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1. Introduction

Sustainable hydrogen production via NHzBHz
hydrolysis using platinum nanoparticles decorated
on solvent-free synthesized LINbWOg

Noemi Cristina Silva de Souza,? Beatriz Rodrigues Olimpio,® Gessica do Carmo Dias,?
Juliana Pefia Gomes,® Kleryton Luiz Alves de Oliveira,? Didier Astruc, @ ¢

Tiago Almeida Silva, ©2 Geraldo Magela de Lima*® and Renata Pereira Lopes
Moreira ©*2

A novel catalyst for the controlled and safe evolution of hydrogen (H,) fuel from ammonia borane (NHzBH-=)
is presented in this work based on platinum nanoparticles (PtNPs) decorated on LiINbWOg support. The
LINbWOg compound was successfully synthesized through an unprecedented solvent-free approach, via
the solid-state method using calcination at 760 °C for 24 hours. This material was employed as
a support for PtNPs in the hydrolysis reaction of ammonia borane for hydrogen generation. LINbWOg
and PtNPs/LINbWOg were both characterized by various techniques. X-ray diffraction (XRD) confirmed
that the crystalline structure of LINbDWOg was consistent with the JCPDS standard 84-1764. Fourier-
transform infrared spectroscopy (FTIR) also corroborated the success of the novel solvent-free synthesis.
Thermogravimetric analysis (TGA) indicated the high thermal stability of the support, with a mass loss of
only approximately 1.5% up to 800 °C. Transmission electron microscopy (TEM) revealed the lamellar
structure characteristic of the support, as well as the presence of finely dispersed Pt NPs with an average
size of 2.80 nm. X-ray photoelectron spectroscopy (XPS) confirmed the presence of metallic platinum in
the catalyst and demonstrated its robustness during reuse assays. The material proved to be an efficient
support for platinum in the catalytic hydrolysis of ammonia borane, achieving a hydrogen generation
rate (HGR) of 3974 mL H, min*1~g*1, a value comparable to those reported in the literature.

include steam methane reforming (SMR), where methane gas is
mixed with steam reformer to produce synthesis gas (a mixture

In recent years, climate change resulting from the high
consumption of fossil fuels, which release greenhouse gases,
has intensified interest in hydrogen (H,) gas as a sustainable
energy alternative." Although research on hydrogen-based
technologies began in the 1970s, the storage and release of
this gas remains costly and challenging, limiting its widespread
use.”

Hydrogen gas is widely recognized as a clean fuel, as its use
generates only water vapor as a byproduct. However, its
production is still largely dependent on fossil fuels, such as coal
reforming, a process that releases tons of CO, into the atmo-
sphere.** Some common hydrogen production methods
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of CO and H,). These reactions generally occur at high
temperatures (700-800 °C).” Although SMR yields a high
hydrogen output, the associated CO, emissions prevent the
process from being fully sustainable.®

There are also thermochemical and biological processes
(alternative routes) by which H, is produced from biomass.
Biological conversion usually takes longer and requires main-
taining a stable equilibrium state, whereas thermochemical
conversion can produce products within a shorter time frame
through heating. Thermochemical technologies include pyrol-
ysis, gasification, combustion, and liquefaction, with gasifica-
tion being the most widely applied method.”

In the water splitting process, water molecules are split into
oxygen and H, when sufficient energy is provided. Water split-
ting can be performed by photolysis, thermolysis, or electrol-
ysis.®? Electrolysis is the most used technology, in which water
is divided into H, and oxygen by an electric current flowing
between two electrodes separated by an electrolyte."® However,
due to the lack of adequate infrastructure for hydrogen storage
and transport, large-scale production faces challenges in
meeting current widespread demand.® Additionally, it has
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limitations due to its high electrical energy consumption and
the need for optimized catalysts."*

In addition to the challenges associated with its production,
the use of H, as a fuel faces significant obstacles related to
storage and transportation due to its low density, low boiling
point, and high flammability. Storing H, in its gaseous form
requires compression between 100 and 400 bar, whereas in its
liquid form, it demands cryogenic conditions around —253 °C
to enable viable storage and transport.*

Chemical storage appears to be a promising alternative to
circumvent the high flammability and potential for explosions
of H,. Liquid compounds, such as organic carriers, hydrazine,
alcohols, and formic acid, or solid materials, including metal
hydrides, borohydrides, amides, imides, and ammonium
borane, are under investigation. In both cases, H, gas is
released through thermal or catalytic decomposition.*®

Complex hydrides are characterized by the presence of an
anionic complex, where H, is covalently bonded to a metal or
a non-metal, as seen in [BH,]”, [AIH,]", [NH,] ", [AlH¢]’", and
[NiH,]*". These anions interact electrostatically with one or
more cations, formed by alkali metals, alkaline earth metals,
transition metals, or rare earth elements groups.**

Ammonium borane (AB), NH;3BHj;, is a complex hydride,
a class of compounds that has garnered significant interest in
recent years.” In the NH;BH; molecule, the hydrogen atoms
bonded to boron and nitrogen carry partial negative and posi-
tive charges, respectively, acting as hydridic (H°") and protonic
(H*") hydrogen atoms. The attractive interactions between these
hydrogen atoms in adjacent molecules lead to the formation of
N°~-H®'...H* -B®" bonding, which stabilizes the crystal struc-
ture.' The presence of these bonds imparts high solid-state
stability and remarkable resistance to air humidity, di-
stinguishing it from most inorganic hydrides.*

H, production from AB is a promising strategy due to its low
molecular weight (30.7 ¢ mol ") and high H, storage capacity
(19.6% wt).***> Additionally, AB hydrolysis stands out as a safe
and stable process for H, generation.'>'” The hydrolysis of AB
can occur in the presence of a catalyst under ambient condi-
tions, ie., at room temperature and atmospheric pressure, as
shown in eqn (1). For every mole of AB, 3 moles of H, gas are
released.?

NH;BH; (aq) + 4H0 () — NH4B(OH)4 (aq) + 3Hz (g) (1)

The only by-product of the reaction is metaborate, whose
regeneration can be effectively achieved through mechano-
chemical methods using ball milling with MgH,. Ball milling
provides the mechanical energy necessary to break and reform
chemical bonds, while MgH,, acts as a reducing agent, facili-
tating the regeneration of the hydrogen-atom-rich compound.*®

The catalytic hydrolysis of AB requires the use of metal NP**
such as Co and Ru,* Rh and Co* and Pt.**** However, the high
surface energy of NPs tends to favor their self-aggregation,
resulting in a decrease in their catalytic activity.” To mitigate
this effect, various support materials have been investigated,"
such as carbon-based structures,” polymers* and metal-
organic frameworks.>
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Niobium compounds have been extensively utilized in a wide
range of applications, with a notable emphasis on heteroge-
neous catalysis.”** Among these, stand the ABXO¢ family
(where A = alkali ion; B = Nb; X = W or Mo) due to its ferro-
electric properties and its typical high ionic conductivity and
dielectric permittivity at elevated temperatures.”® One prom-
inent example, LINbWOg, features a layered structure in which
cations and anions are arranged into distinct layers and plates,
respectively.” This material is distinguished by its high thermal
and chemical stability, large surface area, ion-exchange
capacity, and tunable interlayer spacing. These compounds
can crystallize in various structures, including cubic (space
group Fd3m), orthorhombic (Pnma or Pca2,), and tetragonal
(space group P-421m).** These structural phases are inter-
convertible and depend on temperature and pressure. To the
best of our knowledge, the present study represents the first
report of LINbWO, synthesized via a solvent-free method being
employed as a support in this catalytic system, underscoring
both the originality and the potential impact of this strategy.
Investigating such material offers a promising opportunity to
harness and tailor its unique properties for catalytic purposes.

Given the above, the aim of this work is the synthesis of
lithium niobate tungstate (LINbWOg) via a solid-state method,
using a sustainable, solvent-free process, and employing it as
support for Pt NPs, aiming at the control release of H, from AB
hydrolysis.

2. Experimental

2.1. Reagents

The reagents used in this work are of analytical grade. Sodium
borohydride 98% (CAS 16940-66-2) was obtained from Neon.
Sodium hydroxide in microbeads 97% (CAS 1310-73-2) was ob-
tained from Cromoline. Hexachloroplatinic acid (37-50% Pt)
(CAS 18497-13-7), ammonium borane complex 95% (CAS 13774-
81-7), and deuterium oxide 99% (CAS 7789-20-0) were
purchased from Sigma-Aldrich. Lithium carbonate (CAS 554-13-
2) and tungsten trioxide (CAS 1314-35-8) (81-83%) were
purchased from Synth, while niobium pentoxide pentahydrate
(CAS 1313-96-8) and nitric acid P.A. (64-66%) (CAS 7697-37-2)
were obtained from A.C.S.

All solutions used in this work were prepared using ultrapure
water, obtained through the Milli-Q system (Millipore Corpo-
ration), and were prepared immediately before use.

2.2. Synthesis of LINbWO¢

The LiNbWO4 compound was synthesized by the solid-state
method, following a procedure adapted from Wu et al
(2022).** Stoichiometric amounts of WOj3, Li,COs, and Nb,Os-
‘5H,0 (in a 2:1:1 ratio) were mixed in a mortar, and the
resulting mixture was compacted into pellets. The pellets were
then placed in an alumina crucible and heated at 760 °C for 12
hours in a Lindberg/Blue M tubular furnace (6.0 kW-220 V).
After heating, the furnace cooled to room temperature. The
obtained pellets were then ground and mixed in a mortar and
reformed. The heating and cooling process was repeated, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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finally, the resulting LINbWOg was ground again and stored at
room temperature.

2.3. Synthesis of platinum nanoparticles decorated on
LINbWO, (PtNPs/LiNbWOy)

The catalyst was synthesized by dispersing 20 mg of LINbWOg in
5 mL of ultrapure water under magnetic stirring for 10 minutes to
ensure a uniform dispersion. Then, a specific volume of a plat-
inum stock solution was added, maintaining 3 mmol% of Pt
relative to the AB, and stirring was continued for an additional 10
minutes. Subsequently, 1.00 mL of a NaBH, solution
(1.00 mol L") was introduced into the system. After the reduction
reaction, the material was centrifuged at 4000 rpm for 7 minutes.
The obtained solid was washed with ultrapure water and centri-
fuged under the same conditions three times to ensure complete
removal of excess NaBH,. The synthesized catalyst was then used
in the hydrolysis reaction of NH;BH; for hydrogen gas production.

2.4. Characterization

X-ray diffraction (XRD) analysis was performed using a Bruker
D8-Discover diffractometer with Cu-Ka radiation (A = 0.1541
nm), with a 26 angular range of 10° to 50°.

Transmission Electron Microscopy (TEM) was conducted
using a Tecnai G2-20 SuperTwin FEI-200 kV microscope,
equipped with a Si-Li detector (EDAX) for Energy Dispersive X-
ray Spectroscopy (EDS) analysis.

Raman spectroscopy was performed using a micro-Raman
spectrometer (Renishaw 16 InVia) with a Nd-YAG laser (4, =
633 nm) and a 50x objective lens (Olympus B x 17 41). The
sample data acquisition time was set to 10 s.

Fourier-transform infrared (FTIR) spectroscopy was carried
out using a BRUKER ALPHA II spectrophotometer (USA)
equipped with an attenuated total reflectance (ATR) accessory in
the 400-4000 cm ™' range, with 16 scans and 4 cm ™" spectral
resolution.

Thermal characterization was performed using a Shimadzu
DTG60H thermobalance under an inert nitrogen atmosphere
with a flow rate of 50 mL min ™", over a temperature range of 30
to 800 °C. Simultaneous Thermogravimetric (TG) and Differ-
ential Thermal Analysis (DTA) data were collected. During the
heating cycle, the temperature was increased at a rate of 10 °
C min~". TG curves were differentiated to the first order (DTG)
to confirm thermal phenomena.

The nitrogen adsorption and desorption isotherm of
LiNbWO, was determined using the Nova 600 Series equipment
from Anton Paar. The samples were subjected to the degassing
process at 120 °C for 4 hours. The Brunauer-Emmett-Teller
(BET) method was used to calculate the surface area.

The zeta potential of materials at different pH values was
determined using the Malvern Zetasizer Nano ZS90 (Malvern,
UK) equipment. LiINbWO, and PtNPs/LINbWO, samples at
40 mg L' were prepared in 0.1 mol L' sodium chloride
solution and the pH was adjusted to different values (2, 4, 6, 8,
10 and 12) using HCI or NaOH solutions, both at 0.1 mol L™".

The catalyst's chemical composition and oxidation states
were analyzed using X-ray photoelectron spectroscopy (XPS).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Measurements were carried out with a Thermo Scientific K-
alpha system, equipped with a monochromatic Al anode
source operating at a Ko energy of 1486 eV.

The diffuse reflectance was measured using a Thermo
Scientific Evolution Array UV-vis spectrophotometer (Thermo
Fisher Scientific).

2.5. Hydrogen evolution from NH;BH;

A 20 mg mass of the freshly prepared Pt NPs/LiNbWO4 material,
containing 3 mmol% of Pt relative to AB, was dispersed in
2.00 mL of Milli-Q water and placed in a Schlenk tube. The tube
was connected to a water-filled burette, allowing the produced
gas to displace the water column, whose displacement was
measured during the reaction (Fig. S1). After assembling the
system, 1.00 mL of NH3;BHj; solution (0.580 mmol L") was
injected through the septum using a syringe. During the
experiments, the system was kept under constant stirring at
a controlled temperature of 27 °C (300.15 K) and atmospheric
pressure (0.93 atm).
The rate constant was determined according to eqn (2).

_ 3d[NH;BH;] _ d[H)]

k dt dt 2)

The activation energy was determined according to eqn (3).

E,

In(k) = In(4) RT (3)

where £ is the reaction rate constant, A is the pre-exponential
factor, E, is the activation energy in k] mol !, R is the
universal gas constant, and T is the temperature in Kelvin.

The Hydrogen Generation Rate (HGR) was calculated
according to eqn (4).

HGR = AV(H) (4)
At X My
where AV(H,) is the change in hydrogen volume in mL, At is the
time variation in minutes, and m., is the catalyst mass in
grams.

Several parameters influencing the reaction were evaluated:
(1) PtNPs dosage; (2) LINbWOg support dosage; (3) NH;BH;
concentration; (4) temperature; (5) presence of NaOH; (6)
material durability; and (7) kinetic isotope effect.

2.5.1 PtNPs dosage. The influence of PtNP dosage was
investigated using doses of 0.20, 0.50, 1.00, 3.00, and 5.00
mmol% relative to NH;BH;. During these experiments, other
parameters were kept constant: 10 mg of LINbWOg, 1.00 mL of
NH;BH; solution (0.580 mmol L™ %), and a temperature of
300.15 K.

2.5.2 Evaluation of LiNbWOs support dosage. Different
LiNDbWOg support masses were evaluated: 0, 10, 15, 20, and
30 mg. The fixed conditions included 3.00 mmol% of PtNPs,
1.00 mL of NH3BH; solution (0.580 mmol L"), and a tempera-
ture of 300.15 K.

2.5.3 Evaluation of NH;BH; NH;BH;
concentrations of 0.40, 0.50, 0.58, and 0.70 mmol L' were
evaluated. During the experiments, the fixed parameters were:

concentration.

RSC Adv, 2025, 15, 36127-36136 | 36129
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20 mg of LiNbWOg, 3.00 mmol% of platinum, and a tempera-
ture of 300.15 K.

2.5.4 Evaluation of temperature. The influence of temper-
ature was evaluated at 293.15, 300.15, 313.15, and 323.15 K,
while keeping the following parameters constant: 20 mg of
LiNbWOg, 3.00 mmol% of PtNPs, and 1.00 mL of NH3;BH;
solution (0.580 mmol L™).

2.5.5 Evaluation of NaOH concentrations. NaOH concen-
trations of 0.010, 0.025, 0.050, and 0.075 mol L™ were evalu-
ated, while other parameters remained constant: 20 mg of
LiNbWOg, 3.00 mmol% of PtNPs, 1.00 mL of NH;BH; solution
(0.580 mmol L"), and a temperature of 300.15 K.

2.5.6 Evaluation of material durability. After each catalyst
use cycle, the Schlenk tube was detached to reset the burette
before starting a new cycle. In each repetition, 1.00 mL of fresh
NH;BH; solution (0.580 mmol L~ ') was injected without
washing the catalyst. The fixed parameters were 20 mg of
LiNbWOg, 3.00 mmol% of PtNPs, and a temperature of 300.15
K. Durability was assessed over 10 consecutive cycles, which
were carried out under the same conditions.

2.5.7 Evaluation of kinetic isotope effect (KIE). To investi-
gate the catalytic reaction mechanism, 20 mg of freshly
prepared PtNPs/LiNbWOg, washed with isopropyl alcohol and
vacuum-dried, was added to a Schlenk tube containing 2.00 mL
of deuterium oxide (D,0). The tube was sealed with a septum
and connected to a water-filled burette. Then, 1.00 mL of
NH;BH; solution (0.580 mmol L) in deuterium oxide (D,O)
was introduced into the system. All reactions were conducted at
300.15 K. KIE was calculated according to eqn (5).

KH
KIE = ——

2.5.8 Experiments were conducted under four conditions.
(i) Absence of light, (ii) ambient natural light provided by
a tubular LED lamp (T8, 10 W, 6500 K), (iii) a UV chamber
(LUCMAT LAMPS, germicidal fluorescent lamp, 15 W GL, A =
100-280 nm), and (iv) in the presence of the hole scavenger
sodium oxalate at a concentration of 52.6 mmol L.

3. Results and discussion

3.1. Material characterization

The material was analyzed by X-ray diffraction, and the results
are shown in Fig. 1(a).

The solvent-free synthesis of LINbWOg was successful, as
evidenced by its tetragonal structure with space group P-421m,
which matches the reference pattern JCPDS 84-1764.%> The
corresponding crystal structure (lattice structure) is shown in
Fig. S2. The diffraction patterns of LINbWO, remained unaf-
fected after the incorporation of PtNPs, indicating the preser-
vation of its crystalline structure without significant
modifications. The absence of detectable Pt signals is likely
attributed to their low loading and high dispersion within the
matrix.

The solid-state method offers several advantages over
hydrothermal/solvothermal, sol-gel, coprecipitation, and other

36130 | RSC Adv, 2025, 15, 36127-36136
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Fig.1 (a) X-ray diffraction pattern, (b) FT-IR spectra, (c) Raman spectra
and (d) EDS spectra of LINbDWO6 and PtNPs/LiINbWOg.

wet-chemical methods. Firstly, it is a relatively simple and
scalable process that does not require complex solvents,
surfactants, or high-pressure vessels, which reduces costs and
technical complexity. Secondly, the solid-state reaction
promotes high crystallinity and phase purity due to the high
temperatures applied during synthesis. Additionally, this
method allows better control of stoichiometry by using precise
amounts of starting materials and avoids contamination that
can arise from solvent residues. Finally, the solid-state
approach is well-suited for producing bulk quantities of mate-
rials like LiNbWOg, making it advantageous for practical
applications and further processing.

Thermogravimetric analysis (TGA) of LiINbWO, was per-
formed (Fig. S3), revealing that the material remained stable up
to 800 °C, with a total mass loss of approximately 1.5%. The
tetragonal P-421m structure is known for its thermal stability
and does not typically decompose at temperatures below 800 °C.
The observed mass loss may be attributed to the release of
residual adsorbed, structurally bound, or strongly bound water
remaining in the material after synthesis.**

The LiNbWOg before and after PtNPs decorating were char-
acterized by FTIR (Fig. 1(b)). The characteristic bands of
LiNbWOg at 871 and 594 cm ™" were attributed to the stretching
vibrations of the Nb=0O and O-W-O bonds, respectively.*
These frequencies indicate that the lithium niobate tungstate
showed no significant differences in the overall position of the
bands after the deposition of PtNPs, despite small shifts in the
band positions. These shifts may suggest subtle interactions
between the Pt nanoparticles and the LiNDWOg structure,
without causing significant alterations in the material's overall
structure. W. Chen et al. (2018)* observed that the FTIR spec-
trum of platinum nanoparticles supported on carbon nano-
tubes (CNT) does not display the Pt-O vibrations, as
a consequence of the overlap of these peaks with those of the
CNT support. Similarly, Asim et al. (2020)* reported, based on
FTIR analysis, that the structure of Ni,P remained unchanged
after the deposition of platinum.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Raman spectra of LINbWOg and PtNPs/LiNbWO, are di-
splayed in Fig. 1(c), display similar bands. The bands between
400 and 100 cm™ " can be attributed to the bending vibration of
WO. The bands between 800 and 400 cm ™" are associated with
v(WO) vibrations. The »(W=0) stretching band is located at
955 cm ', and the »(Nb=0) band is at 884 cm ™. These results
are also consistent with those found by Fayad et al., (2020),*
who simultaneously monitored acidity and intercalation for
transition metal oxides into liquid media. Additionally, Bekkali
& Clet, (2025)*” used Raman spectroscopy for the discrimination
of materials in molybdate and tungstate layers operating at the
solid-liquid interface.

The surface charge and stability of the nanoparticles in
suspension were determined by Zeta potential ({), as shown in
Fig. S4, where LINbWOs exhibited a negative surface charge that
became more negative with an increase of pH, enhancing its
suspension stability, with { at pH 6 being —22.45 £ 2.76 mV. A
similar behavior was observed for PtNPs/LINDbWO,. Zeta
potential values higher than +30 mV or lower than —30 mV tend
to favor particle dispersion, while values close to zero promote
aggregation.®® Cordero-Edwards et al. (2016)* noted that, in
water adsorption studies on LiNbOj, a material structurally
similar to LINbWOg, the adsorption of hydroxyl groups (OH ") is
favored under certain polarization conditions, contributing to
the development of a negative surface charge.

Nitrogen physisorption analysis of LINbWOg was performed,
and the results are presented in Fig. S5. The material exhibited
a type II isotherm, which is characteristic of macroporous or
non-porous solids.* The specific surface area of LINbDWOg was
determined to be 1.013 m* g™, increasing to 2.730 m> g~ for
PtNPs/LINbWOg, as determined by the BET model. Similar
materials with structures related to LINbWO, have also shown
relatively low surface areas. For instance, B-BiNbO, presented
a surface area of 7.26 m> g~ when calcined at 700 °C,** while
LiNbOj; and LiNb;O; exhibited surface areas of 3.91 m> g~ " and
0.96 m* g ', respectively.

LiNbWOs was characterized by TEM, and the results are
shown in Fig. 2. The material exhibited a layered structure
(Fig. 2(a)). The interplanar distance of 0.33 nm (Fig. 2(b)), is
consistent with the value reported by Cheng et al.*®

The images show that the spherical PtNPs are uniformly
dispersed over the support (Fig. 2(c)). Fig. 2(d) shows that the Pt
nanoparticles have an average size of 2.80 £ 0.58 nm, as also
highlighted in the insert of Fig. 2(d). A similar particle size (2.8
nm) was reported by Uzundurukan & Devrim, (2019)* in their
work using platinum-supported carbon nanotube-graphene
hybrids for the hydrolysis of ammonium borane.

The XPS spectra of PtNPs/LiINbWOs are presented in Fig. 3.
The W 4f peaks centered at 35.8 and 37.8 eV (Fig. 3(c)) corre-
spond to the W 4f,, and W 4f;,, orbitals of tungsten in the +6
oxidation state (W°').** High-resolution analysis of the Pt 4f
region (Fig. 3(d)) shows two sets of doublets. The more intense
doublet, with binding energies at 71.3 eV (Pt 4f;,,) and 74.5 eV
(Pt 4fs,,), is characteristic of metallic platinum (Pt°).* The two
Nb3d peaks observed at approximately 207.5 and 210.2 eV
(Fig. 3(e)) correspond to Nb 3ds, and Nb 3ds,, respectively,
confirming that niobium is present in the +5 oxidation state

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pt4f, (e) Nb3d, (f) Ols signals.

(Nb°").* Fig. 3(f) shows the O 1s spectrum with binding energies
at around 530.6 and 532.3 eV, which are attributed to lattice
oxygen and adsorbed oxygen species, respectively.** These
robust characterizations confirm the identity of PtNPs/
LiNbWOs, qualifying the following tests for the catalytic
hydrogen production from the decomposition of ammonium
borane.

3.2. Hydrogen evolution from NH;BH;

The effect of the catalyst dose was initially evaluated (Fig. S6(a)).
A plot showing the data as a function of volume is presented in
Fig. S7. The increase of Pt NPs dose from 0.2 to 3 mmol%
enhanced the system's kinetics and raised the HGR from 1008
to 3458 mL H, min~* g~*. However, at 5 mmol%, no further
improvement in the hydrogen generation rate was observed.
This could be due to an excess of catalyst, which, due to its
tendency to agglomerate, may have interfered with the
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substrate's interaction with the active sites. Asim et al., (2023)*
employed platinum in combination with a metal phosphide
(Ni,P) to develop the Pt@Ni,P catalyst, which was subsequently
applied in the hydrolysis of ammonium borane. In their eval-
uation of catalyst dosage, the authors observed that the induc-
tion period was longer at lower catalyst concentrations and
decreased with increasing catalyst amounts, attributed to the
greater number of available active sites. The reaction order
determined by Asim et al. (2023)* was 1.20, which is consistent
with the value obtained in this study (1.16), as shown in
Fig. S6(b).

The hydrogen production from NH;BH; was assessed using
varying amounts of support, with the lowest efficiency observed
in the absence of any support (Fig. 4(a)). Metal nanoparticles are
inherently unstable and tend to aggregate into larger particles,
which limits their reusability and catalytic activity. An effective
strategy to mitigate this instability is the immobilization of Pt
NPs on supports with a high surface area.*®

To evaluate the effect of LINDWOg on the catalyst, experi-
ments were conducted with different amounts of material. It
was observed that increasing the amount of support enhanced
reaction efficiency, resulting in a HGR of 3974 mL H, min™* g *
(Fig. 4(b)). However, no further kinetic enhancement occurred
with amounts exceeding 20 mg. Therefore, 20 mg of LINbWO4
was selected for subsequent experiments. During hydrolysis in

H H
* oa0 coo| W07 F -
°
25 .°§"°° 00°°° | 3458 3480 -3
- 3 . - : -
3 ° & 3200 ' H -
z ,0 ] 5 ° b H S
o o3 o° £ : | E
& o o° E 2400 : i o
T 15 % o o PtNPs/support (10 mg) E | '
= @ o° o PtNPs/support (15 mg) = H H
o 10 S e o PtNPs/support (20 mg) G 1600 ! !
g M 8% o PtNPs/support (30 mg) I i :
so 9“ o PtNPs/No support i '
054 5@ Only support 800 H H
) i 1
8° \ H
0.0 | H
0 2 4 6 8 10 12 Control 10 15 20 30 Control
Time / min Support/ mg
Fig. 4 (a) Evaluation of the influence of LINbWOg support on

hydrogen evolution from NHzBHz (b) HGR for different amounts of
support. Conditions: 0.58 mmol of ammonium borane, 3 mmol% of Pt
NPs, temperature: 27 °C.
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the presence of the support, without Pt NPs, only a negligible
volume of gas was produced. This confirmed that the platinum
active sites on the catalyst surface play a crucial role in
promoting hydrogen generation from NH;BH;.

Fig. S8(a) shows the effect of AB concentration on the
hydrolysis reaction. The results indicate that the reaction rate
was not significantly affected by the AB concentration, sug-
gesting a reaction order close to zero with respect to AB. This is
further supported by the linear fit of In(HGR) versus In[AB],
which yielded a slope of —0.37, as shown in Fig. S8(b). A similar
behavior was reported by Guan et al., (2024),” who employed
a RuPt-Ti catalyst to investigate hydrogen atom activation
pathways during AB hydrolysis.

The addition of NaOH is known to enhance the electronic
properties of the catalyst and strengthen its interaction with
NH;BH3;, as reported by Wang et al. (2017).** Above a certain
concentration, NaOH present a negative effect on the reaction
rate, because its excess nanocatalyst coverage prevents the
substrate adsorption and activation.'®*** Indeed, as shown in
Fig. S9, increasing the NaOH concentration from 0 to 0.01 mmol
led to a progressive decrease in the hydrogen generation rate
(HGR), with the effect becoming more pronounced at higher
concentrations, as shown in Fig. S9(a) and (b). This reduction in
HGR may be attributed to the excessive presence of hydroxyl
ions, which can inhibit the reaction, a phenomenon also
observed by Sait Izgi et al. (2019),>* who noted that hydroxyl
concentrations above an optimal level negatively affect HGR.

The rate law was proposed after evaluating the catalyst
dosage and NH;BH; concentration, as shown in eqn (6). NaOH
was excluded because it influences the reaction rate negatively.

r =k x [catalyst]"'® x [NH;BH5] *%’ (6)

The hydrolysis reaction was carried out at different temper-
atures (from 293.15 to 323.15 K), and the results are shown in
Fig. S10. It is observed that the increase in the hydrogen
generation is proportional to temperature. Using the rate
constant data, the Arrhenius plot was constructed (Fig. S10,
insert). A linear regression model was fitted to the experimental
data, yielding a correlation coefficient (R*) of 0.9583. The

Table 1 Performance of different catalysts in hydrogen evolution from ammonia borane

Catalyst Temperature (°C)  “aE, PbHGR  Ref.
PtNi@SiO, 30 54.76 1475 53
Cobalt-tungsten-boron-phosphorus porous particles supported on Ni foam (Co-W-B-P/Ni) 30 29.0 4000 56
Polyacrylonitrile polymeric (PAN/CoAc) and metal oxide (Co;0,4/Nfs) nanofibrous structured 60 — 2540 57
composite

Nanostructured Co-Mo-B thin film (Co-Mo-B) 25 41.7 5100 58
NiCo nanorod array supported on copper foam 25 19.2 1030 59
P-induced Co-based interfacial phosphides (Co-CoP-NC/NF) 25 30.6 2500 60
Pt-Ni-Co trimetallic nanoparticles anchored on graphene oxide 35 43.22 540 52
Nickel-iron-phosphide catalysts supported on Ni foam (Ni-Fe-P/Ni foam) 30 42.0 700 61
Nij »5C00.750 nanowire array supported on Cu@CuO foam 25 — 4348 62
PtNPs/LiNbWO, 27 38.74 3974 This work

“1J mol*. » mL H, min—*-g ™.
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activation energy of 38.74 k] mol !, determined in this work, is
lower compared to some results in the literature (Table 1).
Mansur Ahmed et al. (2024)*> reported an activation energy of
43.22 k] mol " using Pt gNiy1C0, 1@GO. Qi et al. (2016)*® ob-
tained 54.76 k] mol ' with Pt@Ni core-shell nanoparticles.
These values confirm the high efficiency of the catalyst used in
this work.

Studies indicate that, in the mechanism of hydrogen gas
release, one hydrogen atom originates from ammonium borane
(AB) and the other from a water molecule. An effective approach
to identifying the rate-determining step (RDS) of the reaction is
the analysis of the kinetic isotope effect (KIE), as shown in eqn
(5). The KIE was evaluated for the Pt NPs/LiNbWOg system, and
the results are presented in Fig. 5. A KIE value of 6.76 was
observed. KIE values in the range of 2 to 7 typically indicate that
the RDS involves the formation or cleavage of a bond with the

0.0 4
H,0
D,0
0.2

KD = -0.06505x - 0.00029
0.4

-0.6

In [NH,BH,J/[NH,BH,],

KH = -0.43983x + 0.02954

Time / min

Fig. 5 Evaluation of the Kinetic Isotope Effect (KIE) in H,O and D,O
during the hydrogen evolution reaction from NHzBHs. Conditions:
support (20 mg); PtNPs/LiNbWOg catalyst (3.00 mmol%); NHzBH3
(0.500 mol LY.

A
VAY
<1O>
SR
He. ,
(a) & H-B—NH; Hydride transfer
3 H
ch — . H,+NH,BH,0H
LiINbWO,
e O\H Oxidative addition
H,
(b) NH,;BH,OH+H,0 7 .  NH,BH(OH),
PtNPs/LiINbWO,
HZ
(©) NH,BH(OH),+H,0 __/ ,  NH,B(OH),
PtNPs/ LINbWO,

(d) NH;B(OH); +H,0

NH,* + B(OH),

Fig. 6 (a) Schematic illustration of photocatalysis in the PtNPs/
LINbWOg system for ammonia borane hydrolysis, involving hydride
transfer and oxidative addition, leading to the generation of H, and
NHzBH,OH. (b) First hydrolysis step: NHz:BH,OH reacts with H,O,
releasing H, and forming NHzBH(OH), in the presence of PtNPs/
LINbWOg. (c) Second hydrolysis step: NHzBH(OH), reacts with H,0,
releasing H, and forming NHzB(OH)z. (d) Final step: NH3B(OH)s in
agueous medium yields NH,;" and B(OH)4 .

© 2025 The Author(s). Published by the Royal Society of Chemistry
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isotopically labeled atom. On the other hand, values between
0.7 and 1.5 suggest that no bond involving the substituted atom
is formed or broken during this step.> These findings indicate
that the step involving the water molecule is the rate-
determining step in the hydrogen release process.

In this context, the large KIE value implies that the step
involving the activation or cleavage of the O-H bond in the
water molecule is rate-limiting, rather than any step related to
AB. Thus, initial oxidative addition of B-H bond of AB on the Pt
surface rapidly forms a Pt-hydride in which this electron-rich
hydridic atom becomes hydrogen-bonded to a positively
charged hydrogen atom of water, weakening the involved water
O-H bond that is then cleaved by Pt in the rate-determining
step.’**® Based on these findings, a reaction pathway is
proposed (Fig. 6).

Experiments under light exposure were performed. The
hydrogen generation rate (HGR) followed the increasing order:
dark = in the presence of the hole scavenger < UV light <
natural light, highlighting the significant role of light exposure
in the process efficiency, as shown in Fig. S11. The mechanism
of hydrogen evolution from NH;BH; catalyzed by LiNbWOg
decorated with platinum nanoparticles (PtNPs) initially involves
the adsorption of NH;BH; on the surface of the PtNPs, while the
water molecule is activated on the LINbWOg support, gener-
ating reactive species that provide the protons essential for the
reaction. The synergistic interaction between the support and
the PtNPs allows the simultaneous transfer of hydrogens orig-
inating from NH;BH; and water to the catalytic surface, where
adsorbed atomic hydrogen is formed. The recombination of
these hydrogen atoms results in the release of molecular H,.
Water acts as a limiting factor in the process, indicating that the
availability of this reagent is crucial for reaction efficiency, as it
directly participates in the generation step of the hydrogens that
form hydrogen gas. Under light irradiation, the electronic
excitation of LINbDWOg generates electron-hole pairs, where the
holes, positively charged species with strong oxidizing power,
promote the partial oxidation of adsorbed water, facilitating the
breaking of the O-H bond and the generation of activated
protons. These protons are transferred to the PtNPs, where
recombination into molecular H, occurs. Experiments with hole
inhibitors demonstrated that catalytic activity under light was
similar to that observed in the dark, confirming that the pho-
tocatalytic effect is directly associated with the generation and
participation of holes. A schematic illustration of the reaction
mechanism is presented in Fig. 6.

The band gap of bare LINbWO, was measured to be 3.2 eV,
which is consistent with the value of 3.02 eV reported by Hu
et al. (2015).°* The PtNPs/LINbWO¢ composite, however,
exhibited a reduced band gap of 2.73 eV. The PtNPs employed
had an average size of 2.8 nm, which is small enough to create
strong electronic interactions with the semiconductor surface,
generating intermediate energy states that facilitate photon
absorption and enhance the separation of photogenerated
electron-hole pairs. Considering this band gap reduction,
photons with wavelengths shorter than ~450-430 nm (violet/
blue and UV) can effectively excite the semiconductor. The
superior performance observed under natural light compared to
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Fig. 7 Evaluation of different catalytic cycles in hydrogen evolution
from NHzBHsz mediated by PtNPs/LiINbWOg. Conditions: 20 mg of
support, 3 mmol% of PtNPs, 0.58 mmol of NHzBH=, and temperature:
27 °C.

the UV lamp can be attributed to its broader spectral distribu-
tion and higher intensity in this wavelength range, promoting
more efficient generation of electron-hole pairs and thus higher
H, evolution.

The durability and performance of the system were evaluated
and are shown in Fig. 7. A decrease in the hydrogen generation
rate (HGR) was observed from the first to the second cycle, after
which it remained stable over the following nine cycles.
However, the reaction yield remained consistent throughout all
ten cycles, indicating that hydrogen generation can be effec-
tively reinitiated by the reinjection of AB for at least ten
consecutive cycles. In Fig. S12 and S13, XPS analysis confirms
that the catalyst remained stable after use, which explains the
consistent performance over 10 consecutive cycles.

4. Conclusion

These results led us to conclude that LINbWOg was successfully
synthesized via a solvent-free solid-state method. This material
proved to be an efficient support for platinum nanoparticles in
the catalytic hydrolysis of ammonia borane for hydrogen
generation, achieving a hydrogen generation rate (HGR) of
3974 mL H, min~'-g~ ', a value comparable to those reported in
the literature. The stability of the catalyst was evaluated over 10
consecutive cycles, maintaining its catalytic efficiency, which
confirms its robustness. These results indicate that LINbWOy is
a promising material for hydrogen generation applications as
an energy source, contributing to the achievement of United
Nations Sustainable Development Goal (SDG) No. 7 — Affordable
and Clean Energy.
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