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TiO, promoted Ir/Al, 03 catalysts (Ir/TiO,-Al,03) were successfully used in direct decomposition of N,O
with high catalytic activities and good thermal stabilities. Application of different characterization tech-
niques revealed that the activity enhancement was closely correlated with the properties of the support
material. Iridium was highly dispersed over the binary system of TiO,-Al, 03, due to the nanoscale rough
surface and strong interaction between iridium and the support induced by TiO, addition. Enhanced capa-
bility of reversible oxygen adsorption was detected on the TiO, promoted sample, which also promoted
the catalyst for N,O decomposition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitrous oxide (N, 0) is a major greenhouse gas and a main sub-
stance damaging the ozone layer [1,2]. The largest single source of
N, O, with a total emission amount of 125 Mton CO,-equiv. per year
[3], is the nitric acid plants, where N,O is formed as a by-product
in the catalytic oxidation of ammonia over Pt-Rh alloy gauzes [4].
Direct decomposition of N,O below the noble metal gauzes in the
ammonia burner is regarded as a cost-effective abatement measure
for existing plants. For such a process, extremely good thermal sta-
bility is required for the catalysts to withstand high temperatures
of more than 800°C [3].

On the other hand, nitrous oxide is also a promising green pro-
pellant for small satellite propulsion [5-8]. N,O has a number of
advantages, such as facilitating multiple propulsion modes, self-
pressurizing, system simplicity as well as low-cost, associating with
its non-toxicity and good compatibility with common construction
materials. Detectable decomposition of N,O can only take place at
temperatures above 600°C due to its high activation energy of ca.
250Kk]/mol, and it releases enormous heat leading to a maximum
adiabatic temperature as high as 1600 °C. Upon the application of
N, O for advanced propulsion systems, catalytic decomposition is
also an efficient choice to lower the decomposition temperature
and accelerate the reaction rate. Therefore, to develop appropri-
ate catalyst materials, which possess high catalytic activities at low
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temperatures and thermal stabilities at high temperatures, is of
great importance.

Numerous catalysts have been developed for the direct decom-
position of N, 0O, such as pure and mixed oxides [9-11], transition
metal-exchanged zeolites [12-14] and supported metal catalysts
[15-20]. Among them, noble metal catalysts are known to have
quite high activity, and Ir/Al,03 was reported to be a promising
representative [19,20]. However, the catalyst exhibited relatively
lower initial activity at low temperatures in high-concentration
(30-100%, v/v) N, O decomposition for propulsion applications and
was deactivated gradually at high temperatures due to the sinter-
ing of iridium, which greatly constrains its practical application.
One effective strategy is to find a suitable support capable of sta-
bilizing Ir particles and efficiently facilitating the decomposition of
N,O0.

Addition of promoters to alumina has been extensively used
to prevent the catalyst sintering and stabilize the noble metals
[21-31]. For example, Barrera et al. have reported that the physic-
ochemical properties, such as reducibility, oxidation of Pd and NO
dissociative adsorption of Pd/Al-La catalysts, were all modified
by La,03 inclusion, and high N, selectivity at low temperatures
(<250°C) in the NO reduction with H, was obtained and attributed
to the new adsorption sites created through the formation of a
surface PdOx phase interacting with La;03 [21-23]. Kappenstein
et al. have found that the introduction of silicon atoms stabilized
the alumina defect structure, which made possible better ther-
mal stabilization of the transition alumina and smaller crystallite
size of the supported platinum particles, resulting in a good activ-
ity in catalytically decomposing aqueous HAN and HNF solutions
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[24-26]. Ceria, zirconia and alkaline earth metal are also the most
frequently cited additives to adjust the interaction between active
metal and alumina support and to stabilize the noble metal particles
[17,27-30,32].

But relatively little is known about TiO, modified alumina sys-
tem. Yan et al. have developed an ultrastable Au nanocatalyst by
the deposition of Au nanoparticles on the nanocrystalline TiO,
surface-modified with an amorphous aluminum-oxide layer [33].
Lin et al. have reported that addition of TiO, into alumina enhanced
the reduction as well as the oxygen mobility of palladium oxide
and thus generated catalyst with much higher activity for the
total oxidation of methane [34]. The Al,03-TiO, system has also
exhibited high activity and selectivity in hydrotreatment and NO
abatement in virtue of its improvement in metal dispersion and
sulfur-resistance [35-37]. However, probably due to the small spe-
cific surface area and low thermal stability of TiO,, the TiO,-Al,03
system were commonly used at temperatures below 700°C. Few
studies were carried out by using TiO, to improve the thermal sta-
bility of alumina supported catalyst at high temperatures above
900°C, and no catalytic data for N,O decomposition over this sys-
tem has been reported until now.

In the present work, we prepared a series of TiO, promoted
Ir/Al; 03 catalysts, with the aim of developing practically capable
catalysts for direct decomposition of high-concentration N, 0. The
properties, including particle size, surface area, crystalline struc-
ture, reducibility, surface morphology, chemisorption, etc., were
studied carefully to probe into the roles of TiO,.

2. Experimental
2.1. Catalyst preparation

TiO, modified Al,03 was prepared via excess-solution impreg-
nation followed by spontaneous dispersion upon calcination. A
calculated Al(NO3)3-6H,0 (Tianjin Chemical Reagent Co., Inc.) was
dissolved in deionized water (typically 5 ml water and 5 ml ethanol
per gram of TiO; ), and TiO, (P25, Degussa) was subsequently added.
The slurry was further dispersed in an ultrasonic bath. After dried
at 80°C, the sample was collected and ground into fine powders,
and then further calcined at a high temperature of 900 °C for 3 h (if
not specially signified). The product was denoted as xTiO,-Al,03
(x=0.2,0.8, 1, 2 and 4), where x indicated the intended mol ratio of
TiO; to Al O3. Pure Al;03 and TiO, were also obtained through cal-
cination of dried solution of aluminum nitrate and TiO, (typically
5 ml water per gram of AI(NO3)3-6H,0) as referenced supports.

The above obtained supports were further impregnated with
an aqueous solution of HyIrClg-6H,0 to get the desired Ir loading
of 5wt%. The obtained samples were dried at 80°C overnight and
then calcined at 500 °C for 2 h in a muffle furnace in air atmosphere,
designated as Ir/Al, 03, Ir/TiO;, and Ir/xTiO5—-Al,Os3.

To investigate the thermal stability of the catalysts, catalysts
were again prepared with the same procedure as above, except that
the iridium supported samples were calcined at high temperature
of 1200°C. The resultant catalysts were marked as Ir/Al,O3(HT),
Ir/TiO,(HT) and Ir/TiO,-Al, O3(HT).

2.2. Catalyst characterization

BET surface areas of the catalysts were measured by N, adsorp-
tion at —196°C using a Micromeritics ASAP 2010 apparatus. The
X-ray diffraction (XRD) patterns were recorded with a PANalytical
X'Pert-Pro powder X-ray diffractometer, using Cu Kol monochro-
matized radiation (A =0.1541 nm) at a scan speed of 5°/min.

Scanning electron microscopy (SEM) experiments were per-
formed with aJSM 6360-LV electron microscope operating at 20 kV.

The size of iridium particles was determined by transmission elec-
tron microscopy (TEM). A JEOL 2000 EX instrument was used, with
an accelerating voltage of 120 kV. The samples were pretreated by
reduction with pure H, for 0.5 h followed by passivation in a 5 vol%
N, O/Ar mixture. 200 particles were counted to calculate the size
distribution.

Temperature-programmed reduction of H, (H,-TPR) was per-
formed on a Micromeritics Autochem 2920 apparatus. 35 mg of a
sample was loaded into a U-shape quartz reactor and pretreated
in a flow of Ar at 200°C for 1h. After cooling to 50°C in Ar, the
feed gas was switched to 10 vol% H,—Ar mixture. Then, the sample
was heated to 600°C at a ramping rate of 10°Cmin~!. A thermal
conductivity detector (TCD)was used on-line for measuring H, con-
sumption. Ir dispersion was determined by H, pulse chemisorption
uptake at room temperature. Before each experiment, the samples
were reduced with H; at 400°C for 0.5 h.

Oxygen adsorption was carried out with a BT2.15 heat-flux
calorimeter as described elsewhere [38]. Prior to the measurement,
the sample was heated to 400 °C in high pure Hy (99.999%) atmo-
sphere and held at that temperature for 0.5 h. After that, the sample
was outgassed in a special treatment quartz cell at that temperature
for 0.5 h under high vacuum. After being cooled to room tempera-
ture, the sample was transferred to a side-armed Pyrex vessel and
sealed in a Pyrex capsule. The capsule can minimize the possible
contamination in the high vacuum system in the course of thermal
equilibrium (6-8 h) with the calorimeter. After thermal equilibrium
was reached, the capsule was broken by a vacuum feedthrough and
fresh catalyst was exposed. The microcalorimetric data were then
collected by sequentially introducing small doses (1-10 pmol) of
0, onto the sample until it became saturated (6-8 Torr).

2.3. Catalytic performance test

Activity evaluation was carried out in a fixed-bed flow quartz
reactor with an inner diameter 6 mm as described in the literature
[39]. Prior to the reaction, 100 mg (20-40 mesh) of a catalyst was
reduced in Hy at 400°C for 0.5 h. After cooling to room tempera-
ture in Ar, the gas flow was switched to the reaction gas containing
30vol% N0 in Ar, and then passed through the catalyst at a flow
rate of 50 ml/min (STP), corresponding to a gas hour space velocity
(GHSV) of 30, 000ml h~' g_1. The reaction temperature was mea-
sured using a thermocouple located at the inlet of the catalyst bed.
In view of exothermic effect of N,O decomposition, each reaction
temperature point was held for 0.5 h to ensure both the reaction and
thermal environment reaching a steady state. The effluent gas was
on-line analyzed by Agilent 6890N gas chromatograph equipped
with a Porapak Q column and a Molecular Sieve 13X column. N,O
conversion was calculated based on the difference between its inlet
and outlet concentrations.

3. Results and discussion
3.1. Effect of the support on N,0 decomposition

Fig. 1 shows the conversion of N,O as a function of temperature
in the presence of the catalyst Ir/Al, O3, Ir/TiO, and Ir/xTiO,-Al,03
(x=0.2,0.8,1, 2 and 4). The samples, Ir/Al, 03 and Ir/TiO-, exhibited
reasonable activities compared to what have ever been evaluated
under the same reaction conditions [18,39-41].N,O decomposition
started at 300 °C and achieved 100% N, O conversion at 450 °C. As for
the catalysts with TiO, introduced, the catalytic activities were sig-
nificant improved. Small amount of TiO, had an obvious promotive
effect on N,O decomposition. The catalytic activity was increased
with increasing the titania content in the range of x=0.2-1 and
then decreased slowly at the higher content of TiO,. In particular,
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Fig. 1. N0 conversion as a function of temperature over Ir/xTiO,-Al, 03, Ir/TiO, and
Ir/Al, 05 catalysts.

the Ir/TiO,-Al,03 (when x=1, not shown hereinafter) exhibited
a very high activity in N,O decomposition, initiating the decom-
position at 250°C and achieving 100% conversion at 350°C, very
close to the highest activity that have ever been reported by Zhao
et al. [18]. According to the above, the xTiO,-Al,03 composite was
assumed to be a more suitable support for Ir catalysts used for N,O
decomposition.

The effect of calcination temperature of the support on N,O
conversion was subsequently investigated over the Ir/TiO;-Al,03
catalyst. The results are shown in Fig. 2. It could be found that
with the increase of the calcination temperature of the support,
N, O conversion decreased slowly. Even so, the Ir/TiO,-Al,03 cata-
lysts demonstrated higher activities than those of the Ir/Al;03 and
Ir/TiO, catalysts given in Fig. 1.

Thermal stability was investigated as well by evaluating the
catalytic activities of the catalysts calcined at high temperature
of 1200°C. As illustrated in Fig. 3, a significant decrease in N,O
decomposition reactivity was observed. Among the selected cat-
alysts, the Ir/TiO,-Al,03(HT) exhibited the highest activity for
N, O decomposition, revealing its fairly good thermal stability after
high-temperature calcination. The Ir/Al,O3(HT) gave a relatively
lower activity, and the Ir/TiO,(HT) was almost inactive under the
described reaction condition.
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Fig. 2. N0 conversions as a function of temperature over the Ir catalysts with the
support calcined at different high temperatures.
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Fig. 3. N,O conversions as a function of temperature over the Ir catalysts calcined
at 1200°C.

In order to understand the role of TiO, in the Ir/TiO,-Al, 03 cat-
alyst, structure and surface characteristics were compared among
the Ir/TiO,-Al,03, Ir/Al;03 and Ir/TiO, catalysts using the tech-
niques of XRD, BET, H, pulse chemisorption, TEM, SEM, TPR, and
0, adsorption microcalorimetry.

3.2. Physical properties of the catalysts

The XRD patterns of the Ir/TiO,-Al, 03, Ir/Al, 03 and Ir/TiO, cat-
alysts are presented in Fig. 4. The peaks of Ir/TiO, showed a typical
rutile phase of TiO, (JCPDS: 01-089-4202), and those of Ir/Al,03
were mainly assigned to the y-Al,03 phase (JCPDS: 00-010-0425).
IrO, phase (JCPDS: 01-088-0288) was also detected in both sam-
ples with the average size of 14nm and 13 nm, calculated from
the most intense IrO, line at 20=34.5° using Scherrer’s formula
(Table 1). The XRD pattern of Ir/TiO,-Al,03 showed a mixed struc-
ture, where TiO, is in rutile form and Al,03 in a-Al,03 phase. No
diffraction lines due to iridium species were identified. The XRD
result of Ir/TiO,-Al, O3 inferred that the phase transition to «-Al, 03
phase of alumina was promoted by the addition of TiO, and iridium
was highly dispersed on the binary oxide support. It was really sur-
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Fig. 4. X-ray diffraction patterns of the catalyst: Ir/TiO,-Al,03 (a), Ir/Al, 03 (b), and
Ir/TiO2 (c).
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Table 1

Properties of the Ir/TiO,-Al, 03, Ir/Al; 03, and Ir/TiO; catalysts.
Properties Ir/TiO,-Al, 03 Ir/Al,03 Ir/TiO,
BET (m?/g) 17 74 4
Ir dispersion (%) 33 19 8

prising because a-Al,03 was seldom formed under the calcination
0f 900 °C and iridium should aggregate on a-Al, 03 and present the
diffraction peaks, owing to the small surface area and poor pore
structure of a-Al,03. More interestingly, the Ir/TiO,-Al,03 cata-
lyst possessed the highest catalytic activity in this study in N,O
decomposition, contrary to the normal understanding that a-Al, 03
was avoided utilizing as a catalyst support. For this reason, a strong
interest was inspired to further explore the physicochemical prop-
erties of the catalyst and the role of TiO,.

BET surface areas of the TiO,-Al,03, Al,03, and TiO, supported
iridium samples are listed in Table 1. The surface area of Ir/Al,03
was 74 m? /g, and the value decreased to 17 m2/g for Ir/TiO,-Al,O3.
Pure TiO, supported iridium was with the smallest surface area in
these catalysts. It was noted that the introduction of TiO, caused
a great decrease in the surface area, similar to that reported in the
literatures [35,37,42]. Thus, the factor of BET surface area appeared
not responsible for the enhancement of the catalytic activity.

Ir dispersions were also examined with the ordinary H,
pulse chemisorption method (Table 1). The Ir/TiO,-Al,03 catalyst
showed the highest Ir dispersion (33%) among the catalysts pre-
sented here, whereas the Al,03 and TiO, based catalysts showed
very low Ir dispersions. The results of Ir dispersions matched very
well with the catalytic activities of the catalysts for N,O decompo-
sition.

3.3. TEM and SEM morphologies

TEM images of the Ir/TiO,-Al,03, Ir/Al;03 and Ir/TiO, cata-
lysts were shown in Fig. 5. Agglomerated iridium particles with
the diameter of about 10 nm were observed in the pure Al,03
or TiO, based catalysts, quite in agreement with those obtained
by Scherrer’s formula. Iridium nanoparticles were uniformly and
highly dispersed on the Ir/TiO,-Al, 053 catalyst, with a mean parti-
clesize of 2.3 nmas depicted in the particle size distribution in Fig. 6.
Obviously, these results coincided with that obtained from XRD and
H, pulse chemisorption measurements. The drastic decrease of Ir
particle size was believed to be closely correlated with the distinct
activity enhancement on the Ir/TiO,-Al, 03 catalyst.

Generally speaking, the metal dispersion varied in line with the
total surface area of the sample, while in this research, the binary
oxide supported catalyst had a small iridium size and high Ir dis-
persion with a low surface area, in comparison to the simplex
Al,03 and TiO,. Accordingly, it could be deduced that the sup-
port played a decisive part in stabilizing of the iridium species as
well as improving the catalytic activity. In order to further investi-
gate the surface property of the support, SEM measurement was
conducted on Al,0s3, TiO, and TiO,-Al,;03. It can be seen from
the micrographs in Fig. 7 that the binary oxide support presented
nanoscale roughness structure on the surface of the sample grain,
whereas the simplex Al,03 and TiO, demonstrated almost smooth
and clean surfaces. Meanwhile, single TiO, particle was compar-
atively small, and therefore formed a large number of edges and
irregular shapes on the bulk support. A careful observation of the
binary oxide revealed that the external surface of the sample was
full of irregular aggregates. Similar small aggregates had also been
observed on the mixed oxides as described by Vargas et al. [43].
The main roles of the nanoscale irregular aggregates are thought
to be twofold. On the one hand, the nanoscale irregular aggre-
gates could behave as a migration barrier on the oxide substrate.

Fig. 5. Morphologies of the Ir particles in the catalyst: Ir/TiO>-Al,03 (a), Ir/Al;O3
(b), and Ir/TiO; (c).
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Fig. 8. TPR profiles of the catalyst: Ir/TiO,-Al, O3 (a), Ir/Al, 05 (b), and Ir/TiO; (c).

The barrier decorated the perimeter sites of the active phase, and
thereby prevented the migration of Ir atom on the surface during
calcination and/or reaction process and inhibited Ir nanoparticle
growth and/or sintering. Rashkeev et al. [44] have found similar
blocking effect of the atomic-scale roughness on the Au/TiO, cata-
lysts, which retarded the atomic surface diffusion and inhibited Au
nanoparticle growth and/or sintering by introducing an additional
atomic thick SiO, layer, investigated via comprehensive theoreti-
cal/computational study. On the other hand, the nanoscale irregular
aggregates could result in a great anchoring strength of the active
phase. Extra interaction between the impregnated Ir species and
the support was thus formed to better retain the active phase. In a
word, the nanoscale irregular aggregates of the binary oxide sup-
port could well explain the small size or high dispersion of iridium
and the high catalytic activity of the Ir/TiO,-Al, 05 catalyst for N,O
decomposition.

3.4. Reduction ability of the catalysts

Fig. 8 illustrates the TPR profiles of the Ir/TiO,-Al, 03, Ir/Al; 03
and Ir/TiO, catalysts. It can be noticed that the reduction tem-
perature changed with the supports. The Ir/TiO,-Al,03 catalyst
presented a broad reduction peak of the hydrogen consumption
centered at 229°C. In contrast, the reduction peaks of the Ir/Al,03
and Ir/TiO, catalysts were shifted to lower temperatures. The pres-
ence of TiO, in the Ir/TiO,-Al,03 catalyst deferred the reduction
of iridium oxide. This indicated that a strong interaction between
Ir species and the support existed; confirming the suggestion that
iridium particles were decorated with the irregular aggregates of
the support deduced from the SEM images.

3.5. Microcalorimetry of O, adsorption

In order to obtain a further understanding of the promo-
tive effect of TiO, on Ir/Al,05 catalyst for N,O decomposition,
microcalorimetry technique was applied to quantitatively measure
the chemisorption properties of the Ir based catalysts. Taking into
account that O, is a product of N,O decomposition and its desorp-
tion was regarded as the rate determining step [45], O, was chosen
as the probe molecule to compare the different adsorption heat and
adsorption amount among the Ir/TiO,-Al, 03, Ir/Al; O3 and Ir/TiO,
catalysts.

Fig. 9 displays the results of microcalorimetric measurements.
0O, adsorption on Ir/Al, O3 at room temperature produced an initial
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Fig. 9. Differential heats of O, adsorption versus O, uptake on Ir/TiO,-Al,03 (W),
Ir/Al;05 (@), and Ir/TiO, (A) catalysts.

heat of 318 k]/mol, which was consistent with the value reported on
other Ir/Al; O3 catalysts [46]. The differential heat versus O, uptake
remained almost constant at 320 k]/mol up to 15 wmol/g and then
decreased to the saturation uptake of ca. 25 wmol/g. Similar differ-
ential heat was obtained on Ir/TiO,, but the O, uptake was quite
low, only 7 wmol/g in saturation uptake of O, adsorption. Unlike
Ir/Al;03 and Ir/TiO,, the Ir/Al;03-TiO, catalyst demonstrated an
obviously high initial heat, and the saturation uptake of O, was also
greatly increased. Obviously, the Ir/TiO,-Al,05 catalyst possessed
different iridium species and a larger number of oxygen coverage
sites than Ir/Al; 03 and Ir/TiO,.

Further microcalorimetry experiments were performed on the
samples pretreated with N,O and then adsorbed with O,. With
such a treatment, strong adsorption sites could be occupied by the
dissociative oxygen generated from N,O. As a consequence, this
adsorption of oxygen could be regarded as the reversible adsorption
of oxygen, which could reflect the recombination and desorption
ability of the oxygen during the N,O decomposition process. As
seen from Fig. 10, the adsorption heat and saturation uptake of
0, adsorption all decreased greatly. Strikingly, the Ir/TiO,-Al,03
catalyst remained the highest amount of the saturation uptakes
of O, compared to those of the other two samples, indicating the
best capability of O, adsorption among the three catalysts. We have
described previously that N, O decomposes via a redox mechanism,
with oxygen desorption from the catalyst surface as the rate deter-
mining step. Hence, the favouring of reversible oxygen adsorption

300

250

200

150

100

Differential heat (KJ/mol)

50 4

0 T T T T T T T T ’ T
O, uptake (umol/g)

Fig. 10. Differential heats of O, adsorption after preadsorbing N, O versus O, uptake
on the catalysts of Ir/TiO,-Al, 03 (W), Ir/Al,05 (@), and Ir/TiO, (A).
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on the TiO,-Al,03 sample can be ascribed to another main reason
of the superior catalytic activity of the catalyst.

4. Conclusions

The TiO, promoted Ir/Al,05 catalyst was prepared and exhib-
ited a high catalytic activity and a good thermal stability in N,O
decomposition. Uniform and highly dispersed Ir particles were
detected on the Ir/TiO,-Al,03 catalyst and directly accountable for
the activity enhancement in N,O decomposition. Nanoscale irreg-
ular aggregates induced by TiO, addition were assumed to act as
obstacles to migration of iridium and protectors against sintering.
A strong interaction between iridium and the support was also
revealed because of the unique structure of the TiO, promoted
Ir/Al, 03 catalyst. In addition, the introduction of TiO, led to a dis-
tinct change in chemisorption properties. The favouring of oxygen
adsorption can be regarded as another main reason for the superior
catalytic activity of the TiO, promoted sample.
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