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Abstract: Herein, Ir/CeO, catalysts were prepared using the deposition—precipitation method with NaOH
or urea as the precipitating agent or using sol immobilization with tetrakis(hydroxymethyl)phosphonium
chloride (THPC) as the protective and reducing agent. The effect of the preparation method on Ir
catalyst activity was evaluated in the liquid-phase catalytic decomposition of hydrous hydrazine
to hydrogen. Ir/CeO, prepared using sol immobilization and DP NaOH showed the best activity
(1740 h—! and 1541 h™1, respectively) and yield of hydrogen (36.6 and 38.9%). Additionally, the effect
of the support was considered, using TiO, and NiO in addition to CeO,. For this purpose, the sol
immobilization of preformed nanoparticles technique was considered because it allows the same
morphology of the immobilized particles to be maintained, regardless of the support. Ir deposited on
NiO resulted in the most selective catalyst with a H; yield of 83.9%, showing good stability during
recycling tests. The catalysts were characterized using different techniques: X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy (TEM), scanning electron microscopy (SEM)
equipped with an X-ray detector (EDX) and inductively coupled plasma-mass spectroscopy (ICP-MS).
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1. Introduction

One of the main targets of the modern era is energy production through sustainable
processes. The exploitation of hydrogen as an energy source offers many advantages be-
cause of its high-energy content and versatility [1-6]. Nonetheless, hydrogen transportation
and storage are challenging and still prevent its use in many real-life applications [1,7,8].
Recently, much attention has been devoted to liquid-phase nitrogen hydrides, and in
particular, hydrous hydrazine (N, Hy H,O, H 8 wt%), to achieve CO-free H, production
under mild reaction conditions [9-11]. Hydrous hydrazine decomposition produces either
molecular hydrogen and nitrogen (complete decomposition) or ammonia and nitrogen (the
undesired incomplete decomposition) and is the thermodynamically favored process [12].

Several catalysts are employed for catalytic NoHy HyO decomposition. Typically,
non-noble metals (Co, Cu, Ni and Fe) are characterized by good H selectivity but rather
low catalytic activity [13-21]. In contrast, noble metals (Ir, Pt and Pd) exhibit high catalytic
activity but rather low H; production [22-24]. In particular, among noble-metal-based
heterogeneous applications, iridium is one of the most widely used metals, owing to its
higher catalytic activity. The catalyst commercially employed for hydrazine decomposition
in thrusters is 20-40 wt.% of Ir supported on Al,O3 (Ir/Shell 405) [25]. In previous literature,
many Ir catalysts were proposed. For example, Ir NPs deposited on y-Al,O3 through a
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soak—dry procedure (2 wt.%/y-Al,O3) were able to decompose hydrous hydrazine at room
temperature [26]. Highly active Ir NPs were obtained on carbonaceous materials [27,28].
Furthermore, in our previous work, we prepared Ir NPs supported on CeO, (1 wt.%
Ir/CeO,) using the deposition—precipitation method and tested them in hydrous hydrazine
decomposition, varying several reaction parameters to optimize the reaction conditions [29].

Controlling the morphology of NPs is of key importance in heterogeneous catalysis.
Indeed, even the slightest changes in NP morphology can greatly affect the catalytic
performance of supported nanoparticles [30-32]. NP shape and morphology are strongly
correlated to the experimental procedure of preparation. Indeed, NPs can be produced
through several methodologies, including deposition—precipitation, impregnation and the
immobilization of preformed colloidal metal solutions [33]. Furthermore, the formation
of metal NPs, i.e., their morphology, can be influenced by protecting ligands, such as
polyvinyl alcohol (PVA), depending on their nature.

When NPs are deposited on a support, a strong influence on the catalytic properties
of the metal catalyst through geometric or electronic effects is present. CeO,-modified
nickel, prepared through a traditional impregnation procedure or through coprecipitation,
was tested in NoHy HyO decomposition. The coprecipitation induced geometric variation
in the surface structure and led to electronic changes in the exposed Ni, thus explaining
the enhanced properties [34]. Furthermore, other Ni-O-M catalysts on varying metal
oxide supports were investigated using the coprecipitation method, including Ni/MgO,
Ni/LayO3 and Ni/ZrO,. In all cases, modulation of the catalytic properties was attributed
to the presence of strong metal-support interactions [34,35].

In this work, we focused on Ir-based catalysts for hydrous hydrazine decomposition
reaction in the liquid phase under mild reaction conditions. During catalyst preparation,
several experimental parameters (synthetic procedure and support) were modulated to
understand the effect of NP morphology on Hj; production performance, catalytic activity
and reusability.

2. Results
2.1. Effect of the Preparation Method

For the synthesis of supported Ir nanoparticles, several preparation methods were
chosen. The preparation methods were based on the deposition—precipitation method
using NaOH or urea and colloidal methods using tetrakis(hydroxymethyl)phosphonium
chloride (THPC) as the desired reducing and stabilizing agent. The catalysts were labeled as
IrppNaonH/CeOy, Irppurea / CeO7 and Irtppc /CeOs, respectively. The methods were chosen
as the morphology of the Ir catalysts in terms of particle size, oxidation state and metal—
support interaction could be altered. The chosen methods provide an experimental toolbox
that allows, in a systematic way, the synthesis of supported Ir nanoparticles by varying
the particle size in the range of 1-4 nm and exploring the role of the oxidation state of Ir,
especially elucidating the role of metallic Ir nanoparticles and oxidized Ir nanoparticles
in terms of activity and selectivity to Hy. The detailed experimental protocol is described
in Section 3.1. The three catalysts were tested in hydrazine liquid-phase decomposition at
50 °C in the presence of NaOH.

In Figure 1 and Table 1, the catalytic activities of the materials prepared using different
n(H+Ny)
n(NpHy)
versus the time profile, where n(H, + Ny) and n(NyHy) are, respectively, the moles of
n(H+Np)
n(NzH,)

plateau indicates the end of the reaction and the

experimental methods are presented. Figure 1 reports the activity in terms of

gaseous products and the initial substrate. A higher

. .. n(Hy+Np)
and higher selectivity to Hy. The ﬁ

full conversion of hydrous hydrazine. The complete transformation of hydrous hydrazine
was confirmed using colorimetric analysis.

ratio shows higher activity
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Figure 1. n(Hp + Nj)/n(NyHj) versus time for hydrazine liquid-phase decomposition over
Irppnaon / CeOs, Irppyrea / CeOs and Irtppc /CeOy, using 0.3 mL of 3.3 M hydrazine in 8§ mL 0.5 M of
NaOH solution at 50 °C.

Table 1. Bulk, surface properties and catalytic activity in hydrous hydrazine liquid-phase decomposi-
tion of Ir-based catalysts.

XPS TEM
Ir Loading  Activity = H,; Yield
Catalyst Ir 4f Ir at (%) Ir NP Size (nm) (wt%) (1 (%)
Ir° v
TrppNaon/CeOs BE 61.6 62.6 0.39 09+ 0.2 0.70 + 0.10 1541 38.9
% 87.6 12.4
IrDpurea/CeOn BE 61.6 62.8 0.41 36405 0.98 & 0.06 741 0.7
% 70.6 294
Irrapc /CeOs BE 61.7 62.6 0.86 11£03 1.04 £0.13 1740 36.6
% 87.1 12.9
Trrppe/TiO, BE 60.9 - 0.40 13402 0.98 + 0.08 984 45
% 100 -
Irrpc /NiO BE 60.9 62.2 1.73 1.2+0.3 1.00 £+ 0.10 151 83.9
% 84.9 15.1
Irrppc/NiO
after stability BE 61.2 62.4 1.73 1.2+£03 1.00 £+ 0.10 - -
tests
% 87.2 13.8 1.64 n.d. 0.98 £0.13

Irrpc /CeO; showed the best initial activity (1740 h=1), followed by IrppNaon/CeOz
(1541 h™1) and Irppyrea/CeO, (741 h™1). However, the latter reached full conversion only
after 10 min, whereas the two catalysts prepared using THPC and DPnaon, respectively,
showed full conversion only after 25 min. Ir/CeO; synthesized using the deposition—
precipitation method with NaOH as the precipitation agent exhibited a similar yield
of hydrogen, calculated at full conversion, of 38.9% and 36.6%, respectively, whereas
Irppurea / CeO, promoted the undesired production of nitrogen and ammonia with a yield
of Hy of only 0.2%.

To disclose the structure-activity relationship, the catalysts were characterized us-
ing transmission electron microscopy (TEM) and scanning electron microscopy (SEM) to
determine the iridium particle morphology and using X-ray photoelectron spectroscopy
(XPS) to investigate the surface properties of the catalysts. A detailed characterization
of Irppnaon/CeO; and Irtypc/CeO; is reported in our previous articles [29,36]. TEM
analysis in Table 1 reveals the presence of small Ir particles, with a mean diameter of 0.9
and 1.1 nm for Irppnaon /CeO; and Irrppc /CeOy, respectively. Larger Ir particles of 3.6 nm
were observed for Irppyrea /CeO,, probably due to the additional calcination step in air at
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300 °C before high-temperature reduction in the H, / Ar flow in the case of the deposition—
precipitation method with urea (Table 1 and Figures S1 and S2). This calcination step is
necessary to remove volatile adsorbed species that can be generated by the decomposition
of urea.

Table 1 summarizes the iridium percentage present on the surface, obtained from XPS
analysis. Iridium catalysts prepared using deposition—precipitation showed a similar Ir
atomic concentration of 0.39 and 0.41 for Irppnaon/CeOs and Irppyrea / CeO,, whereas a
higher Ir content of 0.86 was observed for Irtppc/CeO,. This result agrees with previously
reported results that demonstrated that the presence of a protective agent can limit the
diffusion of nanoparticles into the pores of the support, with a consequent higher percentage
on the external surface [37]. High-resolution XP spectra in the 4f region were collected
to identify the Ir oxidation state (Table 1, Figure S3). The Ir 4f signal presented typical
spin-orbit splitting in Ir 4f;/, (60.5-62.9) and Ir 4f5,, (63.9-66.0). Each component can be
further split into two peaks. Focusing on Ir 4f;,, the component at BE of 61.6-61.7 eV
can be attributed to metallic Ir, whereas the one at BE 62.6-62.8 can be associated with the
presence of Ir(IV) species [38]. It should be noted that the signal of Ir” shifted to a higher BE
compared to the typical value of Ir(0) (60.9). Such behavior has been largely reported in the
literature when small Ir particles are deposited on CeO, and can be attributed to the charge
transfer phenomena from Ir to the support with the formation of a partial positive charge
on Ir particles [36,39]. Irtppc/CeO; and Irppnaon /CeO; showed a similar Ir¥ (~87%) and
Ir(IV) content (~13%), whereas Irppyrea/CeO; exhibited a higher content of oxidized Ir
(~30%).

Correlating the activity of the catalysts with their morphology, we can initially con-
clude higher activity can be obtained in the presence of smaller Ir particles and a higher
content of metallic Ir on the surface in agreement with the results present in the literature [3].
Indeed, Irtypc/CeO, and Irppnaon/CeO;,, showing Ir subnanometric particles around
1 nm, are more active than Irppye, /CeO; (with an Ir particle size of 3.6 nm). Moreover,
this latter catalyst showed the lowest percentage of metallic Ir on the surface. The higher
activity of Irtppc/CeO, compared to Irppnaon/CeO; can be attributed to higher exposure
at the surface of Ir (0.86%) of the first catalyst compared to the one prepared using the DP
NaOH protocol (0.39%). Particle size has already been demonstrated to influence selectivity
in hydrous hydrazine liquid-phase decomposition [40,41]. Following these studies, the
lower selectivity of Irppyrea / CeO, can be attributed to the larger particle size, promoting
the N-N cleavage instead of N-H, therefore, the formation of NH3 and N».

2.2. Influence of the Support Material

Other than the active metal and the preparation method chosen for the synthesis of
a catalyst, an important role in its final catalytic performance is played by the choice of
support on which the nanoparticles are deposited [42—44]. A series of Ir-based catalysts
were prepared using the sol immobilization THPC method. CeO;, the reference oxide
material, was compared with TiO; and NiO to better identify if the catalytic performance of
the material tested is related to its acid-base properties. Considering the point of zero charge
(PZC) reported in the literature for these oxides, we can classify TiO, as the more acidic
support, with a PZC of 4-5 and NiO as the more basic one, with a PZC of 8-9, while CeO,
can be considered more neutral, with a PZC of 6-8 [45]. The sol immobilization protocol
with THPC as a protective and reducing agent was chosen because it allows ultrasmall Ir
nanoparticles to be produced and the same particle morphology to be maintained regardless
of the support used [36]. Indeed, TEM analysis showed that the Ir particle size is almost
the same (~1 nm) for Irrgpc /CeO», Irrypc/TiO, and Irpypc /NiO (Table 1) and Ref. [36].
Moreover, in all cases, narrow particle distribution was obtained [36] and immobilization
was almost quantitative with the theoretical loading value (1%) (Table 1). The SEM images
of Irrpc /NiO also show good Ir dispersion on the supports (Figure 2).
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Figure 2. Representative SEM images, (a), with EDX mapping of Irtpc /NiO sample for different
elements such as (b) O, (¢) Ce and (d) Ir.

In contrast, XPS analysis reveals significant discrepancies in the concentration of
Ir species on the surface (Table 1). The highest Ir percentage at the surface (1.73%) of
Irrpc /NiO compared to Irrapc /CeO; and Irtypc / TiO; (0.86 and 0.40%, respectively) can
be attributed to the higher surface of NiO (300 m? g~!) compared to the other supports
(40-60 m? g’1 [45] High-resolution Ir 4f spectra of Irrypc/NiO and Irypc/TiO, were
recorded and compared to Irrpc /CeO, (Table 1, Figure S3). Similar to Irrgpc/CeO, and
Irrpc /NiO, Ir 4f;,, and Ir 4f5,, components can be split into two peaks, whereas for
Irthpc / TiO;, the overlapping of the Ir 4f signal with the Ti 3s peak does not allow such
distinction. In Irtypc /NiO, the peak centered at 60.9 eV can be associated with metallic Ir,
whereas the Ir(IV) contribution is centered at 62.5 eV. It should be mentioned that for the
NiO catalyst, a typical BE value for Ir? was observed, excluding evident charge transfer
phenomena between NiO and Ir.

The catalytic activity of the three catalysts was evaluated (Figure 3). The initial
activity followed the order Irtppc/CeO, (1740 h™1) > Irrppc /TiO; (984 h™1) > Irpppe /NiO
(151 h~1) (Table 1). The first two catalysts reached full conversion after 25 min, whereas the
NiO-based catalyst reached full conversion only after 30 min (Figure 3). The three catalysts
have similar particle size and oxidation states; therefore, we can exclude these descriptors
as the main parameters of the activity. However, the Ir-support charge transfer observed
in Irrppc /CeO; could be responsible for the higher activity of this catalyst. Strong metal—-
support interaction between ceria and Ir has already been shown to positively influence
activity in furfural hydrogenation [36] and CO, hydrogenation [46]. No direct correlation
between activity and the acid-base properties of the support was envisaged.

In terms of hydrogen production, Irtgpc /NiO presented a final yield of hydrogen of
83.9%, more than double the one exhibited by Irrypc/CeO; (36.6%) and Irtppc/ TiO; (4.5%)
(Table 1). This catalytic performance is interesting as, despite the lower activity, the higher
yield of hydrogen makes it more appealing for practical application, reducing the waste
of hydrous hydrazine for the production of hydrogen. These catalytic properties could be
related to the inclusion of the Ni atom into the Ir nanoparticles, as the literature reports
that bimetallic Ir-Ni nanoparticles display higher values of yield of molecular hydrogen
for this reaction. The inclusion of the Ni atom probably happens during the reaction due
to the small dissolution of the support in the medium. Indeed, XPS analysis of the used
catalyst evidenced a slight shift of the Ir” component to a higher BE (61.2 eV), probably
due to stronger metal-support interaction. However, a more detailed characterization is
required to solve the real nature and structure of these nanoparticles.
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Figure 3. n(H, + Nj)/n(NyH;) versus time for hydrazine decomposition over Irtypc/CeO,,
Irtypc / TiO; and Irrpc /NiO using 0.3 mL of 3.3 M hydrazine in 8 mL 0.5 M of NaOH solution at
50 °C.

The stability of Irtppc/NiO, the most selective catalyst, was evaluated (Figure 4).
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Figure 4. Yield of molecular hydrogen and activity over the reusability tests on Irrgpc /NiO using
0.3 mL of 3.3 M hydrous hydrazine in 8 mL 0.5 M of NaOH solution at 50 °C.

Over the course of ten recycling reactions performed by adding fresh aqueous hydrous
hydrazine to the mixture at the end of the reaction, the yield remained almost constant
during all cycles. The stability shown by the Ir/NiO sample is probably associated with
the high final yield of hydrogen from this sample. The production of ammonia and its
successive absorption on the metal surface can be correlated to the deactivation of the
iridium catalysts due to the high desorption energy of this molecule that can remain on the
surface and block the active sites of the catalyst, therefore, poisoning it, as described by the
DFT in a previous paper [47]. The increase in the activity exhibited in the first few runs,
reaching a maximum value of (189 h™!) in the third run, is ascribed to the reconstruction
of the surface of the metal nanoparticle during the reaction because of the exposure to the
high pH of the reaction environment, as evidenced by the XPS analysis of the used catalyst
(Table 1). ICP-MS analysis on the solution remaining after the tenth reaction showed limited
leaching for Ir, only 2.2% of the total iridium was used in ten reactions, almost no Ni was
found in the solution, and 0.01% of the initial Ni was used for the reaction. This is another
indication of the high stability of Irppc /NiO for the decomposition of hydrous hydrazine
in the liquid phase.
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3. Materials and Methods
3.1. Catalyst Preparation
3.1.1. Supported Ir Catalyst Preparation using Deposition—-Precipitation/NaOH

In a 100 mL beaker, 50 mL of distilled water and the support were added and stirred. A
NaOH solution of 0.1 M was added dropwise until the desired pH (10) was reached. When
the pH of the dispersion was stable, the desired amount of the Ir precursor (KIrClg, Alfa-
Aesar 99% purity) was added (nominal Ir loading 1%). The pH was adjusted continuously
to 10 by adding NaOH aqueous solution, and it was kept constant at that value for 8 h
(CeO,, Sigma-Aldrich, St. Louis, MO, USA). The catalyst was then filtered, dried in an oven
at 110 °C and, finally, reduced at 600 °C to obtain metallic nanoparticles. The heat treatment
was performed in a horizontal furnace, equipped with a quartz tube, capable of reaching
temperatures as high as 800 °C. Reduction step was performed under a flow of 10% Hj
in Ar, 80 mL min—!, with a temperature increase of 10 °C/min until a heat-treatment
temperature of 600 °C was reached. After reaching the final heat-treatment temperature,
the sample was kept at the desired temperature for 3 h.

3.1.2. Supported Ir Catalyst Preparation Using Deposition—Precipitation/Urea

First, the support (CeO,, Sigma-Aldrich, St. Louis, MO, USA) was added with the salt
precursor (KyIrClg, Alfa-Aesar 99% purity) to 400 mL of deionized water, and then, the
dispersion was heated to 80 °C and kept at that temperature. When the temperature was
constant, the desired amount of urea was then added and left to react for 3 h after pH 7
was finally reached. Urea in acidic solution hydrolyzes producing ammonia that gradually
raises the pH to a value of 7 and acts as a precipitation agent. The catalyst was then filtered,
dried in an oven at 110 °C, calcined at 300 °C and, finally, reduced at 600 °C to obtain
metallic nanoparticles. The heat treatment was performed in a horizontal furnace, equipped
with a quartz tube, capable of reaching temperatures as high as 800 °C using a calcination
boat in ceramic to contain the catalyst powder during the treatment. Reduction step was
performed under a flow of 10% H; in Ar, 80 mL min—!, with a temperature increase of
10 °C/min until a heat-treatment temperature of 600 °C was reached. After reaching the
final heat-treatment temperature, the sample was kept at the desired temperature for 3 h.

3.1.3. Supported Ir Catalyst Preparation Using THPC/NaOH Colloidal Method

Iridium nanoparticles were prepared using tetrakis(hydroxymethyl)phosphonium
chloride (THPC), which acts as both reductant and protecting agent. A fresh aqueous
solution of THPC (0.0675 M) and NaOH (0.2 M) was added to 50 mL of deionized water
under stirring to achieve a NaOH/THPC molar ratio of 3:2. After a few minutes, an
aqueous solution of the iridium precursor (HpIrCly, 3.25 mg L~!) was introduced in order
to obtain a THPC/Ir molar ratio of 4:3 and left under continuous stirring. After 30 min,
the support was added to the solution (the amount of support was calculated in order to
obtain an Ir loading of 1%). The slurry was left under stirring for 1 h before it was filtered.
The catalyst was washed thoroughly with deionized water (1 L) to remove the residues
of the reduction reaction and dried at 90 °C overnight under static air. This methodology
was used to investigate the support effect. Commercial CeO,, commercial TiO; and NiO
prepared following the method reported in Ref. [45] were used.

3.2. Catalyst Characterization

The catalysts were thoroughly characterized using X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), scanning electron microscopy/SEM) and
inductively coupled plasma mass spectroscopy (ICP-MS).

A detailed description of the instrument and the procedures used are reported in
Ref. [29]. In brief, Thermo Scientific K-a+ spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) was used to perform X-ray photoelectron spectroscopy (XPS) analyses. The
spectrometer uses a monochromatic Al X-ray source operating at 72 W (6 mA x 12 kV).
The experimental spectra were fitted after subtraction of Shirley [48,49] or U2 Tougaard
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background using CasaXPS (v2.3.17 PR1.1) and Scofield sensitivity factors with an energy
exponent of —0.6.

The morphology of the catalyst was evaluated using transmission electron microscopy
with a JEOL JEM 2100 TEM (JEOL Gmbh, Freising, Germany) operating at 200 keV. In order
to obtain a reliable mean nanoparticle size of the desired metal nanoparticle determination,
at least 200 particles from different areas were measured.

The sample was analyzed using scanning electron microscopy performed on a Tescan
(Tescan, Brno, Czech Republic) Maia3 field emission gun scanning electron microscope
(FEG-SEM) fitted with an Oxford Instruments XMAXN 80 energy dispersive X-ray detector
(EDX). Images were acquired using secondary electron and backscattered electron detectors.
Samples were dispersed as a powder onto 300 mesh copper grids coated with holey
carbon film.

The relative elemental composition can be assessed using EDX, as the quantity of
X-rays emitted at specific energy values is proportional to the amount of each specific atom.

ICP-MS analyses of solutions of the preparation of catalyst, after the filtration and
separation of the solid catalyst, were performed to quantify the amount of metal that was
not immobilized /deposited during the preparation of the catalysts. The analyses were
performed on an Agilent 7900 ICP-MS (Agilent Technologies, Santa Clara, CA, USA).

3.3. Catalytic Tests

The experimental details, including the calculation of hydrogen yield, are already
reported in Ref. [29]. The decomposition of hydrous hydrazine was followed either by the
volume of gas produced and then by colorimetric analysis. In brief, the typical catalytic tests
were performed in a sealed batch reactor, and the volume of gas produced was quantified
using a burette filled with water and rotated upside-down in a beaker filled with water.
The set-up is composed of a single-neck sealed cap round-bottom flask used as reactor. The
typical experimental protocol for the reaction was the following: the weighted mass of the
desired catalyst was added to the reactor with 8 mL of NaOH (0.5 M) solution in water.
The reactor was placed in an oil bath on a magnetic stirring hot plate, which was set to
reach a chosen temperature. The temperature of reaction was 50 °C. When the reaction
temperature was reached, 0.3 mL of 3.3 M hydrous hydrazine solution was added, and
stirring was initiated again to start the reaction.

Reusability tests were performed following the same experimental procedure of the
batch reaction quantified using the volumetric method. From the second reaction, fresh
hydrous hydrazine solution was added to restart the experimental test, while the catalyst
was kept in the reaction solution between reaction cycles.

4. Conclusions

In the present work, Ir/CeO, prepared using deposition—precipitation with NaOH or
urea as the precipitating agent and prepared using the sol immobilization method with
THPC as the protective and reducing agent were evaluated in hydrous hydrazine liquid-
phase decomposition. Irtppc/CeO; and Irppnaon/CeO; showed the best activity and
yield of Hy compared to Irppyrea / CeO,. Both the activity and selectivity can be explained in
terms of Ir particle size. Indeed, as reported in the literature, the small Ir particles observed
for Irtypc/CeO; and Irppnaon/CeO; (1.1 and 0.8 nm) enhanced both the activity and
selectivity. In contrast, the large particles (3.6 nm) observed for Irppyre, /CeO; resulted in
lower activity and promoted the production of undesired pathways with the formation
of NHj and N,. Using THPC as the protective agent and reducing agent, the effect of the
support on the activity of Ir particles was investigated. Higher activity was observed for
Irtapc /CeO;, which showed a strong metal-support interaction with a charge transfer
from Ir to CeO,, with the formation of positively charged Ir®*. In contrast, Irrgpc/NiO,
despite the lower activity, showed the highest yield of H, (83.9%). The high selectivity can
be attributed to the formation of Ir-Ni species during the reaction, which is demonstrated
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to promote the complete reforming of hydrous hydrazine. Moreover, the catalysts showed
good stability both in terms of activity and the yield of hydrogen after 10 recycles.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14020119/s1, Figure S1. TEM images and particle distribution;
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