogenation activity

3.3.1. Gasometry of hydrogen generation
Fig. 3 compares Vy,-t plots obtained via gasometry data measured during the dehydrogenation reaction of aqueous

solutions of NaBH, (50 mL, 0.05 M) at 30 °C in the presence of the test catalyst (0.05 g-Cat). The plots are shown to assume
an initial linearity followed by a subsequent downward deviation. The initial linearity accounts for a linear increase in the
hydrogen generation rate (HGR) that is catalyst surface dependent (i.e., zero-order kinetics). However, the subsequent non-
linearity accounts for a slowing HGR that is reactant concentration rate dependent (i.e., 1* order kinetics). Furthermore, (i)
the activity of the three pure MOFs is shown to improve upon functionalization with AS, ADHP and PMA, and (ii) the test
catalysts can be arranged according to the following activity ascending order: pure MOF<PMA-<AS-<ADHP-functionalized

MOF (at 15 wt% level), irrespective of the MOF used (i.e., MOF-(I-1II).
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Figure 3: V-t plots obtained in the presence of the indicated pure and functionalized MOFs under the following invariant reaction
conditions: 50 mL of NaBHj solution (0.05 M), test catalyst mass (0.05 g), and reaction temperature (30 °C)

The above findings are consolidated by the histograms exhibited in Fig. S4, which reveal the decrease of the duration
necessary to generate 75 mL of H, (V;5) upon increasing the loading level (from 5 up to 15 wt %) of AS or ADPH,
irrespective of the MOF used. Accordingly, the importance of surface acidity to the dehydrogenation activity can be inferred.

3.3.2. Influence of reaction variables

3.3.2.1 Catalyst mass
Scanning of the effect of catalyst mass (0.05-0.07 g) was conducted using 0.05 M NaBH, solution at 30 °C. Vip-t plots

thus obtained are compared in Fig. 4. The figure indicates that the time required to produce V;s of H, is decreased upon
increasing the catalyst amount. This observation reveals that the dehydrogenation activity increases with the catalyst mass

(i.e., surface area).
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Figure 4: V-t plots obtained to test the influence of the catalyst mass (0.05-0.07 g) in the presence of the indicated pure and AS-
functionalized MOFs under the following invariant reaction conditions: 50 mL of NaBH, solution of 0.05 M; and reaction temperature (30
°0).

3.3.2.2 NaBH, concentration

V-t plots obtained (Fig. 5) indicate that the time required to generate V;s of H, decreases upon increasing
the borohydride concentration on a given catalyst. In other words, increasing the reactant concentration is shown
to increase the dehydrogenation activity. This may reflect that the dehydrogenation reaction is 1%-order

kinetically controlled, particularly at the long-time regime.
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Figure 5: VH2-t plots obtained to test the influence of the NaBH4 concentration (0.03-0.07 M) in the presence of the indicated pure and AS-
functionalized MOFs under the following invariant reaction conditions: 50 mL of NaBH4 solution; catalyst mass (0.05 g); and reaction
temperature (30 oC).
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3.3.2.3. Reaction temperature

V-t plots scanning the influence of the reaction temperature are displayed in Fig. S5. The results
communicated highlight the direct relationship between the reaction temperature and HGR.
3.4. Catalytic dehydrogenation kinetic and thermodynamic parameters

To calculate the catalytic dehydrogenation kinetic and thermodynamic parameters, we have performed
the following processing of the gasometry data: (i) the Vy,-t plots were converted to In(a-x)-t plots; (ii) In(a-x)-t
data obtained as a function of reaction temperature (30-45 °C) were subjected to linear regression analysis (Fig.
6) in order to verify the 1*-order kinetics of reaction, whereas the rate constant values (k/min) were determined
as a function of reaction temperature (T/K) (Table 2); (iii) adopting equation (2), Arrhenius plots (In(k)-(1/T)
were constructed (Fig. 7), and the reaction activation energy values (AE,/kJ mol™") (Table 2) were derived from
values of their slopes; (iv) the rate constant values were processed applying the algorithm of equation (3) to
calculate the reaction enthalpy (AH/KJ mol™) and entropy (AS/kJ mol™) changes (Table 2); and (v) with the help
of equation (4) the reaction free energy change (AG/kJ mol'l) (Table 2) was calculated.

Inspection of the resulting kinetic and thermodynamic parameters (Table 2), the activation energy values
can help arrange the test catalysts in the following activity descending order: 15AS/MOF-II>15AS/MOF-
I>MOF-I>15AS/MOF-III>MOF-III>MOF-II. Thus, the AS-functionalization of the MOFs promotes its
dehydrogenation activity toward NaNH, in solution. Moreover, MOF-I is relatively more active than the other
pure MOFs (i.e., MOF-II and MOF-III).

The pyridine-gauged surface acidity results (Fig. 8) can justify the following correlations: (i) the surface
acidity of the pure MOFs is arranged in the following descending order: MOF-I>>MOF-III>MOF-II; (ii) on
MOF-I or MOF-III, the surface acidity generated as a function of the added acidic species is arranged in the
following descending order: 15SADHP>15PMA>15AS, whereas on MOF-II, it is arranged in the following
descending order: 15PMA>15ADHP>15AS; (iii) for AS or ADHP acidic species, the surface acidity as a
function of the pure MOF used is arranged in the following descending order: MOF-I>MOF-III>MOF-II,
whereas for PMA acidic species, the descending order is rendered: MOF-I>MOF-II>MOF-III. When these
acidity descending correlations are compared with the above-mentioned activity descending correlation, one may
infer the following: (i) the catalytic dehydrogenation activity of pure MOFs is largely dependent on the surface
acidity, and (ii) the impregnation of acidic species (AS, ADHP, or PMA) promotes the activity of the pure MOFs.
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Figure 6: In (a-x) versus time plots constructed for the NaBH, dehydrogenation reaction on the indicated pure and acid-functionalized MOFs
at different reaction temperatures (30-45°C).

The results given in Table (2) reveal, moreover, that the calculated AG and AH assume negative values, whereas AS
assumes positive values. Furthermore, the AG and AS values increase with reaction temperature (Table 2). This indicates that
the catalytic dehydrogenation of NaBH, on the test MOFs is thermodynamically feasible. It is to be inferred from Table 2 that
the AS-functionalization of the pure MOFs at 15 wt% is the proper choice to promote the catalytic conduct of the test MOFs.

Egypt. J. Chem. 68, No. 5 (2025)



186 Ahmed Abdo Hassan et.al.

Table (2): Calculated kinetic and thermodynamic parameters

Catalyst T (K) K(min™) | K(sec!) | Ea(KJ) | AH(KJ) AS (KJ) AG (KJ)
303 0.023 | 0.00039 | 52.73 2212 1.01 -94.022
308 0.029 | 0.00048 | 52.73 2212 0.997 -95.084
Ce-Ui0-66
313 0.045 | 0.00075 | 52.73 2212 0.982 -95.508
318 0.059 | 0.00099 | 52.73 2212 097 -96.342
303 0.038 0.00063 47.73 2212 1.006 -92.814
308 0.040 | 0.00067 | 47.73 2212 0.994 -94.230
15% SO4/Ce-UiO-66
313 0.063 | 0.00105 | 47.73 2212 0.980 -94.632
318 0.081 0.00135 | 47.73 2212 0.967 -95.522
303 0.023 0.00039 44.01 2212 1.01 -94.022
308 0.0234 | 0.00056 | 44.01 2212 0.996 -94.689
Ui0-66
313 0.031 0.00074 | 44.01 2212 0.983 -95.543
318 0.053 | 0.00088 | 44.01 2212 0971 -96.653
303 0.048 | 0.00081 40.07 2212 1.003 -92.181
308 0.059 | 0.00099 | 40.07 2212 0.991 -93.230
15% SO4/Ui0-66
313 0.085 | 0.00141 40.07 2212 0.977 -93.865
318 0.099 | 0.00165 | 40.07 2212 0.965 -94.991
303 0.020 0.00034 53.67 2212 1011 -94.368
308 0.024 | 0.00040 | 53.67 2212 0.999 -95.550
NH,-UiO-66
313 0.029 | 0.00049 | 53.67 2212 0.986 -96.616
318 0.042 | 0.00070 | 53.67 2212 0973 -97.258
303 0.044 0.00073 39.37 2212 1.005 -92.443
308 0.054 | 0.00090 | 39.37 2212 0.992 -93.474
15% SO,/NH,-Ui0-66
313 0.075 | 0.00124 | 39.37 2212 0978 -94.200
318 0.089 0.00149 39.37 2212 0.966 -96.261
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Figure 7: Arrhenius plots (In k versus 1/T) constructed for the NaBH4 dehydrogenation reaction the pure and acid-functionalized MOFs.
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Figure 8: Histograms representing the acidity of pure and 15%functionalized MOFs

3.4. Reaction mechanistic aspects

Literature discussions about the mechanistic pathway of the catalytic dehydrogenation of NaBH, in aqueous solution are
focused on a stepwise process including the formation of B(OH), as the main intermediate via B(OH); [75].
B(OH); (aq) +H,0¢) <> B(OH), (aq) +H" &)
Recently, the above reaction has been considered [76] to commence with the formation of a short-living BH;(OH) as  has
been suggested to occur throughout the following stepwise sequence:
BH4_—> BH3(OH)_—> BHz(OH)z_HBH(OH);;_—’ B(OH)4_ (6)

The hydrolysis kinetics of NaBH, over various catalysts has been suggested to follow different models [77-90].
Accordingly, our present synthesized catalysts expose acid sites (Bronsted and/or Lewis type) that can serve as active centers
for the hydrolysis of NaBH,. Ce and/or Zr MOFs and their functionalized versions expose the Zrs node with fully reversible
hydroxylation groups [91]. The total amount of the acid sites exposed on our catalysts was determined by pyridine
chemisorption experiments (Fig. 8). Furthermore, the Zr node has a flexible coordination geometry for Zr**. Consequently, it
is possible to access the presence of both the hydroxylated and dehydroxylated forms. This also may allow for an amphoteric
character, i.e., acid—base pair properties [92,93].

Accordingly, a reaction mechanism over the present catalysts can be proposed to involve the following adsorptive
and catalytic events:
(i) Dissociative adsorption of H,O molecules on acid sites to form H" and OH' ions; (ii) adsorption of BH, on the adjacent
base site leading to the formation of BH; and H Then, Both H" and H combine to form H, molecules; (iii) The resulting
OH and BHj; combine to form BH3(OH)™, and the reaction propagates in a stepwise fashion till the formation of B(OH), as
the stable reaction intermediate. Similar mechanistic steps were reported for NaBH, [94].

Therefore, the desired proposed mechanism goes parallel with that suggested by Langmuir —Hinshelwood and
Michalis-Menten mechanisms [77].

3.5. Catalyst recyclability

To assess the recyclability, the catalyst 15SAS/MOF-III was employed for long-term hydrogen (H,) generation. Fig. 9-a
presents the outcomes of multiple cycles of H, generation through the hydrolysis of NaBH, catalyzed by this catalyst, which
was reused without any modification. The hydrolysis reaction was performed at 30°C with 0.05 M of NaBH, and 50 mg-Cat.
As shown in Fig. 9-a, the HGR was slightly changed throughout four cycles. These findings indicate that the catalyst can be
reused effectively because their catalytic activities exhibit consistent behavior with minimal alterations. The XRD pattern of
the catalyst after four cycles (Fig. 9-b) proved that the catalyst can be regenerated.
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Figure 9: a) Recyclability effect on the performance of 1SAS/MOF-III catalyst, b) XRD of 15AS/MOF-III catalyst before and after four
cycles.
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Table 3 compares HGR values measured on our present catalysts with reported previously. 15% SO,/UiO-66, 15% SO,/ NH,-
Ui0-66, 15% PO,/ UiO-66 and 15% PO,/Ce-UiO-66 give higher HGR values than other catalysts. They exhibited 211.3,
185.6, 177.1 and 170.8 mL.min".g" in 0.05 M NaBH4 at reaction temperature 30 ° C. The comparison reveals that our
catalysts are quite competitive and even superior to the reported catalysts such as ZrOSO4/C-10wt. %H2SO04 [22].
ZrOS04/C-50 wt.%H,SO, [22]. 5.4 wt.% Ru/Al,05[77], Ni [78], Co-B/C [79] and Co/MWCNTs-2 [80].

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

Catalyst Catalyst wt. Reaction conditions (mLi(;:'.g") Ref.
Zr0S0J/C-10 wt. %H,SO4 100 mg 0.19 wt. % NaBH,, room temperature 12.5 [36]
Zr0S04/C-10 wt.%H,S0, 100 mg 0.34 wt. % NaBH,, room temperature 19 [36]
Zr0S04/C-10 wt.%H,S04 100 mg 1 wt. % NaBH,, room temperature 100 [36]
Zr0S0/C-50 wt.%H,S0, 100 mg 0.19 wt. % NaBH,, room temperature 66.5 [36]

54 wt.% Ru/ALO;s 500 mg 10 wt.% NaBH, 30 'C 65.5 [95]
Ni 75% 14 Wt.% NaBH,, 30°C 963 196]

Co-B/C 25% T Wi.% NaBH, 5 wt.%NaOH, 25 °C 166 197)

Co/MWCNTs-2 15% 1wt.% NaBH; 35°C 109 98]
Ce-Ui0-66 50 mg 0.05 M NaBH; 30°C 97.1 This study
15% PMA/Ce-Ui0-66 50 mg 0.05 M NaBH, 30°C 108.1 This study
15% PO,/Ce-Ui0-66 50 mg 0.05 M NaBH; 30 "C 170.8 This study
15% SOJ/Ce-Ui0-66 50 mg 0.05 M NaBH; 30 °C 163.1 This study
Ui0-66 50 mg 0.05 M NaBH, 30 'C 99.67 This study
15% PMA/UiO-66 50 mg 0.05 M NaBH; 30"C 137.9 This study
15% PO4/UiI0-66 50 mg 0.05 M NaBH; 30°C 177.1 This study
15% SOJ/Ui0-66 50 mg 0.05 M NaBH; 30°C 2113 This study
NH,-Ui0-66 50 mg 0.05 M NaBH; 30°C 86.8 This study
15% PMA/ NH,-Ui0-66 50 mg 0.05 M NaBH, 30°C 121.8 This study
15% POy NH,-UiO-66 50 mg 0.05 M NaBH, 30°C 162.7 This study
15% SO4 NH,-Ui0-66 50 mg 0.05 M NaBH; 30"C 185.6 This study
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4. Conclusion

Highly efficient Ce and/or Zr MOFs functionalized with different anions (PO,>, SO,*, and phosphomolybdic acid) were
successfully synthesized via the wet impregnation method. These catalysts were characterized by XRD, FTIR and XPS and
evaluated in the dehydrogenation of sodium borohydride in solution. The catalysts provide high efficiency, short time, low
catalyst quantity, and low leaching. 15% SO,/NH,-UiO-66 showed that a low concentration NaBH, solution (50 mM) could
provide a high hydrogen generation rate (HGR) of 377.83 mL H, g”' min". The amphoteric nature of the materials due to the
coexistence of an acidic base pair that was determined from quantitative measurement of the chemisorption of pyridine
ensures high catalytic performance via the hydrolysis of NaBH,. The kinetics and reaction order were studied and the
Arrhenius activation energy was found to be in the range of 39-52 KJ/mole. Moreover, the recognized behaviours of entropy,
activation energy, enthalpy and free energy declared the spontaneity, feasibility and exothermicity of the hydrolysis reaction.
Moreover, the materials display significant recyclability. The catalysts showed excellent activity and reproducibility up to four
times without exhibiting much activity making these catalysts promising ones for energy-based applications and can be
applied for industrial-scale production. It is expected that this work may provide new avenues for further designing highly
efficient and promoted metal-organic frameworks for hydrogen generation via the hydrolysis of NaBH,.
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