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Several mechanical mixtures of Ir black or IrO, with various mix-
ing materials like silica xerogel, alumina, and H-ZSM-5 were tested
for their activity in the selective reduction of NO by propene. In-
dependent of the mixing material used the unsupported Ir showed
outstanding DeNOx activity compared to their supported counter-
parts. The conversion of NO to N, under lean conditions as well
as oxidizability and reducibility of the Ir-1rO, system was found to
depend strongly on the Ir crystallite size. With increasing crystallite
size, selectivity to N is greatly enhanced mainly by the suppression
of a reaction pathway leading to the production of NO,. Tailor-
ing of Ir crystallite size by controlled sintering of Ir black afforded
highly active Ir catalysts without the need for further condition-
ing on stream. Among unsupported platinum group metals iridium
showed the best performance in NOy removal. The catalytic be-
haviour of Ir black was compared to the behaviour of Pt black, Pd
black, and Rh black. Unsupported 1rO, with relatively large crys-
tallite size (24 nm) was inactive for the selective reduction of NO
with propene. Only IrO, with small crystallite size (below ca. 11 nm)
and high surface area could be activated by on-stream conditioning.
Ir black and IrO;, were characterized by XRD, TEM, SEM, thermal
analysis, and krypton adsorption measurements. It was shown that
it is unlikely that NO; is an intermediate in the reduction of NO.
(© 2001 Academic Press

Key Words: unsupported iridium; iridium black; 1rOy; platinum
group metals; platinum black; rhodium black; palladium black; re-
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1. INTRODUCTION

Despite the great success which has been achieved in au-
tomotive pollution control over the last 30 years, especially
due to the excellent performance of the three-way catalyst
for Otto engines, there is still an urgent need to improve
catalytic aftertreatment systems for exhaust gases. This is
especially due to ever more stringent emission require-
ments of future legislation (1). In addition to the removal
of the emission of harmful by-products of combustion
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(mainly unburnt hydrocarbons, NOy, CO, and particulate
emissions) there is a demand for a reduction in fuel con-
sumption and CO; emission levels (1). Lean burn engines,
i.e., diesel and gasoline direct injection engines, seem to
constitute a key factor for achieving these goals. They of-
fer a significant advantage in fuel consumption compared
to gasoline engines operated at a stochiometric factor of
A =1. Unburnt hydrocarbons can be removed by standard
oxidation catalysts but the cardinal problem with direct in-
jection engines concerning pollution control is the further
reduction of raw NOy emissions under lean conditions to
levels complying with legislation (1). Besides other mea-
sures for the reduction of NOy emissions, selective catalytic
reduction of NOy using hydrocarbons as reducing agents
is a promising option for achieving emission values com-
plying with stringent NOy limits. Platinum group metals
(PGM) still continue to attract attention as active catalysts
in this reaction. Precious metal catalysts are the only cata-
lysts known which can tolerate the versatile operation con-
ditions of direct injection engines and hence the variable
exhaust gas composition. Under full load, gasoline direct
injection engines are operated at A < 1 to ensure full power
supply. Therefore, it is necessary that in addition to the ac-
tivity under lean conditions the prospective catalyst offers
full three-way functionality under stoichiometric air to fuel
conditions. This is the case for PGMs. Among the family
of PGMs Pt has been studied most exhaustively but com-
parably little attention has been paid to Ir, although Ir cat-
alysts have been already used commercially in Japan and
Europe, and the first accounts of the usefulness of Ir cata-
lysts in the reduction of NO date back to 1976 when Tauster
and Murrell (2) reported on the selectivity of Ir-Al,O3 in
the reduction of NO with CO under lean conditions. This
was later confirmed by Lester et al. (3) for a more com-
plex synthetic exhaust gas and by Taylor and Schlatter (4).
However, only until very recently no systematic work on
Ir catalysts has been published. This is possibly due to the
scarcity of this element and the fact that in screening studies
usually supported Ir catalysts after prereduction or oxida-
tion were found to be almost inactive (5-7). Spurred by
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the commercial application and unexpected good labora-
tory results, the interest in Ir has been increasing steadily
over the last years. Takami et al. (8) developed a Pt/Ir/Rh
on MFI-zeolite catalyst which met the Japanese emission
standards and Hori et al. presented a new Ir-based catalyst
for gasoline lean burn engines (9). Ir catalysts were found
to be stable in SO, and H,O-containing atmosphere (10).
Catalyst activation was achieved by high temperature pre-
treatments as reported by Nakatsuji (11) or by in situ activa-
tion of Ir during catalytic tests (12). The in situ activation is
very sensitive to the feed gas composition (13) and usually
both, in situ activation and high temperature pretreatment,
lead to crystallite growth and the development of a certain
Ir: IrO; ratio.

Here we demonstrate that unsupported Ir black yields
high NOy reduction activity and that the support is of mi-
nor influence, as long as it is not inherently detrimental
to the NO reduction process, for instance, by unselective
consumption of the reductant. To stress the uniqueness of
the high activity of unsupported Ir we compare the results
for Ir to other unsupported PGMs which are, in their sup-
ported form, well known for their good performance in the
selective reduction of NO (Pt black, Pd black, Rh black).
Furthermore, we show the dependence of selective NO re-
duction on Ir crystallite size by correlation of DeNOx ac-
tivity, metallic surface area, and crystallite size of various
well-defined samples of Ir black. Finally, some aspects of
the role of the NO, component, i.e., NO, N,O, and NOy, in
the reduction process are discussed.

2. EXPERIMENTAL

2.1. Catalyst Preparation

Supported Ir catalysts used in this study were prepared
by wet impregnation of H-ZSM-5 (Si/Al=34,400 m?/g,
Chemie Uetikon). An aqueous solutions of IrCls-3H,0O
was used for the impregnation of the zeolite. The iridium
chloride used was obtain from Alfa Aesar. After impreg-
nation of the zeolite, the catalysts were dried in air at 120°C
for 12 h; they were then calcined in air at 500°C for 2 h. The
metal loading was determined by ICP-AAS to be 4.6 wt%.

Ir black and IrO, were supplied by Alfa Aesar. These ma-
terials were either used as received or, to produce a certain
crystallite size, presintered by heating in He to the corre-
sponding set temperature with a heating rate of 10 K/min
and then quenched to room temperature. Samples of Ir
black were prereduced at 300°C with 6% H; prior to the
catalytic tests. Two batches of IrO, were used. They are
denoted as IrO,-A and IrO,-B. IrO,-A was found to be
contaminated with Na (2.4 wt% on the basis of Na,O).
Although some influence of this impurity on the catalytic
behaviour could not be ruled out, it was found that after
conditioning, contaminated and uncontaminated samples
showed similar catalytic behaviour, provided the morphol-
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ogy was the same. The conclusions drawn from the results
presented here were thus not influenced by the Na impuri-
ties. This also emerged from a systematic study of the effect
of Na promotion of Ir black, reported elsewhere (14). All
other materials did not contain significant impurities.

To distinguish supported catalysts from mechanical mix-
tures, for supported catalysts a dash was used to separate
metal and support (Ir-H-ZSM-5) and for mixtures a slash
(Ir/H-ZSM-5).

2.2. Mixing Material

The silica gel, which was used as mixing material, was
prepared by the sol-gel method. The gel was prepared as xe-
rogel using a solution of tetramethylorthosilicate (22.83 g)
in i-propanol (105 ml) as starting material. A solution of
H,0 (13.01 g) and HNO3 (1.45 g) in i-propanol (40 ml) was
added under vigorous stirring for hydrolysis. After 6 h of
hydrolysis trihexylamine (6.06 g in 40 ml i-propanol) was
added and the gel was left to age for 6 days, dried in a vac-
uum oven at 50°C for another 5 days, and then calcined in
air at 750°C for 3 h. The alumina (Degussa C) was supplied
by Degussa-Huls and H-ZSM-5 (Si/Al = 34) was supplied
by Chemie Uetikon.

2.3. Catalytic Tests

For activity tests, 150 mg of the catalyst (particle frac-
tion between 0.066 and 0.177 um) was held between
two quartz wool plugs in a quartz reactor (6 mm i.d.).
The mechanical mixtures were prepared by dilution of Ir
black or IrO; with the mixing material (SiO, unless stated
otherwise). A reactor filling with a mixture of unsupported
Ir black or IrO, contained 7.5 mg Ir black or the corre-
sponding amount of IrO, mixed with alumina, silica, or
H-ZSM-5 to achieve a space velocity of approximately
80,000 h~1. Unless stated otherwise, the feed gas contained
1800 ppm propene, 450 ppm CO, 300 ppm NO, 10% H-,O,
10.7% CO,, 8% O, and N; as balance gas at a flow rate
of 3 NI/g min. In situ conditioning was achieved by treat-
ing the catalysts for 4 h at 450°C with the above feed gas
(heating in reaction atmosphere). On-line analysis was per-
formed with a Bruker IFS 66 FTIR spectrometer; details of
the apparatus are described in Ref. (15). The activity was
tested in both steady-state and temperature-programmed
experiments. During steady-state experiments the temper-
ature was gradually increased in steps of 50°C starting at
160°C with a holding time at each step of 1 h. Temperature-
programmed activity tests were carried out with a heating
rate of 5 K/min from 150 to 480°C. After the experiments
the catalysts were quenched in N, to room temperature.

The total consumption of NO is given as Xyo and NO
conversion to Ny (yield, Yy,) was calculated according to
the equation (superscript 0 denotes inlet flows):

Ya, = [(Ffo — (Fno + Fro, +2 - Fayo)) /Flo] - 100,
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The selectivity was calculated according to the equation:
N, = Yn,/ Xno - 100.
Temperatures of 50% conversion are denoted as Ts.

2.4. Characterization

X-ray diffraction (XRD). X-rayanalysiswascarried out
onaSiemens D 5000 powder X-ray diffractometer using the
CuKu radiation in step mode between 20 and 80° 2@, with
a step size 0.01° and 4 sec/step. The Ir crystallite size was
estimated using X-ray diffraction line broadening of the Ir
(111) reflection and the Scherrer equation taking 0.9 as a
shape factor value.

BET measurements (BET). Krypton BET measure-
ments on a Micromeritics ASAP 2000 were applied to de-
termine the surface area of IrO,, Ir black with various crys-
tallite sizes, Pt black, Rh black, and Pd black. Krypton was
used because of the expected low surface areas of the metal
samples. Before measurement the samples were degassed
in vacuo at 80°C for several hours. The results of the high
surface area samples were in good agreement with results
from N physisorption measurements.

Transmission electron microscopy (TEM). TEM mea-
surements were performed on a Microscope CM30ST
(Philips), operated at V = 300 kV, point resolution approx-
imately 2 A. Samples were deposited on a holey carbon grid
supported on a copper grid.

Scanning electron microscopy (SEM). SEM measure-
ments were performed on a Hitachi S-900, operated at
V =15 kV. Samples were prepared according to the TEM
measurements.

Thermal analysis (TA). Thermoanalytical experiments
were carried out both isothermally and non isothermally
(heating rate 5 or 10 K/min), on a Netzsch STA 409 thermo-
analyzer equipped with a gas injector (PulseTA box, Net-
zsch) which allows for the injection of a defined sample gas
volume into the carrier gas stream (16). The amount of in-
jected gases (hydrogen, oxygen) was 1.0 ml. Gases evolved
during reaction and/or injected into the system were mon-
itored on-line with a Balzers QMG 420 quadrupole mass
spectrometer connected to the thermoanalyzer by a heated
(ca. 200°C) capillary.

3. RESULTS

3.1. Catalytic Behaviour of Unsupported Iridium
and IrO, Using Various Mixing Materials

Experiments using supported iridium catalysts suggested
that strongly sintered Ir favours high activity in the reduc-
tion of NO using propene as reducing agent and that the
supportis of little importance to achieve good performance
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(11, 12). In fact the influence of the support can be inher-
ently detrimental due to unselective reductant consumption
and stabilization of a high Ir dispersion. In order to mini-
mize metal-support interactions in the study of the intrinsic
catalytic activity of Ir and for proper fixed bed reactor op-
eration, mechanical mixtures of Ir or IrO; with silicagel,
alumina, and H-ZSM-5 were applied. The main function of
the mixing material was to ensure the same flow conditions
during catalytic tests as those with supported catalysts to
be able to compare the obtained results. Each mixing ma-
terial was tested for activity but no significant activity for
the reduction of NO could be detected under the applied
conditions. The results presented below were obtained from
steady-state activity measurements using IrO,-A (crystal-
lite size, 11 nm; specific surface area, 29 m?/g) and Ir black
(3 nm, 36 m?/g) as received without presintering and a stan-
dard Ir-H-ZSM-5 catalyst after calcination in air (9 nm IrO,
crystallite size).

Influence of the conditioning procedure on the catalytic
activity of unsupported iridium and IrO,. Supported Ir-
H-ZSM-5 showed a pronounced increase in selective re-
duction of NO to N after 4 h on stream at 450°C. This is
referred to as conditioning as described in Ref. (12). Condi-
tioning led to metal agglomeration, crystallite growth, and
the establishment of a certain Ir: IrO, ratio. Figure 1 shows
the behaviour of a mechanical mixture of IrO,-A and H-
ZSM-5 before and after conditioning (Figs. 1a and 1b, re-
spectively) compared to the behaviour of 1rO,-H-ZSM-5,
prepared by calcination of supported Ir-H-ZSM-5 in air at
500°C, directly after calcination (Fig. 1c) and after condi-
tioning (Fig. 1d). The mechanical mixture and the supported
catalyst show similar behaviour but the mechanical mixture
is much more susceptible to the conditioning procedure
and exhibits higher activity and selectivity in a broader
temperature range compared to the supported cata-
lyst. Both catalysts showed bad selectivity to N, with the
only by-product formed being NO,; no N,O was formed.
Ir-H-ZSM-5 showed after calcination in air a maximum for
NO conversion to N, (Yy,) of 25% at ca. 400°C, whereas
IrO,-A/H-ZSM-5 reached maximum values of 37% Yy, at
415°C. After conditioning, for both catalysts selectivity im-
proved and the mechanical mixture showed a maximum
value for Yy, of 74% (365°C) and the supported IrO; im-
proved to 45% (395°C). Neither in the case of IrO,-A/H-
ZSM-5 nor in the case of IrO,-H-ZSM-5 N,O formation
was withessed after conditioning. Both catalysts showed a
conversion maximum for propene at temperatures between
160 and 310°C characteristic for propene adsorption and
oligomerisation on H-ZSM-5.

Influence of the mixing material. Figure 2 shows the re-
sults for Yy, of several mixtures of Ir black and IrO,-A (both
as received) with different mixing materials. These results
represent the activity of samples after conditioning. From
Fig. 2 it can be seen that the mixing material influences
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Catalytic behaviour, i.e., the conversion of reductants and NO vs temperature, in steady-state measurements of IrO,-A mixed with H-ZSM-

5 as received (a) and after conditioning (b). Catalytic behaviour of Ir-H-ZSM-5 after calcination in air at 500°C (c) and after subsequent conditioning
(d). The negative conversions for CO in (c) and (d) represent the production of small amounts of CO at 250 and 300°C. @, Yy,; A, Xno; <, Xpropene;
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Yn, but the influence of the Ir precursor (Ir black or 1rO,)
prevails.

IrO, and Ir black as received were affected in different
ways by the conditioning procedure. Both showed a pro-
nounced increase in Yy, but IrO; gave high Yy, at ca. 350°C,
whereas Ir black reached high Yy, at temperatures of 400°C
and above. For the mixtures with IrO, it was found that after
conditioning the material was partly reduced but to a lower
extent as in the case of the calcined Ir-H-ZSM-5 (Table 1).
The metallic Ir formed during conditioning could not be
detected with XRD, indicating a very small crystallite size
of the formed Ir phase. The amount of Ir formed during
conditioning was determined by pulse thermal analysis. To
achieve this the remaining amount of IrO, after reaction

100
80 - & 1IrOL/AL O3
o 1 [ 1rO2/Si0,
= 4
< 007 e IrOyH-ZSM-5
<40 1 A Irblack/Al; 03
1 X Ir black/SiO;
20 1
O -
_20 T T T T T T
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Temperature / °C
FIG.2. NO conversion to Nz (Yn, [%0]) as a function of temperature

in steady-state experiments of various mixtures of IrO,-A as received and
Ir black as received. The results represent the activity of the samples after
conditioning.

was determined by reduction of the catalyst at 250°C by
pulses of H,. IrO; crystallite size increased only slightly dur-
ing conditioning. Ir black showed a pronounced increase in
crystallite size and was partly oxidized. Although almost
30% of IrO, was formed during conditioning of Ir black
mixtures with SiO; or Al,O3 (determined by pulse thermal
analysis), its determination by XRD was impossible (SiO;)
or very difficult (Al,O3) due to the very small crystallite size
of the produced IrO, phases.

3.2. Comparison of Catalytic Behaviour of Ir Black,
Pt Black, Pd Black, and Rh Black

To compare the catalytic behaviour of unsupported Ir
with other platinum metals, Pt black, Pd black, and Rh black
were tested under the same experimental conditions as Ir

TABLE 1

Development of the Crystallite Size and the Ir: 1rO»
Ratio during Conditioning

Crystallite size  Crystallite size after

as received conditioning Ir: IrO; after

Material Ir1rO,° Ir3/1rO,° conditioning
1r0,/SiO, 11° am/13° 20:80
1IrO,/Al,O3 11° am/15° 25:75
1IrO,/H-ZSM-5 11° am/12° 16:84
Ir black/SiO, 3 11%/am 73:27
It black/AlL,O; 32 123/6° 73:27
Ir-H-ZSM-5 92 73/10° 30:70

Note. Crystallite size is given in [nm] and the Ir: IrO, is given as molar
ratio ® Ir and ° IrO,; am is the abbreviation for an XRD amorphous phase.
The Ir: IrO; ratio was determined by reduction of the samples at 250°C
by pulses of H,.
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TABLE 2

Formation of N, and By-Products of the Reduction of NO with Propene over Unsupported
Platinum Group Metals after Prereduction (Reduced) and after Conditioning (Conditioned)

Platinum NO, N,O N, Tso of Tso of
metal production production production YN, CcoO propene

Pt black 163 ppm 19 ppm 37 ppm 23% 200°C 240°C
reduced 172°C 272°C 272°C 272°C

Pt black 163 ppm 21 ppm 41 ppm 26% 220°C 240°C
conditioned 320°C 273°C 273°C 273°C

Pd black 0 ppm 21 ppm 17 ppm 11% 210°C 240°C
reduced 272°C 272°C 272°C

Pd black 0 ppm 23 ppm 16 ppm 10% 240°C 240°C
conditioned 272°C 272°C 272°C

Rh black 107 ppm 8 ppm 47 ppm 29% 210°C 285°C
reduced 365°C 316°C 316°C 316°C

Rh black 133 ppm traces 31 ppm 19% 285°C 335°C
conditioned 365°C <5 ppm 365°C 365°C

Ir black 175 ppm 12 ppm 103 ppm 63% 155°C 225°C
reduced 320°C 260°C 410°C 410°C

Ir black 90 ppm traces 134 ppm 83% 240°C 285°C
conditioned 363°C <5 ppm 407°C 407°C

Note. The maximum values of production of the respective products are given together with the
corresponding temperature and the influence of the conditioning procedure on the Ts, temperature of

reductant consumption is illustrated.

black for their ability to reduce NO with propene as reduc-
ing agent. The mixing material used in these experiments
was silica xerogel, the metals were used as received. The
mechanical mixtures were prereduced before the catalytic
tests at 300°C with 6% H,.

Except for Ir, unsupported PGMs showed only mod-
erate activity for the reduction of NO by propene under
oxidizing conditions. Ir black after prereduction and after
conditioning showed the highest values of Yy, compared
to all other PGMs with more than twice as much NO re-
duced selectively to N, compared to the second most active
PGM inboth cases (Table 2). After prereduction the activity
changed in the sequence Ir > Rh > Pt > Pd with the tem-
perature of maximum N, production falling from Ir (410°C)
over Rh (316°C) to Pt and Pd (both 272°C). After condi-
tioning the sequence of maximum NO reduction to N, was
Ir > Pt > Rh > Pd. Only at ca. 270°C Pt and Pd showed a
higher degree of N production than Ir (Fig. 3). Condition-
ing did not affect the temperature of maximum Yy, (except
for rhodium) but had a distinct positive effect on Yy, for
Ir, a slight on Pt, a negative for Rh, and left Yy, unchanged
for Pd. For Ir and Rh conditioning led to the almost com-
plete disappearance of N,O formation (only traces below
5 ppm NO were found between 300 and 360°C) and to
a pronounced increase of the Tsy temperatures of CO and
propene conversion. Except for Pd, which did not show any
formation of NO,, with all PGMs the main by-product was
NO,. Table 3 shows that conditioning led to a pronounced
sintering for all PGMs and that all metals except Pt were

partly oxidized under the applied experimental conditions.
Pt and Ir showed the highest degree of sintering followed
by Pd and Rh.

3.3. Dependence of Catalytic Activity of Unsupported
Iridium on Crystallite Size

A series of mechanical mixtures using Ir with crystal-
lite sizes ranging from 5 to 45 nm was investigated for the
influence of crystallite size on NO conversion and selectiv-
ity (mixing material SiO;). As described in the experimen-
tal part, Ir black was heated to the temperatures given in

100
80 ® Irblack
1 <& Ptblack
® 607 A Rhblack
g 4 Pd black
240 1 O
20 A
O -
-20 T T T
100 200 300 400 500
Temperature / °C
FIG.3. NOconversionto N (Yn, [%0]) asafunction of temperature in

steady-state experiments of platinum group metals mixed with SiO, after
conditioning.
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TABLE 3

Specific Surface Areas of Platinum Group Metals and the De-
velopment of the Metal Crystallite Size and Metal to Oxide Ratio
after Conditioning

Crystallite size/nm
before and after

Surface area conditioning Metal: oxide
PGM metal [m?/g] [nm] after conditioning
Pt black 376+0.2 7 26 100:0
Pd black 142+0.1 13 33 51:49
Rh black 56.5+0.3 6 12 42:58
Ir black 36.0+£0.3 3 11 73:27

Table 4 and than quenched to room temperature. Table 4
gives the resulting crystallite size and specific metal surface
area. From the specific surface area, assuming spherical
shape of the particles and equal proportions of the three
low-index planes (111), (100), and (110) on the polycrys-
talline metal surface (17), metal dispersion (ratio of surface
atoms to the total number of metal atoms) and approximate
particle size were calculated. The effect of sintering on the
morphology of Ir black can be seen from Fig. 4. The SEM
measurements show a sponge-like network of connected
particles which build up larger spheres. The dimensions of
the particles depicted in the SEM measurements roughly
reflect the calculated values of particle size if not the whole
network, but the smaller interconnected bulb-like features
are regarded as particles. With increasing degree of sinter-
ing the network becomes cruder and finally disintegrates.
The TEM measurements of the sample with 5 nm crystal-
lite size show a large amount of interfering fringes of the
network of crystallites. The crystallite size estimated from
the TEM micrographs is in good agreement with the size of
5 nm determined by XRD. The same holds true for the sam-
ple with 19 nm crystallite size. The sample with the largest
crystallite size (45 nm) does not show any electron diffrac-
tions anymore due to the thickness of the sample.

WOGERBAUER ET AL.

Figure 5 represents the catalytic behaviour of four sam-
pleswith different crystallite size after conditioning. The de-
pendence of Yy, before conditioning is included as dashed
line. For the reductants a slight shift of light off to lower
temperatures can be seen with increasing crystallite size.
The difference between the Xno and the Yy, lines reflect
the amount of by-products formed, mainly NO; and traces
of N,O (at ca. 260 and 310°C). With increasing crystallite
size this difference diminishes, indicating an improvement
in selectivity for the reduction of NO to N,. For Yy, usu-
ally two regions can be distinguished. The first is the part
below 310°C, where before conditioning Yy, is larger than
after conditioning, and the second part above 310°C, where
the situation is usually opposite. This phenomenon indi-
cates that due to conditioning the catalyst loses its low tem-
perature activity in exchange for an increased high tem-
perature activity. With increasing crystallite size this effect
becomes less pronounced and especially above 310°C, Yy,
values before and after conditioning are very similar. In
general, with increasing crystallite size, Yy, rises and with
45 nm it decreases again, which is most likely due to exten-
sive loss of surface area (see Table 4). To better illustrate
the dependence of activity on crystallite size, the amount
of NO converted to N, per second was related to the sur-
face area for each sample. The results shown in Fig. 6 indi-
cate that with increasing crystallite size, i.e., with decreas-
ing dispersion and decreasing surface area (Table 4), the
amount of NO selectively reduced to N increases distinctly.
Figure 7 depicts the dependence of the catalytic activity on
crystallite size at 360°C. The presented relationships illus-
trate that Yy, and Xno reach a maximum in the crystallite
size range of ca. 20 to 30 nm. Normalizing the amount of
NO converted selectively to N, by surface area it becomes
clear that at 360°C the catalysts with the highest degree of
sintering exhibit the highest DeNOXx activity. With increas-
ing degree of sintering selectivity increases steadily.

Taking into account the total amounts of reaction
products formed from NO over the whole experimental

TABLE 4

Temperature of Sintering, BET Surface Area [m?/g], Calculated Particle Size [nm], Crystallite
Size [nm], and Dispersion of Ir Black Samples with Different Crystallite Size

Iridium crystallite

Iridium crystallite

size after Temperature BET Calculated size after
calcination of sintering surface area particle size Dispersion conditioning
[nm] [°C] [m?g] [nm] [%0] [nm]

3 As received 36.0+0.3 7 15.3 11

5 400 28.1+0.3 9 12.2 12
13 520 11.640.1 23 4.8 15
19 650 10.2+0.1 28 3.9 19
27 750 6.840.1 40 2.8 27
45 870 2.7+0.1 99 1.1 45
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FIG. 4. Morphology of Ir black sintered to 5 nm (a), 19 nm (b), and 45 nm (c) Ir crystallite size as evidenced by SEM (left column) and TEM (right
column). White and black scaling bars are 100 and 5 nm for SEM and TEM micrographs, respectively.

temperature range from 160 to 460°C during the period
of an experiment it becomes clear that the major effect
of conditioning of the Ir black samples consists in a pro-
nounced increase in selectivity to N, formation. The selec-
tivities calculated from the total amounts of N, N,O, and
NO; produced over Ir black with different crystallite sizes

are presented in Fig. 8 for prereduced samples and sam-
ples after conditioning. The only sample with unchanged
selectivity is the sample with the largest Ir crystallite size
(45 nm). Before conditioning there is a steady increase in N,
selectivity with increasing crystallite size up to 45 nm. After
conditioning N selectivity reached a maximum for 27 nm
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FIG. 5. Catalytic behaviour in steady-state experiments after conditioning of Ir black with different crystallite sizes mixed with SiO,. The dashed
line represents Yy, directly after prereduction of the sample to illustrate the changes in selective reduction of NO due to conditioning. @, Yy,; A, Xno;
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and than declined for 45 nm crystallites due to the almost
unchanged N,O production of the sample (ca. 10 ppm at
250°C). In accordance with the increase in N, selectivity af-
ter conditioning, the selectivity for the production of NO,
decreases and, except for the sample with 45 nm, the selec-
tivity for N,O decreases as well. Figure 9 illustrates the fact
that after conditioning less NO is converted during an ex-
periment. This loss in total NO conversion usually cannot
be fully made up for by the improved selectivity therefore
the total amount of N, produced is smaller after condition-
ing. Comparing the amount of NO reduced to N, over the
full temperature range before and after conditioning leads,
for instance, in the case of Ir black with 19 nm crystallite
size, to the conclusion that ca. 20% less N is produced after
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FIG. 6. Catalytic reduction of NO to N, vs temperature over Ir black

expressed as reduction rate in moles NO converted to N, per second and
square meter of the metal surface area. The crystallite sizes of the Ir black
samples range from 5 to 45 nm. Data were obtained from mixtures of Ir
black with SiO; after prereduction.

conditioning. Ir black with 45 nm crystallite size produces
the same amount N, before and after conditioning.

3.4. Catalytic Activity of Unsupported IrO,

The results of the catalytic activity (Yn, at410°C) of three
different samples of IrO, mixed with SiO, are summarized
in Table 5. From the results presented it can be seen that
at 410°C Yy, decreases sharply due to sintering of IrO2-A
as received. Using IrO,-B with larger crystallite size and
lower surface area yields even lower Yy,. Figure 10 shows
that IrO,-A as received is made up of extremely small crys-
tallites and a few crystallites larger than 10 nm. This is in
accordance with XRD measurements which showed that
the material was very poorly crystalline and that at least
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FIG.7. The influence of Ir crystallite size on total NO conversion
Xno, NO conversion to N, (Y, ), selectivity to N (Sy,), and reduction
rate expressed as moles NO converted to N, per second and square meter
of the metal surface area at 360°C. Data were obtained from mixtures
of Ir black with SiO, after prereduction. Note that rates correspond to
different conversion levels due to the different activity at 360°C of the Ir
black samples with different crystallites size.
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FIG. 8. Dependence of the selectivity to N, N,O, and NO, on the Ir
crystallite size and on pretreatment (prereduction or conditioning). The
selectivities were calculated from the total amounts of products over the
whole experimental temperature range from 160 to 460°C.

two different crystallite sizes contribute to the broaden-
ing of the main reflection (101) of IrO,. The IrO,-A with
the smallest crystallites was the most susceptible material
to the conditioning treatment. In comparison, the much
better crystalline IrO,-B showed low Yy, after calcination
at 450°C in air, which increased only slightly after condi-
tioning (Fig. 11). After in situ reduction of IrO,-B at 300°C
with 6% H, the activity increased tremendously, compa-
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FIG.9. Dependence of total NO conversion over the whole temper-
ature range from 160 to 460°C on Ir crystallite size and pretreatment.
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TABLE 5

Sintering Temperature, Crystallite Size, Specific Surface Area,
and Yy, at 410°C of Different Samples of 1rO;

Calcination IrO, Yn, at

temperature crystallite Surface area 410°C
IrO, sample [°C] size [nm] [m?g] [%6]
IrO-A — 5 29.2+05 45
IrO-A 750 17 13.9+0.2 30
1rO,-B 450 24 47401 <3

rable to the activity of samples of Ir black with similar
crystallite size. The reduction of IrO2-B led to Ir with a
crystallite size of 11 nm, after conditioning the crystallite
size of Ir increased to 17 nm. This clearly indicates that
IrO; cannot be the active phase in the reduction of NO by
propene but it isimportant to note that though Ir° produced
by reduction of 1rO,-B exhibited high activity, condition-
ing further increased Yy,. From the morphological point
of view IrO,-A and IrO,-B are distinct in many respects.
Figure 12 compares the morphology of IrO,-B with 24 nm
and IrO,-A with 17 nm crystallite size. IrO,-B is made up of
long needle-like particles of more than 100 nm in size and
lumps of IrO,, whereas no needles can be seen in the sin-
tered form of IrO,-A and only small, geometrically formed
particles can be found. These differences in shape, crystal-
lite size, and particle size are also reflected in the reduc-
tion behaviour of both IrO;, samples as will be discussed
below.

3.5. Reduction of NO; and N,O with Propene

The only by-products in the selective catalytic reduction
of NO with propene over unsupported Ir black were NO,
and N,O. NO, production exceeded N,O production by
far. To find evidence whether these two compounds are
intermediates in the reduction of NO or whether they are
simple by-products, a closer look was taken at the reduction
of NO, and N,O with propene under lean conditions and
at the oxidation of NO to NO..

The results of the investigation of the catalytic activity of
Ir black for NO oxidation to NO; are presented in Fig. 13a.
The catalytic oxidation of ca. 300 ppm NO by 8% O, to NO,
was carried out in a temperature-programmed experiment
using a heating rate of 5 K/min. A maximum of approxi-
mately 70% of NO was oxidized to NO, between 310 and
330°C. Above this temperature the production of NO; is
decreasing again due to the competing reaction of NO, de-
composition at elevated temperatures as shown in Fig. 13b
which depicts the decomposition of NO; in the presence
of 1200 ppm O,. In an atmosphere containing 8% O, de-
composition of NO, was slowed down and shifted to higher
temperatures. Above 300°C it followed the pattern of the
oxidation of NO.
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FIG.10. TEM of IrO,-A as received showing that the bulk material consists of crystallites in the range of 5 nm and some large crystallites (>10 nm).

The dark and the white scaling bars are 5 nm in length.

To clarify the ability of propene to reduce NO, under
oxidizing conditions, NO, was used as NOy component.
Figure 13c shows that in terms of Yy, no significant differ-
ences to experiments using NO arose (Yy, of an equivalent
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FIG. 11. Conversion of NO to N, (Yy,) and total NO conversion

(Xno) of IrO2-B mixed with SiO; after reduction at 300°C with 6% H, and
subsequent conditioning under reaction conditions at 450°C. For compar-
ison Yy, for IrO2-B mixed with SiO; after calcination at 450°C in air, cal-
cined and conditioned, and directly after reduction are included as dashed
lines.

experiment using NO is included as dashed line). The re-
duction of NO; to NO is already observable at the starting
temperature of the experiment (160°C) and is complete at
260°C. At 310°C reduction to N3 sets in and follows the
same pattern as the reduction of NO to N,.

Production of N,O to a considerable degree was gener-
ally only observed with freshly reduced catalysts. Catalysts
after reaction (conditioned catalysts) or when starting from
IrO, usually were almost inactive for the reduction of NO to
N,O. This indicates that only metallic Ir is able to produce
N,O. In both steady-state and temperature-programmed
experiments using N,O as NOx component, N,O was not
reduced by propene over Ir black under excess O; there-
fore the results are not shown here.

3.6. Redox Behaviour of Unsupported Iridium and 1rO,

The differences in crystallite size and sample morphology
had a significant impact on the redox behaviour of the Ir
and IrO, samples. This was checked for the oxidation and
reduction behaviour of Ir with three different crystallite
sizes (5, 13, 45 nm) and the three samples of IrO; used in
this study (Table 5). The oxidation behaviour of Ir black
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Differences in morphology of IrO,-A calcined at 750°C and IrO,-B calcined at 450°C as evidenced by SEM (above) and TEM (below).

The dark and white scaling bars are 50 and 5 nm in SEM and TEM micrographs, respectively.

with 5, 13, and 45 nm is compared in Fig. 14. The oxida-
tion was performed with 20% O, in He with a heating rate
of 5 K/min. It can be easily seen that Ir with the smallest
crystallite size is oxidized most easily. Ir with the largest
crystallite size cannot be fully oxidized under the applied
conditions up to ca. 970°C, where the newly formed IrO,
starts to be decomposed to metallic Ir and oxygen. At the
maximum temperature of the catalytic tests (460°C) almost
no oxidation takes place for the most sintered Ir sample.
This is in accordance with the findings above, where Ir with
45 nm crystallite size is almost unchanged in activity and se-
lectivity after conditioning at 450°C, whereas all the other
samples change in activity, selectivity, and their degree of
oxidation during time on stream.

The big differences in reduction behaviour of IrO,-A as
received, IrO,-A calcined at 750°C, and IrO,-B can shed
some light on the different way these samples change during
the conditioning procedure and on their different activity
in NO reduction. With IrO,-A as received reduction with
H, proceeds in two distinct stages (Fig. 15). The first starts
at temperatures below 100°C and is complete at approxi-
mately 150°C. The second becomes prominent just above
200°C and coincides with the reduction profiles of the other
two samples. This again supports the previous observations
by TEM and XRD that in IrO,-A as received at least two
morphologically different particles of IrO; are present. The
reduction is complete at about 300°C in all three cases. The
sintered sample of IrO,-A and IrO,-B are very similar in
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FIG. 13. Oxidation of ca. 300 ppm NO with 8% O, over Ir back mixed
with SiO; (a). Decomposition of ca. 260 ppm NO; in the presence of
ca. 1200 ppm O, (b). The heating rate was 5 K/min for (a) and (b). Cata-
lytic behaviour of Ir black mixed with SiO, with NO, (300 ppm) as NOx
component in a steady-state measurement (c). Yy, of the experiment using
NO as NOy component is included for comparison and is presented as
dashed line. @, Yn,; X, Xno,: ) Xpropene: L, Xco.

reduction behaviour which is in accordance with their sim-
ilar catalytic performance.

Oxidation and reduction experiments prove that in the
investigated temperature range of the catalytic tests, IrO;
can be easily reduced and Ir can be partly oxidized and that
the redox behaviour is strongly dependent on crystallite
size and the particle morphology.

4. DISCUSSION

The experiments using mechanical mixtures of Ir metal
with various mixing materials conclusively prove that the
support in the case of Ir is of minor importance to achieve
high Yy, using propene as the main reducing agent and that
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FIG. 14. Change of the mass as a function of temperature for Ir black
samples with different crystallite sizes (5, 13, 45 nm) in 20% O, in He with
a heating rate of 5 K/min.

Ir crystallite size has a strong impact on the performance
of the catalyst. In the case of supported Ir catalysts the
supports can be detrimental in two respects: either by sta-
bilizing a high Ir metal dispersion and therefore keeping
Ir crystallite size small or by exhibiting activity for the un-
selective oxidation or transformation of the reducing agent
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FIG. 15. Change of the mass (TG) and formation of water (mass spec-
trometric signal of m/z = 18) recorded during reduction of IrO,-A as re-
ceived, IrO,-A calcined at 750°C, and IrO,-B reduced by 20% H; in He
with a heating rate of 10 K/min.
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(11). Ir black is readily sintered and forms large aggregates
with large crystallite size which show high selective conver-
sions of NO to No.

The striking fact that selective reduction of NO to N,
with propene using unsupported metallic iridium as a cata-
lyst is favoured with increasing metal crystallite size, i.e.,
with decreasing surface area and dispersion, cannot be eas-
ily explained, and is unique among platinum group metals
as shown above. For supported Ir catalysts it has already
been shown that larger crystallite size favours the selective
reduction of NO and that the catalyst in its most active
state contains both phases, Ir and 1rO; (12). Agglomera-
tion and sintering of the metal seem to lower the influ-
ence of the support and thus enable Ir to exert its intrin-
sic catalytic activity. In fact, in the case of the most active
samples of Ir-H-ZSM-5, we could confirm the presence of
Ir crystals separated from the support (more than 50 nm
in size) by TEM measurements (12). We suspect that the
high activity of the Ir catalysts described by Nakatsuji (11)
could arise from the generation of unsupported Ir due to
the specific preparation method and the very severe cal-
cination and pretreatment conditions which were applied.
The differences in activity of the catalysts presented there
can then be explained by the different degree of metal-
support interaction which, in some cases, could be strong
enough to keep the metal from sintering and from leav-
ing the support, and in some cases the support could cata-
lyse side reactions lowering the overall performance for NO
reduction.

Oxidizability and reducibility of the Ir-1rO, system under
reaction conditions seem to be the key for explaining the
crystallite size dependence of the selective reduction of NO.
Well crystalline IrO; is virtually inactive for NO reduction,
whereas metallic Ir exhibits high Yy, with its magnitude
depending on the crystallite size. This seems to indicate
that metallic Ir is a necessary prerequisite for high selec-
tive NO reduction though an active participation of 1rO;
cannot be excluded because catalysts starting from metallic
Ir after conditioning usually contain substantial amounts
of IrO, and show improved performance compared to the
pure metal even if crystallite size stays unchanged. The as-
sumption that metallic Ir is mainly responsible for high Yy,
is supported by the fact that the catalyst with the lowest
surface area (Ir black with 45 nm) showed the highest con-
version rates per Ir surface area and was oxidized up to
460°C to the lowest degree compared to the other sam-
ples. The trends can be summarized as follows: The larger
the crystallite size, the higher the selectivity to N,, and the
lower the selectivity to NO, and the ability of Ir to be
oxidized.

A better understanding of the mechanism of NO reduc-
tion with propene over PGMs would facilitate an expla-
nation of the crystallite size dependence. Unfortunately,
despite the plethora of mechanistic studies of this reaction
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on PGMs, no work on the mechanism using Ir as catalyst
is available, and no general consensus has been reached so
far for the other PGMs. In principle three general possible
pathways can be distinguished and are most frequently in-
voked in the literature on PGMs, especially platinum (18):

(i) Direct NO decomposition on the metal and subse-
quent removal of oxygen by the hydrocarbon and thereby
regenerating the active site (19, 20); a modification of this
mechanism is the adsorbate-assisted NO decomposition,
i.e., decomposition of NO assisted by fragments of propene
(Cads: CxHy, Hags, etc.), as described by Burch and Watling
(21);

(i) Reduction of NO by oxygen-activated hydrocarbons
(5); and

(iii) Reduction of NO; by the hydrocarbon (22). The first
step in this reaction mechanism is the oxidation of NO to
NO; over the PGMs and the subsequent reduction of the
latter.

Our study demonstrates that Ir exhibits high activity for
NO oxidation to NO,. This constitutes a supporting fact
for mechanism (iii). However, experiments using NO, as
NOx component showed that at lower temperatures Ir first
reduces NO; to NO, whereas at higher temperatures the re-
duction proceeds to N, following the same pattern as with
NO as NOy component in the feed gas. This observation
suggests that NO, is probably not a reaction intermediate,
which is in line with the findings of Pitchon and Fritz (23),
who proved in similar experiments with Pt catalysts that
NO; is no reaction intermediate in HC-SCR. Furthermore,
in the literature it is proposed that NO, could spill over to
the support where it should be reduced by hydrocarbon-
derived species (24). This should not be the case in our
experiments due to the fact that Ir and support are physi-
cally separated in a mechanical mixture. Though our exper-
iments indicate that NO oxidation is unlikely to be the first
step in the DeNOX process using propene over Ir, the above
results are not a sufficient proof justifying the exclusion of
NO; as active species. NO; can still take part in the reaction
as adsorbed reaction intermediate but we consider this as
rather unlikely.

Mechanism (ii) requires the formation of an oxygen-
containing hydrocarbon as reactive intermediate for the
reduction of NO. Organic compounds containing carbonyl
groups are well known to result from the partial oxidation
of propene over Ir which proceeds via double bond cleav-
age of propene (25). Therefore the presence of activated
hydrocarbons which are active as NO reductants is very
likely, yielding mechanism (ii) as a feasible way for NO re-
duction.

An argument supporting mechanism (i) is the fact that
NO decomposition over Ir is even more favoured than over
Pt (26). A further supporting fact is the ability of propene
to reduce IrO, under reaction conditions as shown in our
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results: after conditioning metallic Ir was found in samples
starting from IrO,. On the other hand, hydrogen is a very
effective reducing agent for the reduction of IrO, but it was
shown by Burch and Coleman (27) that itis a poor reducing
agent for NO reduction in excess oxygen over Ir. The same
holds true for other reducing agents which, despite having
a similar reducing power as propene for 1rO, reduction, do
not show any significant selective reduction of NO to N,
in excess oxygen. These facts suggest an active role of the
reductant in the reduction of NO beyond its ability of site
regeneration by IrO; reduction. Preliminary results show
that possibly decomposition products of propene assist in
the removal NO. This will be the topic of a more detailed
study.

A further important feature of unsupported Ir is that
freshly reduced catalysts show relatively high selectivities
for the production of N,O (250 to 300°C) and that after con-
ditioning, which leads to partial oxidation of the catalyst,
this selectivity usually is reduced. This is very likely due to
the fact that at those temperatures, where the production
of N,O sets in, O; is not able to already fully oxidize the Ir
surface and thus the NO and N surface concentrations as
well as NO mobility on the surface should be rather high,
leading to the recombination of NO and N to N,O. At least
at these temperatures (250 to 300°C) on prereduced cata-
lysts and under the applied conditions it is very likely that
NO reduction proceeds via NO decomposition leading to
N,O and No.

Our results indicate that the most probable reaction path-
way proceeds via the decomposition of NO over metallic
Ir and subsequent removal of oxygen by the hydrocarbon.
Especially for Ir with large crystallites this reaction path-
way is very likely due to the fact that large Ir crystals are
not easily oxidized but reduction of IrO; can proceed read-
ily under the applied reaction conditions. Therefore, in this
case the concentration of surface oxygen should be low.
We cannot exclude that on Ir catalysts with small crys-
tallite size and catalysts which are oxidized to a substan-
tial degree after conditioning, NO reduction could proceed
via a different mechanism. Due to the fact that it is very
likely that the surface of Ir catalysts with small Ir crystallite
size is fully oxidized, NO reduction could proceed via the
formation of an oxygen-activated hydrocarbon in a simi-
lar way as suggested for Pt catalysts by Pitchon and Fritz
(23).

5. CONCLUSIONS

We have shown that unsupported Ir black is a highly ac-
tive catalyst for the reduction of NO using propene as the
main reducing agent in excess of oxygen. Ir black shows a
strong crystallite size dependence for the selective reduc-
tion of NO to Ny, which is unique among the platinum met-
als. The lower oxidizability of Ir with large crystallite size
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seems to be the major factor leading to the observed high
activity and selectivity. Though pure, well crystalline IrO,
is not active in the reduction of NO to N, with propene, it
seems that a certain degree of surface oxidation enhances
the activity and selectivity to N,. Therefore for high NO con-
versions to N; a certain optimal ratio of Ir: 1rO, seems to
be necessary and the establishment of this ratio is strongly
dependent on the redox behaviour of the Ir-1rO, system
which is largely determined by the iridium crystallite size.
As established before for Pt, NO; and N,O do not seem
to be likely reaction intermediates during the reduction of
NO with propene in excess oxygen.
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