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ABSTRACT: Hydrogen storage materials are promising as a fuel source for the adaption of a hydrogen-based economy toward
more sustainable energy production. An example of such a material is hydrous hydrazine with a hydrogen content of 8.0 wt %. In this
study, an iridium-based catalyst was developed via incipient wetness impregnation and used for hydrous hydrazine decomposition in
a batch reactor for H2 generation. The reaction conditions were optimized in a batch reactor, and the results were validated utilizing
computational fluid dynamics (CFD). The developed catalyst achieved a yield of over 80% and a TOF value of around 2400 h−1 at
80 °C. Upon validating the experimental data, CFD studies were performed to provide information on the mixing flow phenomena
occurring in the reactor. A different batch reactor configuration was developed, which showcased a lower velocity magnitude
compared to the original configuration. Models were developed using a one-dimensional (1D) stirrer and four different shapes of
two-dimensional (2D) stirrers. The results among simulations using 1D and the 2D pivot ring stirrer did not vary significantly,
validating the accuracy of the model. Given the small reactor size, the effect of a different shape was expected to be negligible;
however, the smallest stirrer resulted in a poor mixing profile, highlighting the importance of appropriate mixing. The potential of
using a packed-bed microreactor was also simulated. The yield reached a maximum value and then decreased due to the continuous
generation of ammonia in addition to hydrogen. The outcomes of this study make a significant contribution to the integration of
experimental data with CFD on the decomposition of hydrous hydrazine for catalytic green H2 generation, highlighting how reactor
configurations influence reaction performance and providing insights for scalability on H2 technologies.

1. INTRODUCTION
Hydrogen (H2) is considered a great energy carrier and not an
energy source, meaning that it transports and stores energy in a
usable form.1 When compared to hydrocarbon fuels, hydrogen
contains larger energy content by mass, lower energy content
by volume, and less energy density and burns faster. A major
drawback is that H2 is highly explosive; thus, the study of safe
and effective hydrogen storage materials has gained interest in
the past decades for the adaptation of a hydrogen-based
economy. These materials need to satisfy all of the require-
ments for transportation, including pressure and temperature
handling, by-product recycling, and volumetric/gravimetric
hydrogen capacities.2

Hydrous hydrazine (N2H4·H2O; HH) is an inorganic
compound containing two amine groups. Due to its high

hydrogen capacity (8.0 wt %), it is a promising hydrogen
carrier. As seen in eqs 1 and 2, it can follow two paths of
decomposition.3 In addition to H2, nitrogen (N2) and
ammonia (NH3) are also produced. These by-products are
not greenhouse gases, and therefore, the decomposition of HH
generates green H2. The overall reaction decomposition can be
derived, as shown in eq 3. The completion of the reaction via
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either the complete dehydrogenation pathway (eq 1) or the
incomplete/undesired dehydrogenation pathway (eq 2)
strongly depends on the reaction parameters and the nature
of the catalyst.4−8

N H 2H N2 4 2 2+ (1)

3N H N 4NH2 4 2 3+ (2)

3N H (6x)H (1 2x)N 4(1 x)NH2 4 2 2 3+ + + (3)

Most reactions on heterogeneous catalysts occur on the
catalyst surface, and thus, the key influencing factors are their
electronic characteristics and surface structure. In the case of
HH, altering the sequence of the N−N bond and N−H bond
breakage is the main approach to enhance the hydrogen yield
of the reaction.4,9−12 Generally, only metal catalysts exhibit
poor results in terms of H2 yield. However, bimetallic catalysts
such as Ni−M (M = Ir, Pd, Pt, Rh)5,13−15 or supported
monometallic catalysts8,10,16 showed an improved performance
in both terms of catalytic activity and the shift toward the first
path, producing H2.
Singh et al.17 studied the decomposition of HH on different

monometallic systems at 25 °C. Rhodium (Rh) exhibited the
best performance of all catalysts. In the case of cobalt (Co),
ruthenium (Ru), and iridium (Ir), only 0.5 equiv of gases were
released, indicating a yield of around 7%. It was also observed
that when the same amount of HH was added after the first
run, 0.5 equiv of gases were produced again, indicating that the
activity of the catalyst remained unchanged.
It is evident that monometallic Ir enhances the undesired

pathway. Based on a DFT study reported by Zhang et al.18 on
Ir(111), it was found that mainly N2 and NH3 were produced
when HH decomposed. The primary reaction route with
comparatively low energy barriers was the generation of NH2
radicals that attack adsorbed hydrazine molecules or
subsequent N2H� (� = 1−3) species, capturing H atoms and
resulting in the generation of N2 and NH3. In another study by
Lu et al.19 on a monometallic Ir(111), HH decomposition
preferred to begin with an initial scission of N−N bonds
toward an NH2 intermediate. This step promotes the
subsequent dehydrogenation of N2H� (� = 1−4) to form
NH3 and N2. This was observed due to the high activation
barriers and reaction energies that are an obstacle to the
scission of the N−H bond and the recombination of hydrogen
molecules at mild temperatures.
Thus, to enhance the yield, monometallic Ir catalysts must

be modified, either with the addition of another metal or a
support. Iridium-supported catalysts (Ir/CeO2) were devel-
oped by Bellomi et al.20 for the decomposition of HH. The
catalysts were prepared via the deposition−precipitation (DP)
method using different precipitating agents or via sol
immobilization. The catalysts synthesized using DP with
NaOH and sol immobilization exhibited the best performance,
with H2 yields of 38.9 and 36.6%, respectively. The impact of
the support was also examined by employing TiO2 and NiO, in
addition to CeO2, on particles prepared by sol immobilization.
The Ir/NiO catalyst achieved the highest yield toward H2
(83.9%) and great stability through recycling testing.
As it was mentioned, in addition to the nature of the catalyst,

experimental conditions are also critical for the enhancement
of the desired reaction pathway. Most of the reported studies
were conducted on batch systems, which are very simple.
However, despite the simplicity of the reactor systems,

conducting real-time experiments trying different parameters
to find the optimum is time-consuming, and lots of reagents/
products are wasted. Computational fluid dynamics (CFD) can
be implemented in this case. With the use of CFD, not only
data are predicted and validated but also the whole process can
be optimized,21−24 since CFD can provide information on
transport phenomena to understand interactions occurring
within the reactor.
In literature, few studies focus on catalytic green H2

generation using CFD, with most of them focusing on NH3
decomposition on microchannels or membrane reactors25−27

and investigating velocity, temperature, and concentration
distributions. A study from our group28 examined HH
decomposition on a commercial rhodium catalyst, combining
experimental work and CFD studies. Parameters such as
stirring rate, temperature, mass of catalyst, and HH and
sodium hydroxide (NaOH) concentrations were examined to
determine the optimum experimental conditions for H2
production. Computational studies validated very well all the
experimental results, and also CFD studies were conducted to
better understand the reactor system. Velocity and temperature
fields, as well as the distribution of HH and the catalyst
particles, were investigated, and the findings showed how the
system’s uniformity is affected by different reaction conditions.
An Ir/Ni10Ce catalyst was synthesized via a wet-impregna-

tion method and used for the catalytic decomposition of HH
in this study. The formation of Ir−Ni interactions can promote
hydrogen generation from N-containing molecules, such as
hydrous hydrazine, and thus were chosen for this study.
Experimental and CFD studies were both performed for
parameter optimization such as temperature, stirring rate, HH-
to-catalyst molar ratio, and NaOH and HH concentration. The
aim of this work is not only validation through CFD but also
optimization of the system. Thus, further studies were
conducted with a different reactor configuration and different
shapes of the stir bar to observe the mixing flow phenomena
occurring in the reactor. Lastly, a packed-bed microreactor was
designed theoretically, which was compared with that of the
batch system.

2. EXPERIMENTAL METHODOLOGY
2.1. Catalyst Preparation. NiCeO� composite oxides

were prepared by a rate-controlled coprecipitation method
with a 1 M Na2CO3 solution. In a typical preparation, the
nitrate precursors, Ni(NO3)2·6H2O and Ce(NO3)3·6H2O, to
achieve a Ni/(Ni+Ce) loading of 10 wt %, were added to the
desired volume of Milli-Q water (50 mL/g catalyst). The
solution was aged for 30 min under 800 rpm stirring. Na2CO3
was added at 2 mL/min with a peristaltic pump until a pH of
8.5 was reached, which was monitored with an online pH
electrode. The resulting precipitate was aged at room
temperature for 3 h and washed three times with hot distilled
water. The obtained precipitate was dried at 100 °C overnight
and calcined in static air at 650 °C for 5 h. The desired amount
of Ir (IrCl3) was deposited by incipient wetness impregnation
to achieve a metal loading of 1 wt %. Finally, both the bare and
Ir-doped supports were thermally treated in a vertical tubular
furnace in N2 at 400 °C for 2 h and 10% H2 at 200 °C for 2 h.

2.2. Catalyst Characterization. XRD patterns were
collected on a D8ADVANCE diffractometer (Bruker) using
Cu K�1 radiation (� = 1.5406 Å). Data were recorded from 20
to 70° 2� at a step size of 0.02°/s. High-angle annular dark
field scanning transmission electron microscopy (HAADF-
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STEM) characterization was carried out using a Talos F200X
instrument (FEI). The elemental distribution of the samples
was analyzed through energy-dispersive X-ray spectroscopy
(EDX). EDX mapping was performed with a beam current of
200 ps and a dwell time of 128 �s per pixel to ensure precise
resolution. Ir nanoparticles were randomly selected and
measured by using ImageJ software. The average particle size
(�) was calculated using the following expression: � = ∑����/
∑��, where �� ≥ 150. The corresponding metal particle size
distributions were also determined. X-ray photoelectron
spectroscopy (XPS) analysis of the iridium catalysts was
carried out with a Kratos Axis Ultra spectrometer (Kratos
Analytical, U.K.). The examined catalysts were irradiated with
monochromatic Al K� radiation (1486.6 eV). Binding energies
were referenced to the C 1s peak from the carbon surface
deposit at 284.8 eV. The data treatment was performed using
CasaXPS Software.

2.3. Catalytic Experiments. The catalytic experiments
were conducted on a batch reactor (two-neck round-bottom
flask) of 35 mL total volume capacity. The reactor was placed
on top of a magnetically stirred hot plate (Figure S1). The
catalyst (2.3, 4.7, 9.5, and 19 mg) was added to the reactor
with 5 mL of NaOH solution (0−0.5 M) and a magnetic stirrer
with the stirring rate ranging from 250 to 1400 rpm. The

temperature varied from 40 to 90 °C. After an equilibrium of
the system and when the system reached the desired
temperature, 150 �L of the HH solution (0.4375−3.3 M)
was added to the reactor. The flask was connected to a gas
collection system (Man On the Moon X102 kit) to measure
the partial pressures of the generated gases as reported in
previous studies.20,28,29 Using the ideal gas law (�� = ���),
the pressure measured was quantified by calculating the moles
of H2 and N2.
These data were then transformed into a dimensionless ratio

(�), � = n(H2 + N2)/n(N2H4), between the number of
released moles and the initial amount of HH added to the
system.
H2 yield can be obtained by � = 3� − 1/8, 1/3 ≤ � ≤ 3. A

value of 3 indicates no production of NH3; thus, the yield of
H2 will be 100%.
Turnover frequency (TOF) values were also calculated

based on eq 4, assuming all metal particles take part in the
reaction. TOF demonstrates the number of products formed
per active site per unit time, that is, how fast the catalyst
decomposes the reagent.

n

n
TOF

3 t

N H consumed

metal

2 4
=

(4)

Figure 1. (a) STEM-HAADF image, (b) Ce, (c) Ni, (d) Ir, (e) Ce, Ni, and Ir maps, and (f) particle size distribution of the Ir/Ni10Ce catalyst.

Figure 2. n(H2 + N2)/n(N2H4) vs time for HH decomposition at temperatures of 40, 50, 60, 70, 80, and 90 °C. Reaction conditions: 150 �L of 3.3
M hydrazine monohydrate, 5 mL of 0.5 M NaOH, stirring rate of 1400 rpm, and 1000:1 substrate-to-metal molar ratio.
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3. CFD METHODOLOGY

3.1. Reaction Kinetics. For the description of the reaction

rate, the power-law model is used as shown below:

r kC Cn n
1 2

1 2= (5)

where 	 (mol/m3·s) expresses the rate of reactants; 
 (1/s) is
the specific rate constant; �1 and �2 (mol/m3) indicate the

Figure 3. n(H2 + N2)/n(N2H4) vs time for HH decomposition at stirring rates of 250, 500, 750, and 1400 rpm. Reaction conditions: 150 �L of 3.3
M hydrazine monohydrate, 5 mL of 0.5 M NaOH, 1000:1 substrate-to-metal molar ratio, and 80 °C.

Figure 4. n(H2 + N2)/n(N2H4) vs time for HH decomposition at the substrate:catalyst molar ratios of 500:1, 1000:1, 2000:1, and 4000:1. Reaction
conditions: 150 �L of 3.3 M hydrazine monohydrate, 5 mL of 0.5 M NaOH, 1400 rpm, and 80 °C.

Figure 5. n(H2 + N2)/n(N2H4) vs time for HH decomposition at NaOH concentrations of 0, 0.125, 0.25, and 0.5 M. Reaction conditions: 150 �L
of 3.3 M hydrazine monohydrate, 1000:1 substrate-to catalyst molar ratio, 1400 rpm, and 80 °C.
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initial concentration of HH and catalyst, respectively; and �1
and �2 are the reaction orders for HH and catalyst, respectively.
An activation energy (�a) of 64.2 kJ/mol was obtained based
on the experimental results. An average value of 0.33 was used
for the HH reaction order based on a review study.30

Moreover, based on the experimental results, the order of
the reaction toward HH was also calculated with a value of
0.34, close to the one obtained from the literature. For the
catalyst concentration, the order value was fixed to 1.00.

3.2. Simulations. COMSOL Multiphysics v6.0 was used in
this work, utilizing the Reaction Engineering feature to
simulate a 0D model of a batch reactor for the validation of
the experimental results. The model consisted of 4 degrees of
freedom and 3 s of computational time. The features Heat
Transfer in Fluids, Rotating Machinery-Turbulent Flow-k-�,
and Transport of Diluted Species were used for the
development of a 2D model, with 6498, 32,486, and 6452
degrees of freedom and 22, 27, and 1 min computational time,
respectively. The features Chemistry and Transport of Diluted
Species in Porous Media were utilized to simulate a 2D model
of a packed-bed microreactor for HH decomposition. The
simulation of the packed-bed system had 25,584 degrees of
freedom and 7 min of computational time. Details of the
equations used in the simulation are presented in the
Supporting Information.

4. RESULTS
4.1. Catalyst Characterization. The XRD pattern of the

metal oxides (Figure S2) exhibited peaks at 2� values of 28.3,
32.8, 47.0, 55.7, and 58.4°, which are the characteristic (111),
(110), (211), (221), and (220) planes of the cubic CeO2
structure.31 On the other hand, no clear reflections of Ni and Ir
were detected, probably because Ir and Ni are mostly well
dispersed in the CeO2 support.
The Ir/Ni10Ce catalyst was characterized by TEM, and

Figure 1a presents a characteristic STEM-HAADF image. The
Ir particles appear small and highly homogeneously distributed,
with sizes ranging from 0.5 to 3.0 nm, as shown in Figure 1f.
The average particle size was calculated to be 1.1 nm based on
the measurement of more than 150 Ir nanoparticles. Although
Ni is distributed nearly uniformly with Ce, some Ni
agglomeration is observed in certain areas (Figure 1c). The
Ce, Ni, and Ir maps in Figure 1e show that Ir does not

preferentially localize in Ni-rich regions but is instead
dispersed across the entire surface of the NiCeO� support.
Table S1 summarizes the chemical species observed on the

surface and their atomic concentration, as obtained from the
survey analysis of the XPS spectra. The results show a low
exposure of Ir on the surface (0.24%) and a Ni/Ce ratio of
0.55, higher than the nominal one (0.10), suggesting an
enrichment of Ni on the surface of the catalyst. The origin of
the high amount of carbon present on the surface (34.93%) is
not clear. We assume that it derives from the decomposition of
the reactant used during the catalyst synthesis or from the
adsorption of CO2 from the atmosphere. Analyzing the Ir 4f
region (Figure S3), we found that Ir is mainly present in the
oxidized form.

4.2. Catalytic Decomposition. Catalytic experiments
were conducted by varying several parameters (temperature,
stirring rate, catalyst mass, and NaOH and HH concen-
trations), which affect either the reaction yield, catalytic
activity, or both. The kinetic profiles of HH decomposition
over time were assessed using the normalized ratio (�) to
emphasize the H2 yield. Subsequently, simulations were then
conducted by comparing the experimental values to the
predicted values and investigating the robustness of the model.
Tables S2 and S3 summarize all of the catalytic performance
data. The activities of different monometallic Ir/CeO2, Ni/
CeO2, and bimetallic IrNi/CeO2 were initially compared. Ni/
CeO2 showed low activity under mild reaction conditions but
good selectivity (>95%). On the contrary, Ir/CeO2 is very
active but with low selectivity to H2 (25%). Bimetallic IrNi/
CeO2 catalysts were very active and highly selective. The Ir/
Ni10Ce catalyst, which was investigated in this study, was
highly selective (89%) probably due to the synergistic effect of
Ir and Ni. In particular, the high selectivity can be attributed to
the enrichment of Ni on the surface, as evidenced by XPS
analysis. After a good validation of the experimental results,
CFD optimization studies were performed afterward, focusing
mostly on the visualization of the velocity field. A packed-bed
microreactor was also simulated for comparison purposes.
4.2.1. Temperature Effect. As reported in many studies,

temperature is a crucial parameter that influences the reaction
mechanism and, thus, H2 yield. It is evident in Figure 2 that
increasing the temperature increased the yield and the reaction
time is severely decreased from 320 min at 40 °C to 19 min at

Figure 6. n(H2 + N2)/n(N2H4) vs time for HH decomposition at HH concentrations of 0.4375, 0.875, 1.75, and 3.3 M. Reaction conditions: 5 mL
of 0.5 M NaOH, 1000:1 substrate:catalyst molar ratio, 1400 rpm, and 80 °C.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.5c00091
Ind. Eng. Chem. Res. 2025, 64, 8130−8142

8134

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c00091/suppl_file/ie5c00091_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c00091/suppl_file/ie5c00091_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c00091/suppl_file/ie5c00091_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c00091/suppl_file/ie5c00091_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c00091/suppl_file/ie5c00091_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c00091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c00091?fig=fig6&ref=pdf


90 °C. Other studies also observed a decreased reaction
time.32−34 However, in our case, it is noticeable that the
normalized ratio does not reach the value of 3, meaning that
reaction intermediates or NH3 are also produced. The highest
H2 yield achieved was 89% at 90 °C, and even at this
temperature, the catalyst exhibited the best performance. The
optimum value chosen for the rest of the experiments was 80
°C, since the difference in the yields was not significant, and in
that way, possible deactivation of the catalyst can be avoided.
The computational results are in good agreement with the
experiments, demonstrating that coupling the power-law
model with the kinetic data obtained from the literature and
the experimental data, which were used in the simulations,
accurately describes the reaction rate of HH decomposition.
Observing the TOF values (Figure S4), it is evident that after
70 °C, the TOF values increased rapidly, reaching a value of
4098 h−1 at 90 °C. From the Arrhenius plot (Figure S5), an
activation energy of 64.2 kJ/mol was calculated.
As reported in a previous study from our group,28 it is

important to examine the temperature distribution in the
reactor. A 2D CFD model was developed based on the
optimum temperature of 80 °C and a stirring rate of 1400 rpm.
A total time of 30 min (Figure S6) is required for the
temperature to reach the center of the reactor. Based on our
previous study,28 the time needed for an isothermal temper-

ature distribution seems reasonable, since 25 min were needed
to achieve a temperature of 70 °C. Since first an equilibrium
run is performed in the system, it is important to ensure that
the reactor reaches the desired temperature before adding the
solution to the system.
4.2.2. Stirring Rate Effect. Stirring rate is also very

important for a reaction’s mass transfer limitations. As stated
in theory, high velocities decrease the boundary layer between
the reactant and the catalytic particle. Thus, it is easier for the
reactant species to diffuse from the liquid bulk and be adsorbed
on the catalytic surface.35 The range of values tested was from
250 to 1400 rpm. It is observed from Figure 3 that the yield is
not affected by the stirring rate, as expected, and experimental
and computational results are in a good agreement with the
maximum error of 11% for the stirring rate of 1400 rpm. The
TOF values (Figure S7) are within the error of analysis and do
not vary much from each other. Thus, the reaction is not
affected by diffusion. The optimum value chosen to perform
further experiments was 1400 rpm.
The investigation of the uniformity of the system in terms of

velocity is also of significant importance, as it affects the
distribution of the reactants and the particles and, thus, the
chances of collisions for product formation. As it can be seen in
Figure S8, due to the high stirring rate in such a small reactor
(diameter of 4 cm), at 0.75 s, the velocity magnitude becomes

Figure 7. Distribution of temperature (top view of the reactor) at (a) 0 s, (b) 500 s, (c) 1000 s, and (d) 2000 s.
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uniform, as it was also observed in a previous study.28 Hence,
the value of 1400 rpm is the optimum, since it only takes less
than 1 s to achieve uniformity.
4.2.3. Catalyst Mass Effect. The amount of catalyst mass

can influence both the yield of the reaction and the mass
transfer. Thus, different amounts of catalysts of 2.3, 4.7, 9.5,
and 19 mg, corresponding to 4000:1, 2000:1, 1000:1, 500:1
substrate-to-catalyst molar ratios, were tested. By increasing
the catalyst mass, yield also is increased and reaction time is
decreased (Figure 4). The lowest molar ratio resulted in a yield
of 60%. This is possible due to the fewer available active sites
compared to the higher concentration of the reactant, causing
the quick saturation of the active sites, with the available
substrate remaining unreacted. The computational simulations
are in great agreement with the obtained experimental data.
Figure S9 presents the TOF values and the H2 yield. The
1000:1 molar ratio was chosen as the ideal value, since the
difference in the yield results with the 500:1 molar ratio was
insignificant and also due to the requirement of higher catalyst
mass that could hinder the possibility of performing any
further experiments if the 500:1 ratio was utilized.
4.2.4. NaOH Concentration Effect. Many studies regarding

the HH decomposition state showed that the addition of alkali
media enhances the reaction performance.7,36−38 This is

observed for many reasons. In general, the presence of alkali
suppresses the formation of NH3 and, at a deeper level,
accelerates the rate-determining step, which is the breakage of
the N−H bond, which acts in favor of producing H2. Also, due
to the ionization of HH in water, the protonated form (N2H5

+)
of HH is formed, leading to the formation of NH3. However,
the presence of alkali suppresses the formation of N2H5

+. With
no NaOH, the yield is 40%, while concentrations above 0.125
M enhance the yield up to 77% (Figure 5), confirming the
promoting effect of NaOH. The concentrations of 0.125 and
0.25 M gave similar results in terms of both yield and activity
(Figure S10). The experimental results are in good agreement
with the computational results. The concentration of 0.5 M
was used for the rest of the experiments.
4.2.5. N2H4�H2O Effect. The last parameter tested was the

concentration of HH. For the previous catalytic tests, a
concentration of 3.3 M was used. Therefore, the concentration
was halved each time to test lower concentrations. The
concentrations of 0.4375 and 0.875 M had yields of 25 and
34%, respectively (Figure 6), and similar TOF values (1535
and 1472 h−1) (Figure S11), while at 1.75 M, there was a “high
jumps” in both yield and activity. At 1.75 M, there might be
enough substrate compared with the active sites, causing the
increase in both yield and TOF. At 3.3 M, the highest yield of

Figure 8. Velocity magnitude (top view of the reactor) at (a) 0 s, (b) 0.5 s, (c) 1 s, and (d) 2.7 s at 1400 rpm.
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77% was achieved. The normalized ratio does not reach the
maximum value of 3 in any case. This might be the result of the
complicated reaction process. Model results are in good
agreement with the experimental data. By increasing the
concentration of HH above 1.75 M, activity is also increased
due to the more available substrate that occupies the catalytic
active sites.
The durability of the catalyst over repeated reaction runs is

crucial for commercial applications. Therefore, stability tests
were performed by using the catalyst without any further
treatment (Table S4). The catalyst exhibited remarkable
stability after eight repeated cycles, with a slight decrease in
the activity observed from the first to the second run.
Moreover, an almost constant H2 selectivity (from 89 to
85%) was observed. The spent Ir/Ni10Ce catalyst after hydrous
hydrazine decomposition was characterized using the STEM-
HAADF technique. Figure S12a,f shows that the Ir particle size
remains small, ranging from 0.5 to 2 nm. The average particle
size of the spent catalyst is 1.0 nm, which is very close to that
of the fresh catalyst (1.1 nm). Similar to the fresh catalyst, Ni is
distributed in isolated islands on the ceria support. However, Ir
is not only preferentially located on Ni but also dispersed
across the entire Ni10Ce support.

5. OPTIMIZATION
CFD modeling can solve complex equations to interpret mass/
heat transport and flow phenomena. In the case of H2
generation, CFD simulations can optimize reactor design by
varying key parameters, ensuring uniform heat and mass
transfer distribution and thus enhancing the efficiency of the
reaction and yield toward H2. In that way, reactors will be
optimized and then scaled up without needing trial and error
in reactor design, cutting costs, and ensuring and providing
operational stability.

5.1. Reactor Shape. Laboratory-scale batch systems
(round-bottom flasks) are usually used with a total volume
capacity of 20−150 mL, with either two or three
necks.4,7,28,30,38−40 For the simulation of the batch reactor,
the reactor shape was based on the round-bottom flask that
was used in the experiments. In addition to this configuration,
there is another flask configuration, which has a flat bottom,
and thus its surface is wider and not completely circular. CFD
studies were also performed with this geometry to see how it
affects the temperature and velocity fields as well as the
reactant distribution. For the comparison analysis, the diameter
of the reactor was kept the same as that of the round-bottom
flask. The temperature distribution is depicted in Figure 7.
Compared to the round-bottom flask, where 30 min are
needed for the achievement of an isothermal temperature
distribution, approximately 33 min are needed in the case of

Figure 9. Velocity magnitude (top view of the reactor) at (a) 0 s, (b) 0.1 s, (c) 0.15 s, and (d) 0.30 s at 1400 rpm using a pivot ring stirrer bar.
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the flat-bottom reactor. The possible explanation behind this
slight increase in time is the wider surface area of this reactor,
which affects the way the temperature is distributed.
Figure 8 presents the velocity magnitude, and it is evident

that even though there is a slight difference between the
geometries, this geometry is not so efficient compared to the
round-bottom flask. After 2.7 s, the velocity magnitude remains
unchanged but not uniform, in contrast to the round-bottom
flask. The velocity magnitude is lower (0.5−0.6 m/s)
compared to the round-bottom reactor (∼0.67 m/s). Also,
dead zones are observed near the reactor wall, pointed with
dark blue color and an average velocity magnitude of 0.4 m/s.
Thus, in reality, reactant and catalyst particles near this region
might be affected by diffusion due to the lower velocity or
might be stuck on the reactor wall, unable to participate in the
reaction.
The distribution of the HH was also simulated with this

reactor geometry. A total time of 1.4 s (Figure S13) is needed
for complete distribution through the reactor surface. The
slightly increased time, considering the 0.34s needed for the
round-bottom flask,28 is due to the wider surface of the flat-
bottom reactor, as it was explained before.

In general, there was a small difference in the temperature
and reactant distribution. Only the velocity distribution was
significantly different between the two reactors. However, in
our case, where a small reactor was used, this difference might
not affect the results greatly. Scaling up this process, however,
the difference between these two systems will influence both
the experimental and the computational results.

5.2. Stirrer Bar Shape. An experiment can be significantly
impacted by the choice of the magnetic stirring bar. It is
possible to increase the efficiency of mixing as well as enhance
the homogeneity. Thus, when selecting a stir bar, there are
numerous factors to consider, with the most important being
the size and shape. In all CFD cases above, the stirrer was
developed as a line segment because it was assumed to be
infinitely thin for computational purposes; for example,
elements and boundaries are fewer, improving the mesh and
the computational time. However, for optimization purposes,
the original shape of the stirrer was modeled, as well as other
shapes that were available in the laboratory.
5.2.1. Pivot Ring Stirrer Bar. Pivot ring stirrer bars are

cylindrical stirrers with a pivot ring at the center of the bar.
The purpose of the ring is to maintain the optimum position of

Figure 10. Velocity magnitude (top view of the reactor) at (a) 0 s, (b) 0.1 s, (c) 0.5 s, and (d) 1.65 s at 1400 rpm using a cylindrical bar.
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the stirrer within the vessel. The pivot ring stirrer is the original
shape of the stirrer used in the experiments. At the beginning
(time = 0 s) (Figure 9), the velocity magnitude profile is quite

similar to the one achieved with the line stirrer. The velocity
field remains unchanged after 0.15 s. It is observed that the
velocity magnitude can achieve a lower value near the stirrer

Figure 11. Velocity magnitude (top view of the reactor) at (a) 0 s, (b) 0.1 s, (c) 0.5 s, and (d) 1.05 s at 1400 rpm using an elliptical stirrer.

Figure 12. n(H2 + N2)/n(N2H4) vs time for HH decomposition at temperatures of 40, 50, 60, 70, 80, and 90 °C in a packed-bed microreactor.
Simulations conditions: pressure of 1 bar, 0.05 mL/min HH flow, and 9.5 mg of the Ir/Ni10Ce catalyst.
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(0.2 m/s), and the velocity magnitude is higher at the stirrer’s
top and bottom. At the rest of the reactor surface area, the
values of the velocity magnitude differ slightly compared to the
profiles of the line stirrer (0.65 and 0.68 m/s, respectively).
However, since it is uniform within the reactor surface, it is
confirmed that the reaction is in the kinetic regime.
5.2.2. Cylindrical Stirrer. Cylindrical stirrer bars are very

common and have the same shape as the pivot ring stirrers,
excluding the ring in the middle. This stirrer was not tested
experimentally. It is observed in Figure 10 that the velocity
magnitude has a value of 0.67 m/s, similar to the pivot ring
stirrer. However, as time passes, it is observed that the area
near the stirrer has a higher velocity magnitude than the rest of
the surface (0.72 m/s). After 1.65 s, the profile remains the
same, with the observation of the development of two zones.
This observation can significantly affect the reaction, especially
in larger vessels, since it will be limited by diffusion in the area
with a lower velocity magnitude.
5.2.3. Elliptical Stirrer. Another available stirrer shape is

elliptical, which was not tested experimentally. The velocity
magnitude profiles are similar to the cylindrical stirrer (Figure
11). After 1.05 s, the velocity magnitude remains unchanged,
and two zones are again observed.
5.2.4. Oval Stirrer. An oval stirrer bar is not so commonly

used in such cases. As can be seen from Figure S14, there are
no changes in the velocity magnitude over time. Due to the
inconvenient shape and size of the stirrer, the mixing is not
efficient, achieving only 0.2 m/s of velocity magnitude, which
would significantly affect the distribution of both reactant and
catalyst particles.
Since the reactor system was simulated on a laboratory scale,

it was expected that the influence of the different stirrer shapes
would be negligible. However, the oval stirrer was found to be
inefficient even for such a small batch system. With such a low
velocity magnitude, the reaction will not be kinetically
controlled and thus will be limited from external mass
transport phenomena. By scaling up the process, the effect of
the different stirrer shapes would be more influential on the
velocity field and needs to be studied further. It is also
noteworthy to mention that the simulations of the stirrer using
its original shape and using a line segment did not have
significant differences.

5.3. Packed-Bed Microreactor. Continuous flow systems
are known to achieve higher yields; however, in the case of
HH, continuous flow systems are not usually employed due to
the alkali media used in the decomposition reaction, which are
corrosive for some materials used in continuous flow systems.
Conversely, batch systems have been preferred so far and are
also easy to moderate. However, it is interesting to do a
comparison study between the two system reactors; thus, a
CFD study on a continuous flow system was used. The results
are analyzed as explained below and can be used for
comparison purposes in future experimental studies.
Figure 12 depicts the normalized ratio over time for a

packed-bed microreactor simulated at a temperature range of
40−90 °C. With an increase in the temperature, conversion is
increased and thus the yield. Around 20 min into the reaction,
the ratio reaches a maximum value at each temperature and
then drops, excluding the highest temperature of 90 °C, where
it remains almost constant. The drop can be explained by the
formation of NH3, which, in the case of a continuous flow
system, might cause deactivation and decreased yield over
time.
By comparing the results from the batch system and the

packed bed at 90 °C (Figure 13), it is evident that for the same
reaction time, the packed bed can achieve better yield results
even after a slight drop after 20 min.

6. CONCLUSIONS
Summarizing, this study focuses on the decomposition of
hydrous hydrazine to generate hydrogen, highlighting the
crucial role of integrating experimental research with CFD
simulations. The analysis examined thoroughly how variables
such as temperature, stirring rate, mass of catalyst, hydrazine
concentration, and NaOH addition influence hydrogen yield
and reaction kinetics. Experimental results, supported by CFD
studies, determined the best conditions for the reaction
decomposition over the developed Ir/Ni10Ce catalyst toward
H2 generation with over 80% yield. Beyond validating the
experimental findings, CFD simulations offered an in-depth
understanding of the systems’ uniformity, particularly focusing
on temperature and velocity field distributions. Under these
conditions, temperature was distributed uniformly at 30 min,
and the profiles of the velocity magnitude were uniform under

Figure 13. Comparison of batch and packed-bed microreactors at 90 °C. Simulations conditions: Packed-bed microreactor: pressure of 1 bar, 0.05
mL/min HH flow, and 9.5 mg of the Ir/Ni10Ce catalyst. Batch reactor: 1400 rpm, 150 �L of 3.3 M hydrazine monohydrate, and 9.5 mg of the Ir/
Ni10Ce catalyst.
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1 s. Following, different batch geometry and 2D stirrer designs
were examined. Even though the batch geometry was slightly
different, the velocity magnitude profile was not uniform, with
a lower velocity magnitude and dead zones observed near the
reactor walls. The 1D and 2D (original shape of the stirrer)
stirrers’ velocity magnitude profiles were similar in terms of
uniformity, highlighting the accuracy of the model. The
smallest stirrer modeled resulted in a poor mixing profile,
emphasizing the importance of choosing a suitable stirrer,
especially when considering scaling up the process. Lastly, a
packed-bed microreactor was simulated to compare the batch
reactor performance, where the packed bed demonstrated
better results in terms of yield toward H2. However, due to the
continuous flow, in addition to H2, NH3 was also generated,
which resulted in reduced yield. The outcomes of this research
make a significant contribution to the integration of
experimental and CFD data on hydrous hydrazine decom-
position for catalytic hydrogen generation. Future research will
focus on exploring different catalyst compositions and support
materials to improve efficiency, since even at lower content, Ir
metal is expensive due to its scarcity, compared to nonprecious
metals. Future prospects also include scaling up of these
systems through CFD studies in order to enhance H2
generation for fuel technologies.
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