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Hydrazine borane (HB) has great potential as a safe and convenient hydrogen carrier material due to its
high hydrogen capacity (15.4 wt%) and good stability under ambient conditions. However, efficient hydro-
gen production through complete decomposition of hydrazine borane at low temperatures (<373 K) con-
stitutes a major challenge. Herein, we report the successful immobilization of monodisperse Rh nano-
particles on MgO solid support, leading to the formation of the Rh@MgO catalyst. This developed catalyst
exhibits outstanding catalytic performance in the dehydrogenation of HB, achieving a remarkable turnover
frequency (TOF) of 2005.34 h™ at 50 °C with 100% H. selectivity, despite containing only 2 wt% Rh.
Comparative experiments with Rh on various metal—oxide nanoparticles, other transition metal catalysts
on MgO, and Ni grown on MgO in both single-phase and bimetallic forms reveal that Rn@MgO consist-
ently outperforms these alternatives. The exceptional catalytic activity is attributed to the synergistic inter-
action between Rh and MgO, which involves several key factors: the homogeneous dispersion of
ultrafine, monodisperse Rh particles enhances catalytic efficiency; the proximity of the work functions of
Rh and MgO results in a low-energy Schottky barrier that facilitates electron transfer; and the localization
of electrons in surface defects of MgO aligns with the Fermi level of Rh, further promoting electron trans-
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fer through Fermi level pinning (FLP). The combination of low Rh content and cost-effective MgO support
presents a promising pathway for both laboratory-scale research and practical industrial applications,
highlighting the potential of the Rh@MgO catalyst as an efficient and economically viable solution for

rsc.li/frontiers-inorganic catalytic processes.
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1.

Today, the majority of global energy demand is met by burning
fossil fuels, which releases significant amounts of greenhouse
gases into the environment, contributing to global warming."* In
this context, hydrogen gas (H,) is recognized as a clean energy
vector that can address global energy problems and reduce
environmental pollution caused by fossil fuel use due to its abun-
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dance, clean-burning properties, and high energy intensity (142
MJ kg™"). However, the low density and explosive nature of H,
make it difficult to store and transport in compressed form, pre-
senting a major challenge to its growing popularity as an energy
carrier.*”” Among various hydrogen storage solutions, chemical
hydrogen storage materials have garnered significant attention
due to their high gravimetric/volumetric capacity for hydrogen
storage and safety compared to physical hydrogen storage.®™**
Hydrazine borane (N,H,BH;) has garnered attention as a
promising chemical hydrogen storage material due to its high
volumetric hydrogen capacity of 15.4 wt% and its safe storage
and transportation characteristics. The compound can be com-
pletely converted into hydrogen through a series of dehydro-
genation reactions.’**® Specifically, the BH; group undergoes
hydrolysis, yielding boric acid and hydrogen (eqn (1)), while
the N,H, moiety decomposes to produce nitrogen gas and
hydrogen (eqn (2)) and can also decompose further to produce
ammonia and nitrogen (eqn (3)). The overall process theoreti-
cally allows one mole of N,H,BH; to produce five moles of
hydrogen and one mole of nitrogen. This results in a gravi-
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metric hydrogen storage capacity (GHSC) for the N,H,BH;-
3H,0 system of 10.0 wt%, which is superior to that of other
hydrogen storage materials such as NaBH,-4H,0 (7.3 wt%)
and NH;BH;-4H,0 (5.9 wt%). Despite the efficient hydrolysis
of the BH; group, the decomposition of the N,H, component
is relatively slow, even with catalysts, and may produce unde-
sired ammonia.'®*®

N,H,BH;(s) + 3H,0(1) — NyHa(aq) + H3;BO3(1) + 3Ha(g) (1)
N,Hy(aq) — Ny(g) + 2Hx(g) (2)

3N,H,(aq) — 4NH;3(g) + Ny(g) (3)

A wide range of metal-based nanocatalysts have been
explored for hydrogen generation from the decomposition of
hydrazine borane (HB),"®"** with particular focus on catalysts
containing platinum group metals such as Pt,'>>%2372% Rh 67
and Ru.**° These catalysts are known for their exceptional
efficiency in hydrogen production, even at very low metal con-
centrations. Despite the scarcity and high cost associated with
platinum group metals, their use as catalysts in HB decompo-
sition remains highly significant due to their unparalleled
catalytic performance.’"**> Recently, nano-metal particles have
garnered considerable attention for their unique properties
that differ from those of their bulk counterparts. However,
these nanoparticles (NPs) are prone to aggregation due to their
high surface energy, which can diminish their active surface
area and reduce the availability of catalytic sites.>*?* To
enhance the stability of metal NPs, various strategies have
been employed, including the use of surfactants or the incor-
poration of support materials with large specific surface areas,
including MOFs,*>” zeolites,*® and metal oxides.*’

Magnesium oxide (MgO) has recently emerged as a highly
effective support material for heterogeneous catalysis, attract-
ing attention due to its unique properties, such as its large
surface area, basicity, and crystal structure.’®*' These charac-
teristics make MgO particularly suitable for enhancing the dis-
persion and stability of metal nanoparticles (NPs), which are
crucial for maintaining high catalytic activity.**** In the
context of hydrogen production from hydrazine borane (HB),
the basic sites of MgO play a pivotal role in promoting dehy-
drogenation by facilitating the cleavage of N-H bonds, thereby
improving the selectivity towards hydrogen and nitrogen for-
mation. Hence, immobilizing metal nanoparticles on an MgO
support may enhance the catalytic performance in the dehy-
drogenation of HB. Based on this motivation, we addressed
herein a facile synthesis of rhodium nanoparticles supported
on MgO, which will hereafter be referred to as Rh/MgO, and
their superior catalysis for the complete dehydrogenation of
HB. To this end, the Rh/MgO catalyst was simply and reprodu-
cibly prepared using the surfactant-free deposition-reduction
technique.*” The resulting Rh/MgO catalyst was characterized
by using a combination of multipronged techniques including
inductively coupled plasma optical emission spectroscopy
(ICP-OES), powder X-ray diffraction (PXRD), X-ray photo-
electron spectroscopy (XPS), field-emission scanning electron
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microscopy (FE-SEM), and transmission electron microscopy
(TEM) analyses. The catalytic performance of Rh/MgO in terms
of activity, selectivity and stability has been tested in the cata-
Iytic decomposition of HB under air at 323 K. It was found that
the Rh/MgO catalyst exhibits a record catalytic activity in the
complete dehydrogenation of HB featuring an initial turnover
frequency (TOF) value of 2005.34 h™" at 323 K, which is the
highest TOF value among all heterogeneous catalysts reported
to date for this reaction (vide infra). To the best of our knowl-
edge, Rh/MgO is the first example of a monometallic catalyst
that achieves complete decomposition of HB with 100% dehy-
drogenation selectivity under mild conditions.

2. Materials and methods

2.1. Materials

Rhodium(m) chloride hydrate (RhCl;-3H,0), magnesium oxide
(MgO), titanium dioxide (TiO,), cerium dioxide (CeO,), zirco-
nium dioxide (ZrO,), aluminum oxide (Al,O3), hydrotalcite
(HTaL), ethanol (C,HsOH), hydrazine hemisulfate
(H,NNH,-0.5H,50,), sodium borohydride (NaBH,), dioxane
(C4Hg0,) and n-pentane (CsH;,) were purchased from Sigma-
Aldrich®. Hydrazine borane (N,H,BH3) was synthesized by fol-
lowing previously reported protocols. Deionized water was dis-
tilled using a water purification system (the Milli-Q water puri-
fication system). All chemicals were used as received and
without further purification.

2.2. Characterization

Rhodium (Rh) contents of the sample were determined by
ICP-OES (PerkinElmer DRC II model) after each sample was
completely dissolved in a mixture of HNO;/HCl (v/v = 1/3).
Powder X-ray diffraction (PXRD) patterns were recorded with a
Rigaku Ultima IV diffractometer using Cu-Ka radiation (wave-
length 1.54 A, 40 kV, 55 mA). SEM analyses were conducted by
using the Quanta 400F field emission SEM. The EDS system and
the Inca software were exploited to acquire and process
SEM-EDS data. A TEM sample was prepared by dropwise
addition of the a dilute catalyst suspension on a copper-coated
carbon TEM grid followed by the evaporation of the solvent.
Conventional TEM measurements were carried out on a JEOL
JEM-200 CX transmission electron microscope operating at 120
kv. XPS measurements were performed via a Physical
Electronics 5800 XP spectrometer equipped with a hemispheri-
cal analyzer and a monochromatic Al-Ka X-ray source (1486.6 €V,
15 kv, and 350 W, with a pass energy of 23.5 eV). Gas adsorp-
tion/desorption isotherms were obtained by wusing a
Micromeritics Tristar II Plus surface area and pore size analyzer.

2.3. Preparation of Rh/MgO

The Rh/MgO catalyst was prepared by using a surfactant-free
deposition-reduction technique.*> In a typical experiment,
50 mL of an aqueous solution containing RhCl;-3H,0
(13.52 mg, 0.06 mmol) and solid support (100 mg of MgO) was
mixed for 3 h. Then, fresh aqueous NaBH, solution (1.0 mL,
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11 mg, 0.30 mmol) was added to this mixture and the resulting
solution was stirred for half an hour under ambient con-
ditions. After centrifugation (6000 rpm, 5 min), copious
washing with water (3 x 20 mL), filtration, and drying in a
vacuum oven at 373 K and 1072 Torr, Rh/MgO was obtained as
a gray powder.

2.4. Testing the catalytic activity of Rh/MgO in the
dehydrogenation of hydrazine borane

The catalytic activity of Rh@MgO in the dehydrogenation of
HB was determined by volumetric measurement of the rate of
gas evolution. The volume of released gas during the reaction
was monitored using a gas burette through water displace-
ment.*® Before starting the catalytic activity tests, a jacketed
one-necked reaction flask (50.0 mL) containing a Teflon-coated
stirring bar was placed on a magnetic stirrer (Heidolph
MR-3004) whose temperature was adjusted by circulating water
through its jacket from a constant temperature bath. In a
typical catalytic activity test, the Rh@MgO catalyst was
weighed and transferred into the reaction flask, and then
9.5 mL of H,0 was added into the reaction flask followed by
rigorous stirring for 15 min to achieve thermal equilibrium.
Next, 0.5 mL of aqueous HB solution was added into the reac-
tion flask via its septum using a 1.0 mL gastight syringe, and
the catalytic reaction was started (¢ = 0 min) by stirring the
mixture at 900 rpm and 323 K. Gaseous products were first
passed through the HCI (0.1 M) trap to ensure NH; absorption.
The volume of the remaining H, along with that of N, was
monitored using the gas burette through water displacement.
Then, the molar ratio (1) was calculated as 1 = n(H, + N,)/
n(N,H,BH;) by the total volume of H, and N,. Hydrogen
selectivity («) for N,H,BH; dehydrogenation (N,H,BH; + 3H,0
— B(OH); + (3 + 2a)H, + (2a + 1)/3N, + 4(1 — a)/3NH;) was
obtained by using the following equation:*”

:3/1710 _ n[H, + Ny E<ﬂ<6
8 n[N2H4BH3] -

3

The catalytic durability of the Rh@MgO catalyst in HB dehy-
drogenation was evaluated by recyclability experiments. The
recyclability of Rh@MgO in the dehydrogenation of HB was
determined by performing a series of experiments started with
an aqueous HB solution at 323 K. Immediately after HB con-
version was achieved in the 1st catalytic run, another equi-
valent amount of fresh HB was added to the reaction mixture,
leading to more gas formation, which demonstrated the re-
usability of the catalyst.

3. Results and discussion
3.1 Catalyst characterization

The Rh@MgO catalyst was synthesized using a surfactant-free
deposition-reduction method.”> In a typical experiment,
5.0 mL of an aqueous solution containing RhCl;-3H,0
(13.52 mg, 0.06 mmol) was mixed with 100 mg of MgO solid
support and stirred for 3 hours. Subsequently, a fresh aqueous
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solution of NaBH, (1.0 mL, 11 mg, 0.30 mmol) was added to
the mixture and stirred for 30 minutes under ambient con-
ditions. The resulting solution was then centrifuged (5 min,
6000 rpm), followed by thorough washing with water and
ethanol (three times, 20 mL each). The solid was filtered and
dried at 373 K under vacuum (1072 Torr) in an oven, yielding
Rh@MgO as a gray powder (Fig. 1a). Composite catalysts were
prepared with initial Rh loadings of 1, 2, 4, and 8 wt%. Based
on the catalytic performance results (discussed below) and the
high cost of rhodium, further experiments were conducted
using Rh@MgO with 2 wt% Rh. Consequently, the structural
characterization presented below focuses on this catalyst
composition.

The Rh@MgO catalyst was characterized using various
microscopic and spectroscopic techniques to elucidate its mor-
phology, particle size distribution, and elemental composition.
The SEM images (Fig. 1b) reveal the surface morphology of the
Rh@MgO catalyst. The micrographs demonstrate uniform dis-
tribution of particles on the MgO support, with no significant
agglomeration, indicating successful dispersion of the Rh
nanoparticles across the MgO surface. Further insights into
the particle size and distribution of the Rh nanoparticles were
obtained using TEM analysis (Fig. 1c). The TEM images reveal
well-dispersed Rh nanoparticles with a narrow size distri-
bution. The average particle size of the Rh nanoparticles,
measured from the TEM images, was found to be approxi-
mately 2.55 nm, indicating the effectiveness of the synthesis
method in controlling nanoparticle size (Fig. 1f). The
SEM-EDX elemental maps illustrate a homogeneous distri-
bution of Rh throughout the MgO matrix, verifying that the Rh
nanoparticles are evenly dispersed and attached on the MgO
support (Fig. 1d). The Rh content in Rh@MgO, calculated as
1.65 wt% from elemental mapping and 1.54 wt% from
ICP-OES analysis, shows good agreement with each other and
with the initial 2 wt% Rh added during the synthesis.

The crystalline structure of the Rh@MgO catalyst was inves-
tigated using PXRD, as shown in Fig. 2a. The diffraction
pattern exhibits characteristic peaks corresponding to the
MgO phase being rock salt structured and crystallized in the
cubic Fm3m space group.*® No additional peaks corresponding
to Rh metal or Rh oxides are observed, suggesting that the Rh
nanoparticles are either of very low concentration or well-dis-
persed on the MgO surface, making them undetectable by
PXRD. The surface composition and chemical state of the
elements present in the Rh@MgO catalyst were examined
using XPS. The survey spectrum in Fig. 2b shows peaks corres-
ponding to Mg, O, and Rh, indicating the presence of these
elements on the catalyst surface. The lack of notable peaks
from other impurities indicates that the Rh@MgO catalyst is
highly pure. The Rh peak further confirms the successful
deposition of Rh onto the MgO support, while the strong Mg
and O peaks correspond to the underlying MgO structure.
High-resolution XPS spectra of the Rh (3d) region, presented
in Fig. 2c¢, provide insights into the oxidation state of Rh in the
Rh@MgO catalyst. The Rh (3d) spectrum reveals two distinct
peaks at binding energies of 306.2 and 311.1 eV, corres-

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi02575j

Open Access Article. Published on 21 November 2024. Downloaded on 4/3/2026 12:35:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Inorganic Chemistry Frontiers Research Article

«
-
(=]
o
o
Q
-

-0 O
r-wy

(6000rpm 5 mins) 102Torr
3X - Water 12 hours

—0-9-0—
09
o9 e
®09

8

D(nM)=2.55 + 0.22
9.6K
8.4K
7.2K
154
6.0K

4.8K

Frequency (%)

3.6K

24K

1.2K

0.0K

0.0 5.2 2 1 2 3 4 5

Particle size (nm)

Fig. 1 (a) Schematic illustration of the preparation of the Rh@MgO catalyst. (b) SEM images of the Rh@MgO catalyst with scale bars from left to
right: 1 pm, 200 nm, and 40 nm. (c) TEM images with scale bars from left to right: 200, 100, and 50 nm. (d) SEM image with corresponding EDX
elemental mapping (scale bar: 500 nm) and (e) EDX spectrum. (f) TEM image-derived particle size distribution of the Rh nanoparticles.

ponding to Rh (3ds/,) and Rh (3ds),), respectively. These peaks MgO surface. However, the peak observed at 308.5 eV can be
are characteristic of Rh in its metallic state (Rh®), indicating attributed to Rh®' 3ds/,, indicating the presence of Rh,0s;,
that the Rh nanoparticles remain in a reduced state on the which likely results from the surface oxidation of Rh(0) nano-
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(a) Experimental PXRD patterns of MgO and Rh@MgO and a simulated PXRD pattern of MgO. (b) XPS survey of Rh@MgO. (c) Rh (3d) XPS

spectra of Rhn@MgO. (d) Nitrogen adsorption isotherms of MgO and Rh@MgO.

particles during the XPS sampling procedure.*™"

Furthermore, in the Rh@MgO catalyst, the Rh (3d) peaks
exhibit a shift to lower binding energies (from 311.85 and
307.14 eV in metallic Rh to 311.1 and 306.2 eV),”>”* suggesting
an increase in electron density on Rh due to electron transfer.
This shift provides evidence for charge transfer at the Rh-MgO
interface, enhancing the catalytic performance through elec-
tron enrichment of the Rh active sites. BET surface area
measurements, obtained from N, isotherms at 77 K, show that
MgO has a specific surface area of 76 m> g”', while Rh@MgO
has a slightly lower specific surface area of 73 m”> g~* (Fig. 2d).
This decrease in surface area upon Rh loading suggests a
partial blockage of the MgO surface by Rh, although the

overall surface area remains relatively large, indicating
minimal impact on the porosity of the support.
Computational studies on Rh@MgO systems>*~>° align with

our experimental findings, demonstrating that Rh preferen-
tially binds to oxygen sites on MgO (001) with significant
adhesion energy, particularly at low coverages, resulting in
stable dispersion. This is supported by SEM and TEM results,

346 | Inorg. Chem. Front,, 2025, 12, 342-354

which show well-dispersed Rh nanoparticles. Additionally, XPS
analysis reveals Rh predominantly in its metallic state (Rh°)
with minor surface oxidation, consistent with computational
results indicating that Rh retains its metallic character on
MgO with only slight oxidation tendencies. This stable and
well-dispersed Rh distribution is key to the effective perform-
ance of the catalyst.

3.2 Catalyst performance

Before conducting catalytic performance assessments, prelimi-
nary experiments were carried out to optimize sodium hydrox-
ide (NaOH) concentration, as it plays a crucial role in promot-
ing hydrazine borane (HB) decomposition. The addition of
OH~ promotes the reduction of undesirable N,H;" (N,H;" +
OH™ - N,H, + H,0), further facilitating hydrazine decompo-
sition. The alkaline environment thus aids in breaking N-H
and N-N bonds, promoting the formation of N, and H, while
suppressing the generation of ammonia (NH;).?” According to
the results (Fig. 3a), the Rhn@MgO catalyst alone was unable to
dehydrogenate the N,H, component without NaOH, only cata-

This journal is © the Partner Organisations 2025
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lyzing the hydrolysis of the ~-BH; group. Increasing NaOH con-
centration initially enhanced both the rate and conversion of
the catalytic reaction, with optimum performance observed at
5.0 M. Beyond this concentration, catalytic activity decreased,
likely due to the poisoning of active Rh centers by hydroxyl
ions, which interact electrostatically with the metal surface
(Fig. 3a).”® Based on these findings, an NaOH concentration of
5.0 M was selected for further catalytic experiments.

Following the identification of the optimal base concen-
tration, we proceeded to evaluate the effectiveness of different
rhodium (Rh) molar ratios in Rh nanoclusters for the complete
decomposition of hydrazine borane. Various molar ratios of
Rh in the Rh@MgO catalyst were tested under consistent con-
ditions to assess catalytic efficiency and conversion rates.
Analysis of the data presented in Fig. 3b revealed: (i) the 1%
Rh molar ratio catalyst exhibited markedly lower efficiency
compared to higher Rh ratios, and (ii) the Rh@MgO catalysts
with 2% and 4% Rh loadings showed comparable efficiencies
(Fig. 3b). However, due to the high cost of the precious metal
rhodium and considerations of atom economy, further experi-
ments were conducted with the catalyst containing 2 wt% Rh.
Additionally, in order to determine the role of the MgO
support in the performance of the catalyst, catalytic tests were
conducted on both MgO alone and a physical Rh/MgO
mixture. The results show that while MgO alone exhibits no
activity and the Rh/MgO mixture has limited efficiency due to
Rh nanoparticle agglomeration, the Rh@MgO catalyst effec-
tively prevents agglomeration, resulting in significantly
enhanced catalytic performance for the dehydrogenation of
hydrazine borane (Fig. S27).

The composition of the gas produced during the Rh@MgO-
catalyzed dehydrogenation of hydrazine borane was analyzed
using mass spectrometry, confirming that it consisted exclu-
sively of hydrogen (H,) and nitrogen (N,) in a molar ratio of
5.0/1.0. Consistent gas volumes were observed both in the
absence and presence of an HCI trap, indicating no ammonia
(NH;3) was produced during the reaction (Fig. 3c). This con-
firms that the Rh@MgO catalyst facilitates the generation of
ammonia-free hydrogen from hydrazine borane in an aqueous
alkaline environment. The Rh@MgO catalyst, containing

This journal is © the Partner Organisations 2025

2 wt% Rh, exhibits exceptional performance, achieving com-
plete conversion (100%) and a high turnover frequency
(2005.34 h™"), surpassing many catalysts reported in the
literature>*¢26°9°%1 (also see Table S1t). Additionally, its com-
position, featuring a relatively inexpensive and readily available
single-metal support, offers a significant advantage over the
more complexly designed catalysts commonly found in aca-
demic and industrial research.

Upon establishing the optimal base concentration, detailed
kinetics studies were conducted to ascertain the effects of both
catalyst and substrate (hydrazine borane, HB) quantities on
the catalytic reaction rate. These studies dissected the com-
plete degradation reaction of hydrazine borane into two
primary stages: the initial hydrolysis of the BH; moiety fol-
lowed by the subsequent decomposition of the N,H, moiety,
each analyzed separately in the kinetics experiments.®’ The
results depicted in Fig. 4a illustrate the outcomes of these
experiments, where the complete decomposition reaction of
an equivalent amount of hydrazine borane (100 mM, 23 mg)
was examined at a constant temperature (50 °C) using the
Rh@MgO catalyst at varying molar ratios of active metals. The
plot shows the ratio of released gases (H, + N,) to the molar
concentration of hydrazine borane versus time. As anticipated,
an increase in catalyst concentration led to an increased rate
of the catalytic reaction. This increment is further explored
through the graph of the logarithmic values of the initial rate
constants (kops) versus the catalyst concentration, as shown in
Fig. 4b. The analysis yielded slopes of 0.41 for part 1 (hydro-
lysis of BH3) and 1.94 for part 2 (decomposition of N,H,), indi-
cating that part 1 is first order and part 2 is second order in
relation to the Rh concentration within the catalytic complete
degradation reaction of hydrazine borane.

Further investigations explored the impact of hydrazine
borane (HB) concentration on the catalytic reaction rate, with
kinetics studies conducted by varying the initial HB amounts
while keeping the catalyst concentration (1.5 mM) and temp-
erature (50 °C) constant. As shown in Fig. 4c, the complete
catalytic decomposition of HB at different starting substrate
concentrations reveals distinct behaviors in two phases of the
reaction. The plot of gas released (H, + N,) relative to the
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molar concentration of HB over time shows that the reaction
rate in part 1 remains approximately constant across all sub-
strate concentrations, indicating zero-order kinetics with
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decline

respect to HB. In contrast, part 2 demonstrates a noticeable
in the reaction rate as substrate concentration
increases, suggesting a negative-order kinetics behavior, likely
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due to substrate inhibition or saturation effects. The slopes
obtained from the logarithmic plots of rate constants (kops)
versus substrate concentration, as shown in Fig. 4d, were
0.0017 for part 1 and —1.14 for part 2, further confirming the
distinct kinetics mechanisms governing each phase of the
reaction.

To further investigate the dependency of the Rh@MgO-cata-
lyzed complete degradation reaction of hydrazine borane (HB)
on both catalyst and substrate concentrations at varying temp-
eratures, and to calculate activation parameters such as acti-
vation energy (E,), activation enthalpy (AH"), and activation
entropy (AS"), experiments were conducted with constant con-
centrations of Rh@MgO and HB at different temperatures. The
results, shown in Fig. 4e, reveal that the reaction rates for both
parts of the catalytic process increase with rising temperature,
consistent with typical kinetics behavior. The calculated rate
constants were used to construct Arrhenius and Eyring plots,
as shown in Fig. 4f and g. These plots yielded activation ener-
gies of 19.6 k] mol™" for part 1 and 94.7 k] mol™" for part 2,
with the lower activation energy of part 1 indicating a faster
and more energy-efficient process than the slower, higher-
energy part 2.

From the Eyring-Polanyi analysis, the activation parameters
were derived, showing activation enthalpy (AH") values of
AH™ =16.89 k] mol™ for part 1 and AH" = 92 kJ mol™" for
part 2. The corresponding activation entropy (AS") values were
AS™ = —157.05 ] mol™ K" for part 1 and AS** =29.59 ] mol™*
K" for part 2. The negative entropy value for part 1 suggests
an associative mechanism, where the transition state is more
ordered, likely involving the hydrolysis of BH;. In contrast, the
positive entropy value for part 2 indicates a dissociative mecha-
nism, possibly involving the decomposition of N,H,, where
the transition state is more disordered.

Additionally, turnover frequencies (CF) calculated at
different temperatures (313, 318, 323, 328, and 333 K) provide
further insights into the reaction dynamics. Part 1, which
involves the hydrolysis of BHj, exhibits significantly higher
turnover frequencies, confirming its faster catalytic activity.
Part 2, which is associated with the decomposition of N,H,,
shows lower turnover frequencies, with the basic nature of the
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Fig. 5
the 5th cycle and (c) particle size distributions obtained from this image.
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environment playing a critical role in affecting the overall reac-
tion rate. In summary, the kinetics and thermodynamics data
indicate that part 1 proceeds via an energy-efficient, associative
mechanism with low activation energy, while part 2 follows a
dissociative mechanism with significantly higher energy
requirements, reflecting the complexity of nitrogen release.

The catalytic stability of the Rh@MgO catalyst was rigor-
ously evaluated through a series of recyclability experiments.
These experiments, documented in Fig. 5, showed that when
all HB was converted into N, and H, in a given cycle, an equi-
valent amount of fresh HB was added to the system, and the
reaction was continued for up to five consecutive cycles.
Despite a reduction in the catalyst activity due to partial de-
activation—such as potential surface poisoning, structural
changes, or minor agglomeration of the Rh nanoparticles—
Rh@MgO continues to achieve full hydrogen yield in the dehy-
drogenation of HB, maintaining 100% selectivity (Fig. 5a).
Post-recycling, TEM, XPS and ICP-OES analyses of the recov-
ered Rh@MgO catalyst and reaction solution confirmed
minimal leaching and agglomeration (Fig. 5b and c, Fig. S37),
underlining the robustness and stability of the Rh@MgO cata-
lyst in the complete degradation reaction of hydrazine borane
over multiple cycles.

To further elucidate the superior catalytic activity of the
Rh@MgO catalyst, a comprehensive set of comparative studies
was conducted. Initially, monometallic clusters consisting of
Pt, Ir, Mo, and Ni, along with 2% by mass Rh, were synthesized
on MgO supports. Under identical reaction conditions,
Rh@MgO demonstrated enhanced performance in the com-
plete decomposition of hydrazine borane (HB) compared to
other monometal@MgO catalysts (Fig. 6a). Subsequently, to
assess the impact of the solid support material, Rh@MgO cata-
lysts were developed using alternative supports including TiO,,
Ce0,, Zr0,, Al,03, SiO,, and HTaL (hydrotalcite) at comparable
ratios and subjected to the same reaction conditions for the
degradation of HB. The outcomes revealed that Rh@MgO
exhibited the highest catalytic activity among these configur-
ations (Fig. 6b), with TEM imaging confirming that Rh@MgO
featured the smallest Rh particle size and the most uniform
distribution (Fig. S11). In the final phase of the study, to evalu-
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(a) Comparison of the catalytic performance of the Rn@MgO catalyst for five consecutive catalytic cycles. (b) TEM image of the catalyst after
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ate cost-effectiveness, Ni,Rh(1 — x) (x = 0.0, 0.25, 0.5, 0.75, and
1.0) bimetallic catalyst clusters were synthesized on MgO sup-
ports, integrating nickel known for its catalytic prowess. The
results indicated that the monometallic Ni; (@MgO and the
bimetallic Ni, ;5Rhg ,5@MgO catalysts primarily facilitated the
hydrolysis of the BH; moiety (part 1) but did not exhibit com-
plete catalytic activity. Conversely, Rh; @MgO, along with bi-
metallic Niy ,5Rh 7,5@MgO catalysts, achieved a 100% yield in
catalytic activity. However, the activity rate of Rh; (@MgO was
significantly superior to those of the bimetallic variants
(Fig. 6¢).

The remarkable catalytic performance of Rh@MgO in the
dehydrogenation of hydrazine borane (HB) can be attributed
to the synergistic interaction between Rh and the MgO
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electron density, making them highly reactive towards elec-
tron-deficient Rh atoms. These O~ ions serve as electron
donors, interacting with the d-orbitals of Rh, allowing the Rh
atoms, particularly at low coverages, to preferentially bind to
the oxygen sites on the MgO surface. This binding is driven by
a combination of charge transfer and polarization effects, with
charge transfer playing a dominant role in stabilizing the Rh
atoms. Additionally, the low surface energy of MgO provides a
stable platform for Rh adsorption without inducing significant
structural changes to the surface, ensuring a uniform and well-
dispersed distribution of Rh nanoparticles.>***** This
uniform dispersion enhances the performance of the catalyst
by preventing Rh agglomeration and maximizing the available
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Fig. 7 Energy band diagram of Rh and MgO: (a) before and (b) after contact. (c) Illustration depicting the energy levels of various states of MgO. (d)
Illustration of the Fermi level-pinned state at the Rh@MgO interface. (e) Schematic diagram of the proposed mechanism for Rh@MgO-catalyzed

dehydrogenation of hydrazine borane (HB).
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surface area for catalytic reactions. Furthermore, the stability
of the MgO surface contributes to the strength of the Rh-O
bond, as MgO is resistant to significant surface reconstruction
or new defect formation. As a result, Rh atoms interact with a
well-defined, stable surface, which facilitates uniform binding
and promotes high catalytic activity.

From a mechanistic perspective, in reactions where electron
donation is required, such as dehydrogenation, it is important
that the work function, defined as the energy difference
between the Fermi level (Er) and the vacuum level, is low.
When a transition metal and a support come into contact, as
in the Rh@MgO catalyst, a Schottky barrier forms at the metal/
metal oxide interface, with its height determined by the differ-
ence in their work functions (¢™ — $°*PP°™) (Fig. 7a). This
barrier acts as a potential energy barrier for charge carriers,
particularly electrons, and plays a crucial role in determining
electron movement across the interface. A lower Schottky
barrier enables smoother electron flow, which can enhance
reaction rates by allowing electrons to move more freely
between the metal and the substrate (Fig. 7b). Conversely, a
higher barrier impedes electron movement, reducing catalytic
efficiency.®>*® In the case of Rh@MgO, the reported work
functions are close: approximately 5.2 eV for Rh®” and 5.0 eV
for Mg0.%® This minimal difference suggests a low Schottky
barrier at the Rh@MgO interface, likely promoting efficient
electron transfer from MgO to Rh, contributing to enhanced
catalytic performance. Additionally, experimental evidence
suggests that metal nucleation typically occurs preferentially at
defects rather than on the well-ordered terraces of oxide sur-
faces, with oxygen vacancies or color centers (F-centers)
playing a crucial role®>® (Fig. 7c). During the growth of Rh
clusters on the MgO surface, Rh atoms interact with the ter-
races of the oxide support.”® Electrons localize in these
vacancies, and the energy levels of these electrons align with
the Fermi level of Rh, a phenomenon known as Fermi level
pinning (FLP)®® (Fig. 7d). This results in a significant
reduction in the work function of MgO. Thus, there could be
an intensive electron transfer from MgO to Rh, which pro-
motes the decomposition of N,H, by breaking N-H bonds,
making Rh more reactive towards hydrazine borane (HB)*
(Fig. 7e).

4. Conclusion

In summary, we successfully immobilized monodisperse Rh
nanoparticles on an MgO solid support, resulting in the
Rh@MgO catalyst, which exhibited exceptional catalytic per-
formance in the dehydrogenation of hydrazine borane (HB).
The catalyst, containing only 2 wt% Rh, achieved a remarkable
turnover frequency (TOF) of 2005.34 h™ at 50 °C with 100%
H, selectivity. Comparative studies revealed that Rh@MgO out-
performed various other structures, including Rh on different
metal oxide nanoparticles, other transition metal catalysts on
MgO, and Ni grown on MgO in both single-phase and bi-
metallic (Rh/Ni) forms. The extraordinary performance of
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Rh@MgO can be attributed to the synergistic interaction
between Rh and MgO, characterized by several key factors. The
homogeneous dispersion of ultrafine, monodisperse Rh par-
ticles on the MgO support significantly enhanced catalytic
activity. Additionally, the close proximity of the work functions
of Rh and MgO contributed to a low-energy Schottky barrier,
facilitating efficient electron transfer from MgO to Rh.
Furthermore, electrons localized in surface defects (at
F-centers) during the attachment of the Rh nanoparticles may
have aligned with the Fermi level of Rh through the phenom-
enon of Fermi level pinning (FLP), further improving electron
transfer. This made the MgO support an effective electron
donor to the Rh catalytic sites, leading to enhanced catalytic
efficiency in HB dehydrogenation under mild conditions. The
combination of low Rh content and cost-effective MgO support
presents a promising pathway not only for laboratory-scale
research but also for practical industrial applications. Our
findings demonstrate the potential of the Rh@MgO catalyst as
a highly efficient and economically viable option for future
catalytic processes.
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