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Abstract: To discuss the potential role of iridium (Ir) nanoparticles loaded under atmospheric and high pressures, we prepared a series of cata-
lysts with the same active phase but different contents of 10wt%, 20wt%, and 30wt% on gamma-alumina for decomposition of hydrazine. Un-
der atmospheric pressure, the performance of the catalyst was better when 30wt% of the Ir nanoparticles was used with chelating agent that had
greater selectivity of approximately 27%. The increase in the reaction rate from 175 to 220 h™" at higher Ir loading (30wt%) was due to a good
dispersion of high-number active phases rather than an agglomeration surface. As a satisfactory result of this investigation at high pressure, Ir
catalysts with different weight percentages showed the same stability against crushing and activity with a characteristic velocity of approxim-

ately 1300 m/s.
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1. Introduction

Supported noble metal catalysts are widely used for a vari-
ety of catalytic reactions [1]. Iridium (Ir) active-phase cata-
lysts are used to decompose hydrazine [2] in a complex man-
ner. Despite efforts in this field, the catalytic mechanism of
hydrazine decomposition and its related factors need further
study. Depending on surface species, specific reaction path-
ways may change. Intermediates and some neighboring Ir
atoms are important due to various forms of hydrazine ad-
sorption on the Ir atoms and transition states [3].

Stability without loss of activity is one of the main fea-
tures of the catalyst, which affects the system lifetime [4].
The decomposition of hydrazine has been conducted on the
catalyst with a strong structure, which is capable of stabiliz-
ing the system without significant loss [5]. Materials with
high thermal conductivity and heat resistant in body struc-
ture or part of the catalysts play an important role in the sys-
tem lifetime [6—8]. The catalyst is stressed on the processing
temperatures [9]. Cracks can be created in the granules under
these conditions [10]. In porous catalysts based on alumina,
temperature gradients are created due to low thermal con-
ductivity. Higher thermal conductivity caused by increased
loading of nanoparticles speeds up the spread of heat, thereby
preventing temperature concentration and cracking without a
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remarkable decrease in specific surface area [11-14]. Mech-
anical strength and resistance to stress can be optimized by
controlling the loading of nanoparticles located inside the
alumina pore, and the hydrazine decomposition rate can be
changed to the desired extent [15-16]. Thus, adjusting the
loading of nanoparticles, including the amount of loading on
the catalyst, is paramount important in the reactor perform-
ance characteristics, because the catalyst activity of Ir nano-
particles depends on the order of atoms, crystal faces, and
morphology [17].

As the nanoparticles increase, a high local concentration
of products is created on the surface, leading to osmotic
gradient and fluid velocity [18-21]. The movement speed of
hydrazine is strongly dependent on the surface conditions of
the catalyst [22]. The diffusion of hydrazine and directional
mobility of the product can be controlled to improve the effi-
ciency of reactors. To improve the resistance of Ir catalysts in
gasification working conditions, a few studies have been
conducted [23-25], but including an additive or changing the
carrier of a catalyst such as carbon-based support does not
persist under the working conditions of the reactor at high
temperatures [7,26-27]. To date, no study has compared the
hydrazine decomposition process on Ir catalysts with differ-
ent percentages of active phase at atmospheric pressure and
high-pressure reactors. Using various Ir loadings on a sup-
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port can be considered an attempt to replace catalysts with
more economical catalysts containing less than 30wt% Ir for
different purposes, such as time period or modification of
catalyst structures, at laboratory scale. For different life dura-
tions (short or long life system), the cost consideration of the
catalyst is important [28]. For design optimization, the low
weight percentages of catalysts implemented for modifying
the systems are intended to reduce cost of hydrazine catalysts
in research.

The purpose of the present investigation was to modify the
activity and reaction rate of Ir catalysts with load contents
(10wt%, 20wt%, and 30wt%) at atmospheric pressure and in
a high-pressure laboratory reactor. The dispersion and
particle size changes were the most effective factors of the
catalysts as a result of this research. The present study fo-
cuses on the decomposition of hydrazine with two specific
purposes: (1) comparison of decomposition reaction rates for
various percentages of Ir catalysts and (2) observation of re-
leased gas parameters that affect system performance. To
survey the first steps of hydrazine decomposition in particu-
lar and compare three types of catalysts tested, we used a
self-designed laboratory reactor at atmospheric and high
pressures. This study is a new economical approach with ex-
cellent activity at low Ir loading in the operating reactor.

2. Experimental
2.1. Preparation of catalysts

The Ir catalysts were prepared by wetness impregnation of
dihydrogen hexachloroiridate (IV) hydrate (H,IrCls'xH,0,
Sigma—Aldrich) in a water-based solution onto the surface of
gamma-alumina (the surface area based on Brunauer—Em-
met-Teller method, Sger = 160 m*g'; 10-14 mesh;
homemade product). The Ir loading of the catalysts was con-
trolled at 10wt%, 20wt%, and 30wt% of support. After the
deposition of Ir, the catalysts were dried in an oven under va-
cuum at 80°C for 24 h, and then calcined at 400°C for 3 h. Fi-
nally, H,-reduction of catalysts at 400°C led to the formation
of small Ir crystallites. The catalysts with load contents of
10wt%, 20wt%, and 30wt% were denoted as 10Ir, 20Ir, and
30Ir, respectively. The impregnation steps were repeated two,
four, and six times (Swt% of Ir for each run) for the 10Ir,
20Ir, and 30Ir catalysts, respectively. To avoid the agglomer-
ation of nanocrystals in the 30wt% Ir catalyst, we used 2,4-
pentanedione (acetylacetone) stabilizer in the synthesis pro-
cess denoted as 30Ir-S. The catalysts were used in decom-
position of hydrazine monohydrate (N,H,-H,0O, Merck).

2.2. Characterization of catalysts

The microstructures of Ir nanoparticles were examined by
field emission scanning electron microscopy (FESEM;
MIRA3 Tescan) and high-resolution transmission electron
microscopy (HRTEM; FEI Tecnai F20). The surface areas of
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the catalysts were measured based on Brunauer—Emmet—
Teller (BET; BELSORP-Mini, MicrotracBel) method by
preconditioning at 150°C in continuously flowing inert gas
for 5 h. The catalytic activities of Ir catalysts were determ-
ined by measuring the amount of gases generated by the de-
composition of hydrazine monohydrate in the self-designed
laboratory reactor. The sealed stainless steel reactor equipped
with temperature and pressure sensors and three valves in-
cluding injection, gas outlet, and safety valve was kept in a
water bath to maintain the reaction temperature at 25°C.
Then, 100 mg of Ir catalyst was kept inside the decomposi-
tion vessel and 10 mL of hydrazine monohydrate was added
from the injection syringe by opening the gas outlet valve.
The generated gases were then passed through a trap contain-
ing 1 M HCI to absorb ammonia (NH;) and collected in an
inverted cylinder by the water displacement method using an
electronic balance. The weight data of the collector flask
were automatically recorded by a computer program (one
datum every 500 ms). The mole ratio of gases was calculated
through the following equation:

_n (N2 +H,) 1)

n(N,Hy)
where A is the molar ratio; n(N, + H,) is the mole number for
N, and H,; n(N,Hy) is the mole number for N,H,. The hy-
drogen selectivity (X) was calculated from Eq. (1) with the
following equation:
32-1

=5 @

The turnover frequency (TOF) or the reaction rate (h™') in
80% conversion of hydrazine hydrate was obtained as fol-
lows:

PV

* 3n,RTt )
where R is universal gas constant, T is reaction temperature,
P is atmospheric pressure, n;, is mole number of Ir, V is
volume of H, and N,, and # is reaction time.

TOF

3. Results and discussion
3.1. Surface area analysis

Fig. 1 shows the adsorption—desorption isotherms of the Ir
catalysts: 10Ir, 20Ir, 30Ir, and 30Ir-S. The microstructure
parameters of these samples are presented in Table 1. The
surface area decreases with increasing load due to the block-
age of a portion of the pores with nanoparticles [29]. The in-
crease of Ir content resulted in a decrease in the mean size of
the micropores (17.2 nm for 10Ir to 15.2 nm for 30Ir-S) along
with the reduction in their pore volumes. High surface ag-
gregation degree as a result of increasing Ir loading reduced
the BET surface area of 30Ir with increasing pore size com-
pared to 30Ir-S due to less penetration into the pores. The
surface area of 30Ir-S was decreased by approximately 22%
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Fig. 1. (a) N, adsorption—desorption isotherms and (b) pore

size distribution curves for Ir catalysts (V,—Volume of gas ad-
sorbed at standard temperature and pressure; P—Gas satura-
tion pressure; —Pore radius).

Table 1. Microstructure parameters of catalysts with differ-
ent Ir contents

Catalyst S%ET,/ Pore VOll{me / Pore diameter /
(m*g™" (cm’-g™) nm

10Ir 126 0.48 17.2

20Ir 102 0.39 16.1

30Ir 38 0.42 18.9

301r-S 98 0.38 15.2

compared with that of the 10Ir sample. Reducing the surface
area for 20Ir to 30Ir-S was extremely low (~4%). By adding
the stabilizer to the 30wt% catalyst, the BET surface area was
reduced to a very low level relative to the 20Ir catalyst
through the well-controlled deposition of Ir particles onto the
gamma-alumina.

3.2. High-resolution transmission electron microscopy

The TEM images were analyzed to determine the particle
size. Fig. 2 shows the HRTEM images of Ir-based catalysts;
these images show that Ir nanoparticles were distributed ho-
mogeneously on the gamma-alumina granular support in

10Ir, 201Ir, and 30Ir-S. However, due to the high loading of Ir
particles in Ir30, the catalysts showed a tendency to aggreg-
ate, as marked in Fig. 2(c), but single particles could still be
identified. The average nanoparticle size of four catalysts was
measured at 2-3 nm by TEM observation. The Ir nano-
particle size almost remained constant with increasing load,
which may be due to avoidance of the agglomeration and sin-
tering. As higher catalytic activity is obtained by higher act-
ive phase of Ir nanoparticle sizes [30], these nanoparticles in-
crease the surface area with a high number of active sites in
30wt% to promote the catalytic decomposition of hydrazine.

3.3. FESEM analysis

The surface of each catalyst was observed by FESEM im-
ages shown in Figs. 3(a) and 3(b). The growth and dispersion
of Ir particles occur during the process at all available sur-
faces. The dispersion depends on the Ir loading in which
gamma-alumina surface with a higher Ir loading shows a
higher degree of coating and penetration in the pores. The
nanoparticle size in all three weight percentages remained
nearly constant with the control on the number of impregna-
tion steps. However, an increase in Ir loading of the 30Ir
catalyst would normally be expected to increase the low ag-
gregation in which smaller particle size and greater distance
between particles can be controlled by using a stabilizer in
the 30Ir-S catalyst [31]. In addition, elemental mapping of
the Ir active phase showed proper dispersion at all loadings,
as shown in Fig. 3(c). The 30Ir-S catalyst should be more ef-
ficient with improved performance than the 10Ir catalyst by
covering a larger surface.

3.4. Hydrazine decomposition at atmospheric pressure

The laboratory reactor at atmospheric pressure converts
hydrazine monohydrate into N,, NH3, and a small amount of
H, at low temperature. Although expected at high pressure in
the reactor, a greater conversion of ammonia occurs with
high operating temperature. Fig. 4(a) shows the time course
profiles of four catalysts. The activities of 20Ir and 30Ir were
higher than that of 10Ir. The level of catalyst activity varied
with the loading and surface concentration of Ir and the per-
centage of the active phase. The 30Ir catalyst showed a sharp
decrease due to the decrease in effective active surface area
compared with that of the 20Ir catalyst. The 10Ir catalyst ex-
hibited the lowest activity because of the low percentage of
active phase. Based on the catalytic activity, the well-loaded
Ir species can increase the activity, so that in 30Ir-S, activity
was increased compared with that in 30Ir.

The content of Ir is important, but the effects of the im-
pregnation step number and stabilizer are also dramatic. A
difference existed in reaction rate (TOF) among the four
types of catalysts studied, that is, Ir particles in 30Ir-S ac-
count for approximately 26% of magnitude more than Ir
particles with a similar size in 10Ir. Increasing the conver-
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sion rate in the 30Ir-S catalyst results in effective distribution
of the nanoparticles on the support surface. Fig. 4(b) indic-
ates that a rate of 220 h™' can be obtained for 30Ir-S with
higher selectivity of hydrogen production compared with
10Ir, 20Ir, and 30Ir. As proven in previous research, Ir nano-
particles are active centers of intermediate ammonia decom-
position [32]. Therefore, the higher Ir loading in 30Ir-S on the
alumina support had greater selectivity of approximately
27%. Thus, with the increase of Ir content, NH; conversion to
H, and N, increased. However, the exact decomposition
mechanism of hydrazine over Ir catalysts is complex and has
not been clearly defined. In general, the intramolecular nitro-
gen—nitrogen bond breaks more easily than the nitrogen—hy-
drogen bond, and NH, radicals (amide) can be generated on
Ir. Amide radicals can be converted to the hydrogen atoms
of hydrazine or lead to the formation of N, and NH;
molecules [33].

Comparing reaction rates in the case of catalytic reactions
determines the number of available active phases because of
the parameters related to synthesis conditions, effect of ag-
glomeration, particle size, and other factors. In this study, we
have conducted the catalysts on the same support under the
response of the rates with Ir mass and under the penetration
of particles. The higher rate of 30wt% of Ir recorded in this
study demonstrates that the 30Ir-S catalyst is a candidate. In
addition, 20wt% of Ir catalyst can be a substitute in bed op-

Fig. 2. HRTEM images of (a) 10Ir, (b) 20Ir, (c) 30Ir, and (d) 30Ir-S catalysts.
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timization to reduce the cost of the hydrazine catalyst.
3.5. Hydrazine decomposition at high pressure

Effect of Ir loading on catalyst performance was also in-
vestigated at high pressure in the laboratory reactor. The de-
composition properties of hydrazine were different under dif-
ferent bed conditions. The catalytic bed was filled with the
10Ir, 20Ir, and 30Ir-S catalyst granules. Decomposition starts
quickly when hydrazine is injected into the reactor and con-
tacts with the Ir catalyst. Consequently, the pressure in the
chamber increases immediately, and then reaches a maxim-
um value. Fig. 5 compares the behaviors of these catalysts in
200 s. Chamber pressures reached a steady value within a
short period in the three catalysts. The faster the decomposi-
tion of hydrazine, the faster the increase of the chamber pres-
sure. These results indicate that all three catalysts are effect-
ive for the decomposition of hydrazine in a short period.
Thus, no clear variation was observed between the stable-
state pressures for all catalysts at approximately 1.5 MPa.
Furthermore, the temperatures were stable at approximately
800°C in the catalyst bed, which wa greatly similar for all the
three catalysts, as shown in Fig. 5. The dissociation of the
ammonia produced from the decomposition of hydrazine to
H, and N, is endothermic. Thus, the amount of ammonia
conversion is a parameter that affects the temperature of the
reactor. As shown in Figs. 5(a)-5(c), the temperatures of all
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Fig. 3. (a, b) FESEM images of catalysts with different percentages of iridium nanoparticles; (c) iridium mapping images obtained

from (b).
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the three catalysts increased when N,H,; molecules decom-
posed and then finally rose to a stable level. The results sug-
gest that the ammonia conversions were constant across all of
the three catalysts [34]. No change in steady-state properties
was observed due to the similarity in ammonia dissociation
as an effective function in all the three catalysts.

The mass loss of Ir catalyst measured after the test was
defined as the weight difference of the catalyst in the reactor
(Table 2). Catalyst of 30Ir-S presented the smallest mass loss
of approximately 2% of initial weight, while the 10Ir and 20Ir
catalysts had mass losses of approximately 4% and 3%, re-
spectively. Interestingly, the mass losses of catalysts were be-
low 4% in different percentages of Ir.

Table 2. Catalyst properties with different Ir contents at high
pressure test

Mass loss/ Pressure/ Temperature/ Velocity /

Catalyst 9% MPa oC (m-s )
10Ir 4.1 1.55 780 1300
20Ir 3 1.58 790 1314
30Ir-S 24 1.56 785 1303

The velocity was determined by the degree of ammonia
dissociation in the second reaction of N,H, decomposition.
The characteristic velocity values with catalysts, including
10wt%, 20wt%, and 30wt% of Ir, were observed at 1300,
1314, and 1303 m/s, respectively. No significant difference
was observed in the characteristic properties among the three
catalysts. Thus, all these catalysts can be used to address the

economic cost and short operating time.
4. Conclusion

The approach presented in this paper aims to improve the
design and optimize the catalyst-loading level with high cata-
lytic activity for various purposes of hydrazine decomposi-
tion such as electronic structures. The catalysts with 20wt%
and 30wt% Ir on gamma-AlO; in the laboratory-scale test-
ing showed a higher decomposition rate, and leaded to a
higher amount of gaseous products, thereby providing the
most efficient decomposition process. Properly controlling
the loading with stabilizer can positively and significantly af-
fect the catalytic efficiency. However, no significant differ-
ence was observed in the final characteristics for different
loading levels of catalysts at high pressure. Therefore, the Ir-
based catalysts with low loading are promising candidates for
hydrazine decomposition for some purposes such as the port-
able electronic devices because of their low cost, high activ-
ity, strong mechanical strength, and fast preparation. Using
different Ir loadings can be an approach to replace catalysts
for some purposes such as a specific time period with cost-ef-
fective systems.
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