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Abstract

Sustainable catalysts based on earth-abundant elements are considered as economical alternatives
to precious-metal-bearing catalysts and could be impactful for many applications. Self-healing
sustainable catalysts, which in addition to their ‘green’ characteristic can spontaneously repair
themselves without the need of applying heat, pressure or electrochemical bias, are particularly
desirable for numerous large-scale chemical processes. Herein, we present the discovery of such a
catalyst, named SION-X, for the hydrolytic dehydrogenation of ammonia borane (AB, NH3BH3).
SION-X, with the chemical formula of Cu';[(BO)(OH)2](OH)s, is the synthetic form of the
mineral Jacquesdietrichite and, following in situ reduction, catalyzes the release of almost all 3

equivalents of hydrogen (Hz) from 1 equivalent of AB. During the reaction, the Cu' ions in SION-



X are reduced to Cu® nanoparticles, and after the reaction, following exposure to air, they are
oxidized re-forming SION-X. As a consequence, the catalytic activity of SION-X toward the
production of H> from AB remains unchanged over many cycles. The self-healing catalysis of
SION-X in the absence of any extra energy input gives a new perspective in heterogeneous

catalysis for energy-related applications.
1. Introduction

Hydrogen (H-) is a clean and renewable energy carrier, and is considered as an ideal candidate for
future mobile and stationary applications.! For large-scale utilization of H, energy, safe and
efficient storage and release of H» are of great importance and still remain a challenging task to
achieve.? Different hydrogen storage systems such as sorbent materials, metal hydrides, and
complex hydrides have been investigated to overcome these challenges.®” In recent years, boron-
nitrogen-based (B-N) hydride compounds such as ammonia borane (AB, NH3BHz), have drawn
attention due to their capability of storing and releasing significant quantities of H2.8° While most
B-N based compounds such as hydrazine borane (N2HsBHz) or metal borohydrides such as sodium
borohydride (NaBHa4) and lithium borohydride (LiBHa4) suffer from self-hydrolysis in water, AB, being
the simplest B-N compound, has a high H> content (19.5 wt%), low molecular weight (30.9 g mol
1, non-toxic nature, and particularly high stability in both aqueous solutions and air.'° Therefore,
AB has a great potential for practical on-board applications in transportation. The release of H>
from AB can be achieved either from thermolysis or solvolysis; the latter can be further classified
into hydrolysis and methanolysis, in which the dehydrogenation reaction occurs in water or
methanol, respectively.’* So far, hydrolysis has been the most benign method to obtain all 3
equivalents of H> from 1 equivalent of AB without the need of elevated temperatures or toxic

solvents, although a catalyst is often required.*?



The hydrolytic dehydrogenation of AB can be catalyzed by a wide range of catalysts, from
monometallic noble metal nanoparticles (NPs) such as Ru,*® Rh,** Pt Ag,'® and Pd NPs,’
monometallic earth-abundant transition metal NPs such as Cu,®® Ni,*® Co0,%° and Fe NPs
bimetallic/multimetallic NPs such as RuRh,??> RuCo,? CuCoMo,?* and RuCuCo NPs,® NPs of
transition metal oxides such as Cu20?® and phosphides such as Ni,P?"?8 and CoP,?% to transition
metal complexes such as an iridium pincer complex.3! While these catalysts are quite efficient,
they suffer from the following disadvantages: i. the noble-metal-based catalysts are expensive,
non-sustainable, and impracticable for large-scale applications, ii. most non-noble-metal catalysts
are air sensitive and can be easily oxidized, thus require special handling and storage, and are
sometimes difficult to regenerate, and iii. the catalytic activity is partially decreased or even
completely disabled after few cycles of the reaction (e.g. in earth-abundant transition metals).?
Although capping agents have been used for the stabilization of metal NPs, they lack long-term
stability under harsh reaction conditions. Moreover, there are some debates that capping agents
may act as a “poison” during the reaction, limiting the accessibility of active sites.®? Taking these
drawbacks into consideration, the goal of the present work is to develop new sustainable catalysts
that are based on earth-abundant elements, are air stable, and can be easily regenerated, stored and
handled for the hydrolytic dehydrogenation of AB. In terms of regeneration, self-healing, which is
the ability of the catalyst to spontaneously repair itself during normal operations, is the most
attractive approach and highly important for practical applications since the catalyst stability is
vital for economic viability.® It should be emphasized that the self-healing mechanism is different
from the recyclability or stability of the catalyst. Although most of the heterogeneous catalysts can
be re-used for a certain number of cycles, each catalyst has a finite lifetime which could vary from

seconds to years. After the catalyst loses its activity due to several reasons, it should be either



regenerated or replaced. The regeneration/replacement of the catalyst requires the shutdown of the
process and the disruption of the production, which costs billions of dollar per year for the
industry.3 Therefore, the self-healing mechanism counts as a highly desired property in

economical point of view.

Herein, we report a novel self-healing sustainable catalyst that can efficiently produce H:
from AB. Our catalyst, Cu[(BO)(OH)2](OH)s (SION-X), is the synthetic form of the
Jacquesdietrichite mineral which was found in the Tachgagalt mine in Morocco in 1999.3° SION-
X was first obtained as a blue powder when the residue of the reaction between the Cu-bpy-Cl
metal-organic framework (MOF) and AB was left in open air. When SION-X (26.7 mol%) was
employed for the hydrolysis of AB, more than 90% conversion (> 2.7 equivalents) of H, was
obtained in ~ 45 mins, during which it transformed to Cu® NPs. When the reaction mixture was
then exposed to air, the blue powder of SION-X was self-healed and reformed from Cu® NPs in
quantitative yield. We performed 10 cycles of catalysis-regeneration during which the activity of
SION-X remained unchanged. This self-healing catalysis, in which the catalyst can restore its
structural integrity in open air without applying heat, pressure or electrical bias, is of great
importance for prolonging the lifetime of the catalyst. This kindles the potential use of SION-X
for the hydrolytic dehydrogenation of AB on a large-scale. Below, we delineate the discovery of
SION-X from the reaction between the Cu-bpy-Cl and AB, analyze its performance for the

generation of Hy, and discuss its transformation during the hydrolysis reaction.
2. Experimental
2.1. Materials synthesis

All chemicals were purchased from commercial suppliers and used without any further
purification: copper (1) chloride (Sigma Aldrich), copper (I) bromide (Sigma Aldrich), copper (1)
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iodide (Sigma Aldrich), 4,4"-bipyridyl (TCI Chemicals), ammonia borane (AB, Sigma Aldrich),
acetonitrile (Merck) and diethyl ether (Sigma Aldrich).

The Cu-bpy-Y (Y: Cl, Br, I) materials were synthesized based on reported protocols.36:3’

The addition of 4,4 -bpy (5.0, 0.13 and 0.21 mmol, respectively) in acetonitrile to the solution of
Cu-Y salt (5.0, 0.13 and 0.11 mmol, respectively) in acetonitrile resulted in the immediate
formation of a dark red solid for Cu-bpy-Cl and Cu-bpy-Br while orange-red plates were observed
for Cu-bpy-1. The powders were filtered and washed with ethanol (3x20 ml) followed by diethyl
ether (3x20 ml). Finally, the as-synthesized MOFs were dried at room temperature under ambient
conditions. For the formation of SION-X, 14.8 mg (0.058 mmol) of Cu-bpy-Cl was dispersed in
15.0 ml of Millipore water and the suspension was sonicated for 20 minutes to provide a uniform
distribution of the MOF powder in water. Then, 10.0 mg (0.324 mmol) of AB was dissolved in 5.0
ml of Millipore water and added to the suspension. The solution was exposed to open atmosphere
and stirred gently overnight at room temperature under ambient conditions. First, Cu-bpy-Cl
started to collapse (since AB is a reducing agent) and Cu® NPs were formed. Meanwhile, some of
AB introduced in the solution was hydrolytically dehydrogenated simultaneously; therefore, NH4*
and BOy ions were released in the solution. The BO2™ ions in the solution, Cu® NPs which were
derived from the MOF, and the Oz molecules in the air combined and formed SION-X,
Cuz[(BO)(OH).](OH)a. The blue solid was collected and washed with Millipore water several
times, then dried in air at room temperature. Following the same procedure, SION-X can be

synthesized in gram-scale when grams of Cu-bpy-Cl are used.
2.2. Hydrolytic dehydrogenation of AB

The hydrolysis experiments were performed in a 25.0 ml Pyrex glass reactor, at room temperature

under vigorous mixing. In a typical experiment, a molar ratio between the catalyst and AB (the



optimum conditions for Cu-bpy-Y: catalyst/AB = 0.1, for SION-X: catalystAB = 0.27) was
determined and the catalyst was suspended in 9.0 ml of Millipore water. Then, the suspension was
sonicated and purged with nitrogen for 20 min under gentle stirring, to remove the dissolved
oxygen. In a separate vial, 6 mg of AB was dissolved in 1 ml of Millipore water and injected in
the reaction solution. During the reaction, the solution was continuously stirred at a stirring speed
of 750 rpm in order to eliminate any mass transfer limitation effects.®®%® When the reaction is
complete, 200 pl of the gaseous product was abstracted from the head-space and analyzed by gas
chromatography (PerkinElmer Clarus 480 GC, N carrier gas), equipped with a thermal
conductivity detector and a molecular sieve 5 A column. The hydrolysis of AB takes place based

on the following equation:
NH;BH; + 2H,0 - NH,” + BO,” + 3H, (1)

where ~3 equivalents of Hz per NH3BH3 can be produced at ambient temperature in the presence

of a suitable catalyst.

Recycling experiments were performed for the SION-X using the optimized molar ratio of
SION-X/AB = 0.27, which involved 10 catalytic runs, each for ~45 minutes. At the end of each
cycle, the septum was first removed from the Pyrex glass reactor to remove the generated hydrogen
from the previous run. Then, the reactor was exposed to the open atmosphere overnight under
vigorous mixing to enable the transformation of Cu® NPs into the SION-X. To ensure the formation
of the SION-X at the end of each run, the blue powder occurred in the solution was collected and
dried, and its PXRD pattern was recorded. The obtained SION-X was again suspended into the
Millipore water, purged with N2, then fresh AB solution was added to the reactor and the H>

evolution was recorded.



3. Results and discussion

Cu-bpy-Y MOFs (Figure 1a,b) are 2-dimensional networks that were first synthesized by Yaghi et
al. in 1995 (for the Cl analogue)®® and then by Batten and coworkers.®” These MOFs can be easily
synthesized in gram-scale quantities with high yield (94%) just after the ligand and metal solutions
are mixed together at room temperature. This is a rare case since high temperature and pressure is
usually required for MOF synthesis. To investigate the catalytic activity of these MOFs toward the
hydrolytic dehydrogenation of AB,*° each of Cu-bpy-Y was first dispersed in Millipore water in a
glass reactor, and the dispersion was then sonicated and degassed with nitrogen gas. The AB
aqueous solution was next added to the reactor and the H> production was analyzed by gas
chromatography. Among these MOFs, Cu-bpy-Br produced ~1.5 equivalents of H, from AB
(~50% conversion in 3 hours) while Cu-bpy-Cl and Cu-bpy-I showed ~ 35% and ~10% H:
conversion after 3 hours, respectively (Figure 1c). When shorter-time reactions were performed, it
was found via powder X-ray diffraction (PXRD) that the Cu-bpy-Cl completely collapsed after 20
mins, and new Bragg reflections corresponding to a mixture of Cu®, Cu,0, and CuO NPs appeared.
The formation of Cu® NPs is expected since AB is an efficient reducing agent leading to the
structural collapse of Cu-bpy-Cl.4° It is thought that the formation of both Cu,0O and CuO NPs
occurred due to the oxidation of the surface of Cu® NPs when the sample was collected and dried
in air.*! As revealed by PXRD, both Cu-bpy-Br and Cu-bpy-I retained their structural integrities
after 3 hours of AB hydrolysis but small Bragg reflections of Cu®, Cu,0, and CuO appeared in the
powder patterns of bulk powders (Figure S1-3, Supporting Information). The X-ray photoelectron
spectroscopy (XPS) data collected on Cu-bpy-Cl after 3 hours of AB hydrolysis show two
components with binding energies at 932.5 and 934.5 eV corresponding to the Cu 2pss2 core level

(Figure S4, Supporting Information). These two components can be assigned to Cu® and/or Cu!



(932.5 eV) and Cu'" (934.5 eV);* this observation is in agreement with the PXRD pattern of the

bulk material (Figure S1, Supporting Information).
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Figure 1. Cu-bpy-Y (Y= ClI, Br and I) MOFs: the relationship between morphology and catalytic
activity toward AB hydrolysis. a) Structure representation of the isostructural 2-dimensional Cu-
bpy-Y, b) The Cuz-unit present in Cu-bpy-Y MOFs — each Cu' is four-coordinated. Atom code: C:
gray; N: blue; Cu: dark red; CI/Br/I: green; H: pale yellow. ¢) The catalytic activities of Cu-bpy-Y

MOFs toward hydrolytic dehydrogenation of AB at the end of 1, 2 and 3 hours.

To further investigate the structural changes of Cu-bpy-Y before and after the hydrolysis
reaction, scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images were collected. The SEM (Figure S5, Supporting Information) and high-angle annular
dark-field scanning TEM (HAADF-STEM) images (Figure 2a-c) of the bulk Cu-bpy-ClI after the

reaction revealed the presence of agglomerated NPs. Contrarily, the images collected on Cu-bpy-
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Br and Cu-bpy-1 showed that well-defined crystals are still present in the bulk material with varying
amounts of NPs (Figure 2b,c and Figure S5, Supporting Information). Based on these findings, the
stability of Cu-bpy-Y in AB solution follows the order of Cu-bpy-Cl < Cu-bpy-Br < Cu-bpy-I,
which is in agreement with the trend of the reduction potentials of CuY (E°cucicy = +0.137 V,
Eusricu = +0.035 V, E%uicy = -0.185 V). This is due to the decrease in electronegativity of the
halogens from CI" to I', and hence the decrease in positive charge density of Cu* from Cu-Cl to
Cu—I. Comparing the amounts of H. produced after 1, 2, and 3 hours by the Cu-bpy-Y reveals that
the Cl-analogue generated less H> than the Br-analogue, although based on PXRD analysis, the
former was fully reduced to metallic Cu® NPs, while the latter was only partially reduced, and
comprised of a mix of Cu® NPs and MOF crystals. This observation highlights that even though
Cu® NPs can be a good catalyst for the dehydrogenation of AB, there is a need to prevent their
aggregation.*® The presence of Cu-bpy-Br crystals after the catalytic reaction is thought to be
highly advantageous as the crystals act as a support for the Cu® NPs, preventing their aggregation,
thus leading to a higher catalytic activity toward the AB hydrolysis and H. generation. This
observation is consistent with previous studies where supports such as graphite and others were

used to immobilize metal NPs for the efficient hydrolysis of AB.**4
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Figure 2. HAADF-STEM images of (a) Cu-bpy-Cl, (b) Cu-bpy-Br and (c) Cu-bpy-I after 3 hours

of AB hydrolysis, respectively. Inset: the schematic representation of each structure after 3 hours.

When the brown/black residue of the reaction between Cu-bpy-Cl and AB was left in open
air, without applying any heat or pressure, we observed the formation of a blue crystalline powder
— SION-X (Figure 3a). PXRD analysis revealed that SION-X exhibits a pattern comparable to that
of the Jacquesdietrichite mineral, with the chemical formula of Cu2[(BO)(OH)2](OH)s (Figure 3d).
This mineral was discovered first in Morocco by the French geologist and mineralogist Jacques
Emile Dietrich in 1999.%° A synthetic analogue of Jacquesdietrichite was also reported by Behm et
al.*® The structural identity of SION-X was further confirmed by Fourier transform infrared (FTIR)
spectroscopy (Figure S6, Supporting Information) and inductively coupled plasma optical

emission spectrometry (ICP-OES) measurements (Figure S7, Supporting Information).
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Figure 3. a) The colors of the samples (Cu-bpy-CI, Cu NPs and SION-X) and the synthetic route

followed for the synthesis of SION-X in solution environment. For the formation of SION-X, Cu
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NPs are kept in the original reaction solution and exposed to air-oxidation overnight under
continuous stirring. b) Le Bail fit of the PXRD pattern of Cu-bpy-Cl: a space group 14¢/acd: Ry =
5.19%, Rwp = 7.03%, a = 14.224(4) A, ¢ = 38.560(13) A; A = 1.54187 A (experimental data: red
dots, refined Le Bail profiles: solid black lines, and difference between them: solid blue line). c)
The PXRD pattern of the bulk Cu-bpy-CI after AB hydrolysis for 3 hours (black pattern) shows
the formation of a mixture of Cu® (red), CuO (blue) and Cu2O (green) NPs. d) Le Bail refinement
of SION-X: space group Pnma: Ry = 4.73%, Rup = 6.07%, a = 9.4607(7) A, b =5.8514(3) A, ¢ =
8.7001(6) A; 1 =1.54187 A (experimental data: red dots, refined Le Bail profiles: solid black lines,

and difference between them: solid blue line).

Cu 2p XPS spectrum revealed that the bulk SION-X powder consisted of mostly Cu'' (>
95%) ions, confirming that Cu® NPs are almost quantitatively oxidized to form SION-X (Figure
S4, Supporting Information). This observation was further verified with the XPS analysis of B 1s
region for SION-X, resulting in a very strong B peak (Figure S8, Supporting Information). The
SEM and TEM images collected on the samples Cu-bpy-CI, Cu NPs and SION-X demonstrated
the emergence of SION-X consisting of cuboid shaped single crystals (Figure 4 and Figure S9a,
Supporting Information). The formation of SION-X can be attributed to the oxidation of the Cu°
NPs by O in air, in combination with the presence of BO2", which is the product resulting from

the hydrolysis of AB in the reaction mixture.
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Figure 4. a) SEM image of the as-synthesized Cu-bpy-Cl shows homogeneity of the sample and
that the crystal shape of Cu-bpy-Cl is based upon rectangular plates. b) Bright field TEM image of
Cu NPs derived from Cu-bpy-Cl. Selected area electron diffraction patterns show that the
brown/black powder comprises a mixture of Cu®, CuO and Cu2O NPs. ¢) The SEM image of as-

synthesized SION-X confirms that crystals have cuboid shapes.

SION-X was employed toward AB hydrolysis with the aim to investigate its catalytic
activity, reaction Kinetics, regeneration and reusability. To optimize the amount of SION-X for
this reaction, different molar ratios of SION-X/AB were tested by changing the amount of SION-
X while the AB amount (0.1944 mmol) was kept constant (Figure 5a). For the best performance
mixture with the molar ratio of SION-X/AB =0.27 (where SION-X =0.052 mmol), ~3 equivalents
of H, were obtained after 45 minutes of reaction at 25 °C, giving a turnover frequency (TOF) of
1.85 min (with a hydrogen generation rate of 463.2 mmol gear* ht) at <20% conversion. These
values are higher than those reported for other Cu-based catalysts (used with no support) such as
the commercial Cu® NPs (0.06 min™)** and Cu,O (0.18 min™),*! and some Cu-based catalysts
grown or deposited on supports such as Cu%y-Al,03 (0.27 min1)*" (Table S1, Supporting
Information). It should be emphasized that Cu NPs derived from SION-X perform as the active
catalyst without the combination with any other metal or the presence of any capping agent/support
material. We additionally studied the kinetics of the hydrolysis reaction varying the amount of AB
while the amount of SION-X was kept constant (optimized amount, 12.5 mg). The observed
sigmoidal kinetic curves are characteristic of a pre-catalyst turning into the active catalyst: from
SION-X to Cu® NPs (Figure S10a,b, Supporting Information). The Hz evolution rate was then
calculated and showed 0.62- and 0.7-order dependences as a function of AB and SION-X

concentrations, respectively. The hydrolysis reaction with respect to AB concentration does not
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follow the zero-order kinetics, which might be attributed to the competitive interaction between
water and AB molecules with the catalyst surface.?”*® The temperature dependence (298-318 K)
of the AB hydrolysis was also studied in order to determine the activation energy (Ea) of the
reaction. The values of the rate constant k at different temperatures were calculated from the slope
of the nearly linear part of each plot (see Figure S10c, Supporting Information). From the Arrhenius
plot (see inset in Figure S10c, Supporting Information), the activation energy for the hydrolytic
dehydrogenation of AB catalyzed by SION-X was calculated to be 22.3 kJ mol™, which is lower
than almost all Cu-based catalysts for AB hydrolysis, including noble catalysts such as
RuCu/graphene (30.4 kJ mol™) and annealed-RGO-CuzsPdss (45 kJ mol™) (Table S1, Supporting

Information).

During the AB hydrolysis, SION-X changes color and turns into brown/black suggesting
that the Cu'" ions were reduced to Cu® NPs (Figure 5b,c). PXRD revealed that the composition of
the bulk material after AB hydrolysis consists of Cu® NPs (major phase) and CuO NPs. This
observation is in agreement with the electron diffraction pattern, confirming the presence of both
Cu® and Cu20 NPs (Figure S9, Supporting Information). XPS analysis showed no noticeable B
peak in the B 1s spectrum of Cu NPs (Figure S8, Supporting Information) and ICP-OES
measurements revealed the presence of only trace amounts (0.218 %) of B, confirming that B
cannot have a significant impact on the catalytic activity of the Cu NPs. Interestingly, when the
brown/black residue was exposed in air, the blue powder was recovered, and SION-X was re-
formed as proved by PXRD, in a quantitative yield (Figure 5d). Therefore, the fresh catalyst can
be continuously regenerated. The newly obtained SION-X exhibited the same catalytic activity
toward the hydrolytic dehydrogenation of AB. In fact, we performed 10 cycles of AB hydrolysis

and catalyst regeneration and observed that the structural identity and catalytic activity of SION-
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X remained unchanged (Figure 5e). The small differences in AB conversions between the cycles
might be arising from the instrument and human errors since the injection of hydrogen into the gas
chromatography (GC) was manually performed. ICP-OES analysis confirmed that negligible
amount of Cu" (0.0017 mol per mol of SION-X) is lost into the solution during the regeneration
(Figure S7, Supporting Information), which corresponds to 95.75% regeneration after 50 cycles.
This is a direct proof of self-healing catalysis as the catalyst can be used and regenerated for many
cycles without losing performance and material; this is a key characteristic for large-scale
processes where the main issue lies in catalyst deactivation over time. After the self-healing of
SION-X from Cu NPs occurs at the end of the cycle, the same solution can be kept and fresh AB
solution can be fed to restart the hydrolysis, which can eliminate the solid-liquid separation and
any “off” period during the reaction. The formation of SION-X also provides an easy handling of
the active catalyst — Cu® NPs, since their oxidation under open atmosphere can be eliminated
without using any capping agent or support materials. It is worth noting that the term of self-healing
catalysis was proposed by Nocera and co-workers for their studies on electrocatalytic water-
splitting catalysis.**® These earth-abundant catalysts could be self-healed in the presence of
phosphate or borate anions, as the self-healing process requires less energy than that needed for
the oxidation of water to O>. In the present study, our SION-X catalyst is self-healed in air without

the need of any extra energy input and therefore represents a new class of self-healing catalysts.
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Figure 5. a) Optimization of the amount of SION-X toward AB hydrolysis. b) PXRD pattern of
the bulk material derived from SION-X after AB hydrolysis (red) in comparison with the patterns
of SION-X (black), Cu° (blue) and Cu2O (green) NPs. c) Schematic representation of the AB
hydrolysis reaction: start — SION-X (blue solution) and end — Cu® NPs (brown/black solution) of
the reaction. The enlarged image shows the production of Hz bubbles by the Cu® NPs. d) PXRD
patterns of SION-X collected after each AB hydrolysis cycle, showing the stability of the catalyst
during the regeneration process. e) Reusability of SION-X as catalyst for the hydrolysis of AB for

at least 10 cycles.

Although SION-X was prepared from Cu-bpy-Cl as the starting material, the mineral can
be also synthesized based on the procedure reported by Behm et al., in which the blue crystalline
powder of Cuz[(BO)(OH)2](OH)s is obtained after mixing and stirring the aqueous solutions of
NaB(OH)s-2H.0 with CuCl; for several days at elevated temperature. These synthetic conditions
are typical for the synthesis of minerals.>>> SION-X can be obtained under ambient conditions;
this is a rare case in which a catalytically active synthetic mineral can be synthesized in a large-
scale without the need of high temperature or pressure. Moreover, when the synthesis conditions
of Cu-bpy-Cl are considered, the formation of SION-X from the MOF is affordable and
industrially viable. This synthetic advantage in combination with its self-healing catalytic activity

highlights the adequacy of SION-X for practical catalytic applications.
Conclusions

In summary, we discovered a novel class of self-healing heterogeneous and sustainable
catalyst, SION-X, which can efficiently release ~3 equivalents of H, from 1 equivalent of AB. It
can be easily synthesized, it undergoes reversible metamorphosis and its catalytic activity is not

decreased or disabled for at least 10 cycles of reaction. The investigation of SION-X introduces a
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conceptually new and unique system for heterogeneous catalysis field, which addresses the catalyst
deactivation and storage problems in a simple, inexpensive and efficient way. This work highlights
that natural minerals, which appear to be benign, under the right conditions, could be transformed
into active catalysts that can play a key role in energy-related applications. Our findings on SION-
X pave the way of a new area of catalysis that explores the development of cheap, sustainable, and

easily regenerable catalysts for H2 generation and other applications.
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