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The catalytic reaction of iridium nanoparticles was carried out over gamma-
alumina granules to investigate the factors controlling the catalytic activities. 
The evaluation of iridium nanoparticle activity in the laboratory reactor was 
done for support grains with different diameter between 1 mm to 4 mm. The 
characterization of three iridium catalysts was evaluated by XRD, FESEM and 
EDX before and after catalytic activity. The rate of hydrazine decomposition and 
hydrogen selectivity increased to 306 h-1 and 42% with the better distribution 
of nanoparticles, regardless of the grain size of catalyst support, whereas the 
hydrazine decomposition rate was larger for smaller supported catalyst. The 
probability of hydrazine monohydrate molecules in contact with active sites 
becomes higher and the movement of reactants and gas products will be easy 
inside and outside the pores, leading to the increase in reactivity. The rate of the 
hydrazine monohydrate decomposition and H2 selectivity decreased to 216 h-1 

and 26% with the lower catalyst grains and the higher size of support along with 
worse distribution on the surface. The remarkable results of the results prove that 
support granule size is a dominant factor in the catalytic decomposition.
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INTRODUCTION
Development of a new route with a low cost 

method for catalytic reaction is important for wide-
spread applications [1–3]. The use of nanosized 
metallic particles with high surface area provides 
a potential system to increase the catalytic activity 
[4]. Many different nanoparticles have been used 
for the chemical degradation of fuels and chem-
ical pollutants [5–8]. Hydrazine monohydrate 
(N2H4·H2O) with a hydrogen content of 8 wt% is 
a good hydrogen source for different applications 
[9,10]. Hydrazine follows two reactive paths of cat-
alytic decomposition for to generate NH3 and N2 
or H2 and N2 [11]. Catalyst and reaction conditions 
are two important factors affecting the pathways of 
hydrazine degradation [12–14]. Nobel metals such 
as iridium nanoparticles are the ideal catalyst for 
decomposition of hydrazine [15]. The catalytic deg-
radation of hydrazine on nickel-based systems has 
been investigated as a means of producing hydro-

gen for on-board or portable applications [16,17]. 
Despite the extensive research on nickel catalysts, 
the study of iridium catalysts for decomposition 
process is still in its infancy.

Iridium nanoparticles are the preferred choice 
as a catalytically active element for hydrazine de-
composition, which possesses high activity and rel-
atively low selectivity towards H2 generation [18]. 
The studies of hydrazine decomposition on the 
Ir(111) surface showed that N-N bond cleavage of 
hydrazine is more easily accomplished than that of 
the N-H bond, and the NH2 radicals can abstract 
hydrogen atoms one by one from N2H4 resulting in 
the formation of N2 and NH3 molecules [19].

In general, many effective routes have been pro-
posed to incorporate catalytic nanoparticles with 
high performance. Improvement of catalyst support 
properties such as structure, shape, and type of ma-
terial composition, typically results in remarkably 
improved activity and H2 selectivity [20–22]. A se-
ries of lacks for the iridium catalytic decomposition 

http://creativecommons.org/licenses/by/4.0/.
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process will inevitably hamper the experimental 
exploration of high-performance N2H4 decomposi-
tion catalysts. The researchers showed that the de-
composition behaviours of N2H4 strongly depend 
on the support [23]. Although iridium nanoparti-
cle catalysts can accelerate the catalytic activity, the 
limited surface area of the heterogeneous support-
ed catalysts leads to lower catalytic activity [24–26]. 
It is clear that the properties of metals depend on 
the size of their nanoparticles [27–29]. The enor-
mous surface area-to-mass ratio of nanoparticles 
leads to nanoparticles with extremely high activi-
ties for long periods of time under proper condi-
tions that well dispersed these nanoparticles on 
support granules can exhibit much higher catalytic 
performance [30–32]. Therefore, it is important to 
search for a stable support to improve catalytic per-
formance of the catalyst with atomic-sized its good 
structure [33–36].

There are few experimental results regarding 
different changes with respect to catalyst reactivi-
ty and hydrogen selectivity for iridium nanoparti-
cles. Iridium catalysts have been used widely due 
to its high activity characteristics for hydrazine 
decomposition, but there are no experimental re-
sults regarding grain size with catalyst reactivity. 
For different life times (short or long life system), 
the cost consideration of the catalyst is significant 
in the operational tests [37]. This catalyst price 
can be adjusted by controlling the size to prevent 
nanoparticle loss. Catalytic fabrication with stabil-
ity and resistance to high operating temperature 
and pressure conditions is one of the goals of its 
characterization.

In the present study, three different support 
grain sizes impregnated with iridium was tested 
in a lab-scale reactor to investigate the effect on 
hydrazine monohydrate decomposition rate and 
hydrogen selectivity by iridium on the γ-alumina 
catalysts with simple laboratory tools. As a result, 
the reactivity can be increased by more appropriate 
distribution of iridium particles on small grain size, 
and hydrogen selectivity was considerably affected 
by catalytic support grain sizes. We have, there-
fore, a very full demonstration that catalyst grain 
size can affect both activity rate and selectivity of 
iridium catalytic reactions, and effectively used as 
a promising catalyst for different application of hy-
drazine monohydrate.

EXPERIMENTAL
An aqueous solution of dihydrogen hexachlor-

oiridate(IV) hydrate (H2IrCl6.xH2O, Sigma-Al-
drich) was prepared (20 wt% iridium), and gam-
ma-alumina supports (γ-alumina, grains with 1-2 
mm, 2-3 mm, and 3-4 mm diameters, SBET=187-200 
m2g-1) were impregnated three times by this solu-
tion at 60°C with 20 percent by weight of metal. 
The granules were exposed to heat treatment at 
80°C for 12 h and then at 400°C for 3 h. Then, the 
samples were placed in a furnace under hydrogen 
atmosphere for the reduction process at 400°C for 
2 h. The final samples were marked as Ir-1, Ir-2, and 
Ir-3 for the grain sizes of 1-2 mm, 2-3 mm, and 3-4 
mm, respectively.

The catalytic decomposition was initiated 
by introducing 10 ml hydrazine monohydrate 
(N2H4·H2O, Merck) into the self-designed stainless 
reactor on the 100 mg of granules. The absorption 
of ammonia is done in a trap containing 1 M HCl, 
and the volume of nitrogen and hydrogen gases 
measured via an electronic balance. The TOF value 
(turnover frequency or the reaction rate, h-1) was 
calculated in the 80% conversion of N2H4·H2O at 
specific times (t) as follows:

PVTOF=         
3n RTtIr

                    (1)

where, T, P, and V values are the reaction tem-
perature, the atmospheric pressure, and the volume 
of generating gases, respectively. R and nIr are the 
gas constant and the mole number of iridium.

The phase characterization of the catalysts was 
plotted using powder X-ray diffraction (XRD, 
PANalytical X’Pert diffractometer) with Cu Ka 
radiation. The BET N2 adsorption–desorption iso-
therms were measured at 77 K with BELSORP Mini 
(Microtrac Bel Corp). Scanning electron microsco-
py was performed using SEM, Tescan Vega3 model, 
operating at 25 kV. Elemental mapping detection 
was imaged using an energy dispersive X-ray mi-
croanalyzer attached to the SEM.

RESULT AND DISCUSSION
The activity of three different catalytic groups 

with different sizes was compared for hydrazine 
monohydrate decomposition. The importance of 
mass transfer in any specific case depends upon the 
relative magnitudes of reaction and mass transfer 
rates between the gas flow and the pore spaces of 
the catalyst granules. The larger granules can form 
larger free areas in which gas will move without 
contact with the catalyst surface. For porous cat-
alysts, the intra-particle diffusion of the reactant 

https://mateck.com/ir-dihydrogen-hexachloroiridate-iv-hydrate-1590.html
https://mateck.com/ir-dihydrogen-hexachloroiridate-iv-hydrate-1590.html
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must predominate. The catalytic action will be 
proportional to the mass of catalyst in small sup-
port grains; and in large grains depends on its ex-
ternal surface. Thus, the categories of catalyst sizes 
for hydrazine monohydrate decomposition cause 
a difference in the number of granules per gram 
of catalyst. The images of three categories of irid-
ium catalyst sizes before decomposition tests were 
shown in Fig. 1. The number of spherical granules 
at constant weight varies for different support siz-
es. Therefore, very small support grains of catalyst 
will be active throughout their volumes, while most 
of the interior of very large supports grains will be 
filled with iridium nanoparticles. The probability of 
hydrazine monohydrate molecules in contact with 
active sites becomes higher and the movement of 
reactants and gas products will be easy in and out-
side the pores, leading to the increase in reactivity.

The XRD patterns obtained from the iridium 
samples before the hydrogen reduction process can 
be seen in Fig. 2. The major peaks for IrO2 are very 
similar for the three samples, these planes corre-
spond to (1 1 0), (1 0 1) and (2 1 1) at 2θ ~26.5°, 
34.4°, and 53.8° with the significant peaks of 
γ-Al2O3 at 2θ ~46° and 68˚, respectively. The pre-
pared IrO2 crystal structure agreed with JCPDS 
card 15-870 [38]. The average grain sizes of iridium 
oxide nanoparticles for the Ir-1, Ir-2, and Ir-3 cat-
alysts were calculated from Scherrer’s equation to 
be around 17, 24, and 29 nm by the peak around 
34°, respectively. The number of spherical granules 
at constant weight varies for different support sizes. 
As expected, the catalyst with grain sizes 1-2 mm, 
which has more numbers of granules with higher 
dispersion, has significantly smaller particle size of 
iridium in comparison to the Ir-3 catalyst. There 

 

Figure 1. Catalyst images in three different grain sizes: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 

mm. 

 

Figure 2. XRD patterns of iridium catalysts with three different grain sizes: (a) 3-4 mm, (b) 

2-3 mm, and (c) 1-2 mm.

Fig. 1. Catalyst images in three different grain sizes: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 mm.

Fig. 2. XRD patterns of iridium catalysts with three different grain sizes: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 mm.
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will be more surface on Ir-1 with more distance for 
the iridium particles to disperse and it will prevent 
the particles from growing and coagulating.

Fig. 3. shows the Ir nanoparticles by SEM imag-
es from the surfaces of different support grain sizes. 
In addition, the performance of scanning electron 
microscopy/energy dispersive X-ray spectrosco-
py (SEM/EDX) for accurate mapping determina-
tion of the distribution and qualitative elemental 
analysis of nanoparticles was investigated in Fig. 

4.  As depicted in Fig. 3a. , the surface of the Ir-3 
catalyst shows irregular morphology because the 
iridium nanoparticles formed by self-aggregation 
(or intra-particle aggregation) stick together and 
crystallite size was unclear that the correct size 
and structure cannot be easily observed from the 
SEM measurements. The diameter sizes of the Ir-3 
catalyst are about 25-31 nm. The morphology of 
the Ir-2 catalyst was shown in Fig. 3b., spherical 
structures were obtained in the 22-26 nm diame-

 

Figure 3. FESEM image of Ir@γ-alumina surfaces: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 mm.
Fig. 3. FESEM image of Ir@γ-alumina surfaces: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 mm.
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Figure 4. (left) FESEM image of the iridium catalysts with (right) FESEM elemental mapping 

images: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 mm.

Fig. 4. (left) FESEM image of the iridium catalysts with (right) FESEM elemental mapping images: (a) 3-4 mm, (b) 2-3 mm, and (c) 
1-2 mm.
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ter range, but not well dispersed which led to the 
formation of some flocculates. The nanoparticle 
aggregation forming on the surface may take place 
in addition to the typical inter-particle aggregation, 
producing agglomerates or precipitates that can-
not be dispersed as shown in Fig. 3b. In addition, 
iridium nanoparticles was not homogeneously dis-
tributed into the pores as confirmed by SEM-EDX 
observations (Fig. 4a and b). As the support grain 
size decreases to approach to 1-2 mm, the division 
between particles becomes more definite and clear-
er to show the less inter-particle aggregation during 
impregnation synthesis. The iridium nanoparticle 
morphologies turned out to be a different shape of 
the spheres on the small grain size of support. In 
the Fig. 4c, no obviously aggregated iridium parti-
cles are observed. Elemental mapping images (Fig. 
4c) show matched the spatial distribution of iridi-
um, indicating a uniform distribution of Ir on the 
surface of alumina. Clearly, iridium element is in 
the whole images with continuous distribution on 
the alumina spheres. However, these surfaces do 
not have a homogeneous distribution on spheri-

cal granules in agreement with the observations 
in Fig. 4a and b. But, the iridium nanoparticles in 
the image of Ir-1 catalyst was are small, seen in all 
regions with diameter size in a range from 15 to 
18 nm. This phenomenon should be related to the 
shape and surface structure of supports that led to 
the regular entry of the iridium molecules into the 
channels or agglomeration into the pores with the 
free space between the pore entrances. However, 
the different interaction occurring between iridium 
and support is probably related to the variation of 
the surface structures resulting from different dis-
tribution of nanoparticles on alumina.

In order to explore the effect of the support 
grain size on the catalytic performance, the de-
composition of hydrous hydrazine catalyzed by 
iridium samples was carried out under same reac-
tion conditions for all catalysts (Fig. 5a). A prelim-
inary study found that the iridium catalysts possess 
high catalytic activity towards the decomposition 
of N2H4·H2O and the resulting selectivity to H2 is 
very low. Our study found that these two param-
eters for the iridium catalyst can be improved by 

 

Figure 5. (a) Volume of the generated gas (H2 + N2) versus time, and (b) TOF and H2 selectivity 

for the decomposition of hydrous hydrazine catalyzed by iridium@γ-alumina with different 

support grain sizes.

Fig. 5. (a) Volume of the generated gas (H2 + N2) versus time, and (b) TOF and H2 selectivity for the decomposition of hydrous hydra-
zine catalyzed by iridium@γ-alumina with different support grain sizes.
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grain size of the support. However, upon incorpo-
ration of different grain sizes of supports, the iridi-
um catalyst performance can be improved on both 
catalytic activity and H2 selectivity. N2H4 molecules 
can be adsorbed on Ir surface accompanied with 
decomposition through intramolecular or inter-
molecular reaction. Hydrazine bonds via both N 
atoms with the N-N axis paralleling to the iridium 
surface. N-N bond cleavage will facilitate ammonia 
formation. Hydrazine molecules through exother-
mic reactions decompose into NH3, H2, and N2 on 
the iridium catalyst. NH3 and N2 are the main gas 
products at low temperatures, and the H2 selectivity 
is low.

It is noted that the N-N bond lengths of N2Hx 
(x = 0-4) follow an order of N2H4 > N2H3 > N2H2 > 
N2H > N2 at both coverages. This implies that the 
N-N bond gets strengthened with proceeding the 
dehydrogenation procedure on Ir(111) surfaces. In 
addition, except for N2H, the adsorption strength 
of the N2Hx species on the surface decreases with 
increasing the surface coverage due to the later-
al interactions. In the adsorption of NH3, the site 
with top energy is preferred with its N atom bond-
ed to surface [39]. As a consequence of the repul-
sion between the adsorbates, the adsorption of 
NH3 becomes weaker with increasing the coverage. 
But judging from the N-H bond lengths, the NH3 
adsorbate well maintains its gas-phase molecular 
structure. Three molecules, including NH2, NH 
and N bond to the surface via N atom. Obviously, 
the binding strength between the surface and N in-
creases with the consecutive removal of an H atom 
from NH3 [40,41]. For the generated NH2 radicals 
from N-N bond cleavage, there exist two possible 
scenarios. Ammonia is not only a product but also 
an intermediate. Iridium nanoparticle is an active 
center for intermediate ammonia decomposition. 
Decomposition of ammonia is endothermic, and 
the temperature decreased after this decomposi-
tion. The continuation of dissociation extends to 
NH and H, and the other is the abstraction of an H 
atom from the vicinity of N2H4 in the form of NH3. 
It was observed that suitably decreasing the grain 
size of the iridium catalysts causes increasingly 
favorable decomposition behavior of N2H4·H2O, 
and the iridium catalyst reaches its optimal perfor-
mance at a same composition. Hence, when mass 
fraction of ammonia starts decreasing, decompo-
sition is more important. Hydrogen and nitrogen 
gases will increase with hydrazine and ammonia 
decomposition, and this high pressure of hydrogen 

causes to inhibit the rate of ammonia decomposi-
tion. It has been suggested that the number of cat-
alyst granules increases at smaller grain sizes, and 
consequently renewal of the active site for reactions 
enhanced. These mechanisms indicate a strong de-
pendence of the property on the composition.

The dehydrogenation generation from hydra-
zine over grain sizes 2-3 mm and 1-2 mm under 
the same reaction conditions completed in 25 min, 
corresponding to TOF values of 279 h-1, and 306 
h-1, respectively. For the Ir-3 catalyst, all of the gas 
releases from the solution within 30 min. The sys-
tem using the Ir-3 catalyst showed only around 26% 
selectivity towards H2 generation at 25˚C. After 30 
min, the reaction rate slowed down and headed to 
the equilibrium plateau where the reactions were 
done. The reaction rate per unit mole of active site 
over the Ir-3 catalyst is 216 h-1, which is inferior to 
the reported grain size 3-4 mm. In addition, the 
Ir-1 catalyst is surprising in terms of the selectivity. 
As seen in Fig. 5b, suitably decreasing the grain size 
for the Ir-1 and Ir-2 catalysts results in improved H2 
selectivity to 42% and 37%, respectively. As expect-
ed, the catalyst with grain sizes 1-2 mm, which has 
more numbers of granules, could afford more cat-
alytic sites and higher dispersion; has significant-
ly higher catalytic performance in comparison to 
the Ir-3 catalyst. The product of the decomposition 
on the Ir-3 creates an impermeable surface layer 
of the reaction interface which prohibits the reac-
tant come in contact with the catalyst. This does 
not mean that the inner portions of a large cata-
lyst granule are ineffective, but rather that the inner 
portions are less effective than the outer portions. 
As would be expected, the effect is greater at the 
higher space rates, and at the highest rate, TOF was 
about 41% greater with the Ir-1 granules than with 
the regular Ir-3 catalyst. The Ir-2 catalyst showed a 
somewhat lower gas product than the Ir-1 catalyst, 
indicating that in this size range some parts of the 
granules was not readily accessible. Since the Ir-1 
catalyst represented the smallest granule size that 
permitted maximum rate, it may be assumed that 
the radius of a granule of the median particle size 
in this range, 1-2 mm, probably is the maximum 
surface layer thickness effective in the reaction. The 
effect of the inner portions of the larger granule 
size on the decomposition reaction was revealed 
that the reaction values is impacted by the reactant 
molecules come in contact with the active phase. 
The reason for this being, the formation of a sur-
face layer composed of producing gas at the catalyst 
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surface at lower granules, while the probability of 
hydrazine monohydrate molecules in contact with 
the active sites of the smaller granule sizes becomes 
higher and the reactant transportation is found to 
be easy inside and outside the granule pores, lead-
ing to the increase in activity. These observations 
provide a method for determining the conversions 
that occurred at different depths in the catalyst pel-
lets. However, iridium nanoparticles would cause 
a blockage in mesoporous surface, which would 
weaken the transportation of reactants and prod-
ucts, leading to a lower decomposition rate for 

larger granules. Meanwhile, iridium nanoparti-
cles would contribute to bigger active sites, which 
would also exhibit lower reactivity compared with 
smaller granules with highly dispersed active sites.

To gain insight into the iridium catalytic de-
composition of the hydrazine molecules, we con-
ducted microstructure analyses of three samples. 
The breakage of the carrier was not observed in the 
conditions of the test, there was an increase of the 
surface imperfections. The different rate of the gas 
release at the surface generated different evolutions 
of the intensity and distribution of the unsteady 

 

Figure 6. FESEM image of the Ir@γ-alumina surfaces: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 

mm after hydrazine monohydrate decomposition. 

 

Fig. 6. FESEM image of the Ir@γ-alumina surfaces: (a) 3-4 mm, (b) 2-3 mm, and (c) 1-2 mm after hydrazine monohydrate decompo-
sition.
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temperature profile in the catalyst granules. As 
seen in Fig. 6., all the three catalyst samples showed 
tiny nanocrystallites with random orientation are 
dispersed on the support surface. Compared with 
the SEM images before decomposition of hydra-
zine, materials maintained the initial structure af-
ter decomposition. Obviously, SEM images exhib-
ited some changes for the Ir-2 and Ir-3 catalysts. 
Compared with the Ir-1 catalyst, the Ir-2 and Ir-3 
catalysts, some aggregations have been observed 
on the surfaces, especially on the Ir-3 catalyst. 
These aggregations were supposed to be iridium 
nanoparticles, which acted as active sites. Distri-
bution of iridium nanoparticles on the small grain 
size of supports can prevent the aggregation, which 
lead to improve the transport and the mass diffu-
sion of reactants and products. After impregnation 
of iridium nanoparticles on the small grain size of 
supports, the active nanoparticles would sinter on 
the wall of the alumina spheres stably. Significantly, 
since each iridium nanoparticle in the hollow cavity 
was isolated and had a relatively homogeneous en-
vironment, the active sites could fully contact with 
hydrazine reactants and improve the reactivity.

It is a possible reason why these support grain 
sizes of catalyst exhibit better performance even 
with lower content of iridium than in other works, 
providing an economic advantage. To our knowl-
edge, this high performance catalyst provides 
among the catalystzs containing Ir alone. However, 
the addition of some nanoparticles, such as nick-
el, increases performance of the Ir-based catalysts 
[42–44]. A current challenge was to develop iridi-
um catalysts alone that exhibit good performance, 
and this work is currently underway.

CONCLUSIONS
The objective of the current work was to 

study the effect of support grain size from 1 mm 
to 4 mm on the catalysts activity containing only 
one phase (iridium nanoparticles) for hydrazine 
monohydrate decomposition. It is clearly conclud-
ed that the TOF and the released hydrogen values 
mainly depend upon the grain size of the support. 
Three different catalysts synthesized with the same 
amount of active phase (20 wt%) showed various 
sizes of iridium nanoparticles from 17 nm to 29 nm 
, activities and the trend followed in their released 
gas patterns is not similar to the profound effect 
of grain size of the support on the decomposition 
reaction of hydrazine monohydrate. On the other 
hand, the decomposition reaction was remarkably 

hindered from 306 h-1 to 216 h-1 in the larger grain 
size, due to less available surface of support in the 
catalysts with larger iridium nanoparticles.
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