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Effect of sodium on the catalytic properties of iridium black
in the selective reduction of NOx by propene under
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The effect of sodium promotion on the performance of an iridium black catalyst for the selective catalytic reduction of NO by propene
has been investigated. Sodium loadings above 1 at% were found to increase the nitrogen selectivity close to 100% in the whole temperature
range investigated (150–450◦C). However, the presence of Na shifted the on-set of all reactions to higher temperatures (ca. 20–50◦C for the
highest promoter loadings,i.e., 10 at% Na), leading to a narrowing of the operation temperature window. Consequently, moderate sodium
loadings in the range of 1–3 at% represent the best compromise for a beneficial application of iridium in DeNOx catalysis. Combined
thermogravimetry–mass spectrometry investigations revealed that not only NO dissociation, but also,e.g., the decomposition of propene
and the adsorption of oxygen as well as the oxidation of iridium are influenced by the presence of sodium. Mechanistically, our observations
are consistent with a model, where the removal of adsorbed oxygen could represent the rate-limiting step under the applied conditions.
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1. Introduction

The selective catalytic reduction of nitric oxide by hydro-
carbons (HC-SCR) represents a future alternative for the pu-
rification of exhaust gases under lean-burn conditions (see,
e.g. [1–4] and references therein). Recently, iridium turned
out to be a highly active and selective metal for this reaction.
Its performance, however, depends strongly on the particle
size and on the conditioning procedure [5–9]. As part of a
comprehensive study on DeNOx catalysis (see,e.g. [10–12]
and references therein), we recently reported on the prepara-
tion and activation of suitable Ir/H-ZSM-5 [7] and Ir black
catalysts [9]. During our experiments we investigated some
samples which were later found to contain contamination of
sodium compounds. Several studies on effects arising from
alkali adatoms on the catalytic NO reduction have been pub-
lished previously for other platinum metals (see,e.g. [13]
and references therein). The results of the latter investiga-
tions, however, differed significantly, depending on the em-
ployed metals and specific reaction conditions. On the one
hand, Lambert and co-workers,e.g., reported a significant
enhancement for the NO, CO, and propene conversion (eval-
uatedvia the temperature at the on-set of each reaction and
at 50% conversion, respectively), as well as for the nitrogen
selectivity by sodium over supported Pd [14] and Pt cata-
lysts [13] (reactant concentrations for the latter study were
0.1% NO, 0.11% propene, 0.7% CO, and 0.78% O2). On
the other hand, Burch and Watling found detrimental effects
on the maximum degree of NO conversion over Pt/Al2O3 in
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the presence of Cs and K, and observed virtually no effect on
the selectivity (0.1% NO, 0.1% propene, and 5% O2 [15]).
Likewise, Shinjohet al. noticed a negative effect of alkali
metals on the propene conversion at 300◦C over a Pd/Al2O3

catalyst (0.12% NO, 570 ppm propene, 0.33% H2,1% CO,
0.46% O2,10% CO2, and 3% H2O [16]). This discrepancy
stimulated a detailed investigation of sodium promotion for
iridium catalysts, since the ensuing effect could not be sim-
ply deduced from the results with the other metals.

Here we will first compare the dependence of the activi-
ties of all participating reactions, as well as of the nitrogen
selectivity, on the sodium content of iridium black. It will
be demonstrated that the selectivity strongly benefits from
the presence of the Na promoter, while the activity is only
slightly, but adversely affected. Subsequent pulse TG meas-
urements reveal that the presence of sodium not only influ-
ences NO dissociation, but also affects the decomposition of
propene and the adsorption of oxygen and iridium oxidation,
respectively. Finally, we will discuss mechanistic implica-
tions for the NO reduction over iridium under the applied
reaction conditions in the light of recent studies on Na pro-
motion of platinum group metals.

2. Experimental

The promoted Ir samples were prepared by suspend-
ing ∼250 mg Ir black powder (Alfa Aesar) inca. 3 ml of
an aqueous solution, containing the appropriate amount of
sodium carbonate. Under stirring, the water was evaporated
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Table 1
Effect of sodium on the activity (evaluatedvia the temperature necessary for
20a, and 50% NO conversion – relative to the maximum conversion level
of each sample), and crystallite sizes measured before and after reaction by

XRD.

Na Tonset T50% dIr (nm) by XRD

(at%) (◦C) (◦C) Before After
reaction reaction

0 255 310 13 15
0.1 280 320 13 14
0.3 290 335 14 17
1 321 340 14 17
3 330 355 16 18

10 330 350 16 16

aThe temperature for 20% NO conversion is termedTonset.

by heating at ambient pressure, and the catalysts were fi-
nally dried at 120◦C in air. Using supported catalysts for
promotion has the disadvantage that always an unknown but
possibly substantial part of the promoter will be situated on
the support. With Ir black we avoid this problem and can
investigate the influence of the promoter species on the cat-
alytic performance on the metal alone. The actual sodium
loadings were derived gravimetrically because spectroscopic
methods could not be applied due to the incomplete dissolu-
tion of iridium black by standard digestion methods. Prior to
reaction, the samples were reduced at 300◦C in 6% H2 for
30 min (balance nitrogen, 450 Nml/min). The reaction was
carried out in a quartz tube reactor, starting at 150◦C, by
increasing the temperature stepwise by 50◦C after 60 min
at each setpoint. As can be seen from table 1, the presence
of the promoter species exhibited no significant influence on
the structural properties of the catalyst during pretreatment
and reaction (except a small increase of the crystallite size
from 13 to 16 nm). Each reactor loading contained 7.5 mg
of iridium powder, fixed by quartz wool plugs. The catalysts
were diluted with silica powder (ca. 1 : 20) in order to guar-
antee plug-flow conditions. The simulated exhaust gas mix-
ture consisted of 300 vpm NO, 0.18 vol% propene, 450 vpm
CO, 8 vol% O2, 10 vol% H2O, 10.7 vol% CO2, and balance
N2 (450 Nml/min). Reactant/product concentrations were
followed by on-line FTIR analysis. A more detailed descrip-
tion of the setup is provided in [10]. All nitrogen-containing
compounds except N2 are detectable with this setup down to
concentrations of a few ppm. The only nitrogen-containing
compounds which have been detected during the experi-
ments were NO, NO2, and traces of N2O. The outlet concen-
trations of these compounds together with the feed concen-
tration of NO were used to perform a nitrogen balance. XRD
spectra were recorded on a Siemens D5000 powder X-ray
diffractometer in a step mode (step size 0.01◦, 2 s/step) us-
ing Ni-filtered Cu Kα radiation (35 mA, 45 kV). The mean Ir
crystallite size was calculated from the Ir(111) reflection, us-
ing the Scherrer equation. Pulse thermal analysis (PulseTA)
experiments were carried out on a Netzsch STA 409 thermo-
analyzer, connected to a mass spectrometer (Baltzer QMG
420) by a heated stainless steel capillary. Previous to the
impregnation with sodium carbonate, the catalysts, used in

Figure 1. NO conversion over Ir black catalysts with different loadings of
the sodium promoter as a function of temperature in a simulated exhaust
gas mixture of 300 vpm NO, 0.18 vol% propene, 450 vpm CO, 8 vol% O2,

10 vol% H2O, 10.7 vol% CO2, and balance N2.

the TGA experiments, were sintered in helium at 750◦C,
yielding a mean crystallite size of 28 nm for all samples.
Further details on the thermogravimetric (TG) setup can be
found in [17]. Note that sodium carbonate decomposes ther-
mally only at temperatures above 800◦C (unpublished re-
sults) and thus is not expected to cause background contri-
butions for the observed CO2 evolution in TG-MS pulse ex-
periments.

3. Results

3.1. Effect of sodium on the catalytic behavior

Figure 1 compares the NO conversion activity of irid-
ium black samples with sodium contents amounting up to
10 at%. The absolute value for the maximum NO conver-
sion showed slight variations between the different samples
(ranging between 65 and 75%). Nevertheless, these devia-
tions appear to be randomly distributed, and are hardly af-
fected by the increase of the sodium content, covering a
range of more than two orders of magnitude; it should be
noted that at least part of these deviations may be ascribed
to the rather large steps between each pair of temperature
setpoints. For a more detailed investigation, the tempera-
ture levels for 20 (termedTonset), and 50% NO conversion
(relative to the maximum conversion) were determined and
are listed in table 1. Even though the corresponding error
bars must be assumed quite large (ca. ±10–15◦C), it is vis-
ible that higher sodium contents shift the NO conversion to
higher temperatures by approximately 50◦C. Similar effects
were also noticed for the parallel conversion of the reduc-
ing agents: the temperature at 50% conversion (T50%) was
raised by about 15◦C for propene (∼235 to∼250◦C; fig-
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Figure 2. C3H6 (upper window) and CO conversion (lower window) over
Ir black catalysts with different loadings of the sodium promoter as a func-
tion of temperature in a simulated exhaust gas mixture of 300 vpm NO,
0.18 vol% propene, 450 vpm CO, 8 vol% O2, 10 vol% H2O, 10.7 vol%

CO2, and balance N2.

Figure 3. Nitrogen selectivity over Ir black catalysts with different loadings
of the sodium promoter as a function of temperature in a simulated exhaust
gas mixture of 300 vpm NO, 0.18 vol% propene, 450 vpm CO, 8 vol% O2,

10 vol% H2O, 10.7 vol% CO2, and balance N2.

ure 2, upper window) and by roughly 55◦C for CO (∼165
to ∼220◦C; figure 2, lower window), respectively. How-
ever, due to the extremely fast light-off for these reactions,
the latter effects were solely visible for very high sodium
loadings.

The corresponding nitrogen selectivities are displayed in
figure 3. Here, the selectivity, is defined as

SN2 =
F 0

NO− FNO − FNO2

F 0
NO− FNO

× 100%,

Figure 4. N2O production over Ir black catalysts with different loadings
of a sodium promoter as a function of temperature in a simulated exhaust
gas mixture of 300 vpm NO, 0.18 vol% propene, 450 vpm CO, 8 vol% O2,

10 vol% H2O, 10.7 vol% CO2, and balance N2.

whereF 0
i is the flow of the corresponding component at the

reactor inlet andFi the flow at the outlet. Generally, increas-
ing sodium contents led to a large increase of the selectiv-
ity up to an almost constant level of 100% for the highest
promoter loadings, whereas on the unpromoted sampleSN2

dropped to a minimum of below 40% right after the on-set
of the NO reduction.

At the highest temperatures measured, above 400◦C,
however, selectivity decreased again slightly, with the un-
promoted sample being the only exception. Even though for
higher promoter loadings this effect was more and more cov-
ered by the strong, overall increase of selectivity, described
above, it virtually affected all sodium-containing samples
and therefore must be related to the presence of the promoter
species. Note that at higher promoter loadings (>1 at%
Na) the negative effect above 400◦C was almost completely
compensated by the large, general increase in selectivity
over the whole temperature range and therefore does not rep-
resent a significant drawback for a possible application in
DeNOx catalysis.

The N2O formation has not been included in the above
selectivity calculations for the following reasons: (i) this re-
action only occurs at temperatures of about 200–250◦C, be-
low the on-set of the NO reduction to N2, where the overall
conversion is extremely small, (ii) the N2O production rates
are in general very small over iridium, hardly reaching the
limit of quantification [7], and (iii) the latter rate strongly
decreases with time on-stream, therefore not affecting the
steady-state properties of iridium catalysts [8,9]. The ob-
served traces of N2O are displayed separately in figure 4.
The data have been averaged over two independent runs in
order to decrease the experimental error due to FTIR quan-
tification methods. As was likewise observed for all other
reactions, the on-set for N2O formation shifted to higher
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Figure 5. Change of mass and MS response onm/z = 2, 28, and 44 upon
dosing first a pulse of propene and subsequently a pulse of NO, exemplary
shown for the Ir black sample with 0.3 at% sodium. Finally, the original

reduced state of iridium is restored by reduction with hydrogen.

temperatures for higher sodium loadings. The up-shift was
accompanied by a decrease of the overall amount of N2O
produced (integrated area).

3.2. Effect of sodium on propene adsorption/decomposition

In preceding TG measurements it was observed that
propene dissociates over iridium and gives rise to the forma-
tion of a carbonaceous deposit [8]. In the following, a series
of different gas pulses was employed in order to compare
quantitatively the amount of adsorbed CxHy species for the
promoted iridium samples.

The change of mass and the corresponding response sig-
nals are exemplary shown for the sample with 0.3 at%
sodium in figure 5. First a pulse of propene was intro-
duced (volume of pulses is 1 cm−3; mcatalyst = 50 mg;
T = 400◦C), followed by a response onm/z = 2, result-
ing from hydrogen evolution after adsorption/dissociation.
Subsequently pulsed NO oxidized iridium and reacted with
the deposited carbon species, resulting in CO2 (m/z = 44)
and N2 (m/z = 28) evolution. It was confirmed by par-
allel oxidation experiments that NO quantitatively removed
all deposited carbon species. Finally, a hydrogen pulse re-
duced previously formed IrO2 back into the metallic state.
The sequence was repeated several times in order to check
whether accumulation of any by-product species occurred –
however, the latter could definitely be excluded.

Figure 6. H2 response upon dosing a pulse of propene over Ir black cata-
lysts with different loadings of sodium (upper window) and CO2 response
after the subsequent reaction of the carbonaceous deposit with NO (lower
window). The production of H2 and CO2 is given relative to the theoret-
ical maximum amount. The explanation of they-axis is given in the text.
An example for the order of pulses in the experiment is provided in fig-

ure 5.

In figure 6 the hydrogen response (upper window), fol-
lowing the propene pulse, and the CO2 response (lower win-
dow), caused by the NO reduction step, are compared for
different sodium loadings (signals are corrected for back-
ground fragmentation of C3H6, contributing to the signal on
m/z = 2). They-axis for hydrogen production represents
the ratio between the amount of hydrogen evolved during
propene decomposition on the catalyst and the total amount
of hydrogen in 1 cm3 of C3H6 (i.e., 3 cm3 of hydrogen).
They-axis for CO2 represents the ratio between the amount
of CO2 evolved due to a pulse of NO and the stoichiomet-
ric amount of CO2 resulting from the reaction between car-
bonaceous deposits and NO. From 1 cm3 NO 0.5 cm3 CO2

can be formed and this value is taken as 100%. It is evi-
dent that the presence of the promoter species strongly influ-
ences the adsorption/dissociation behavior of propene. Low
sodium concentrations (0.3 at%) enhanced the decomposi-
tion of propene, as evidenced by the increase in H2 and CO2
production, respectively. For higher loadings (3 and 10 at%,
respectively), however, the presence of sodium affected the
amount of deposited CxHy species adversely.

It is noteworthy that the decrease at high promoter
loadings occurred significantly larger in CO2 production
(ca. 50%) than in hydrogen formation (ca. 20%). A pos-
sible explanation for this dissimilarity could be the for-
mation of adsorbed CxHy species with a higher hydrogen
content. The fully quantitative comparison is, however,
difficult due to low intensity of the recorded MS signals
onm/z = 2.
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Figure 7. Change of mass and MS response onm/z = 44 upon dosing
first a pulse of oxygen on the prereduced catalyst, followed by a pulse of
propene. Subsequently, the carbonaceous deposit is removed by a second
pulse of oxygen, and finally the adsorbed oxygen is reacted with hydrogen.
The thick line corresponds to the unpromoted Ir black sample, while the

thin line represents the sample with 10 at% sodium.

3.3. Effect of sodium on oxygen removal and iridium
oxidation

It was found in preceding studies that the catalytic per-
formance is governed by a subtle balance between metallic
iridium and IrO2 under DeNOx reaction conditions [7,9]. It
is also known that alkali promoters strengthen the bonding
of electronegative adsorbates, such as oxygen, to platinum
metals (e.g. [18,19]).

Therefore, we first investigated the reactivity of pread-
sorbed oxygen towards pulses of propene by PulseTA. After
reduction with hydrogen, oxygen was pulsed over the cata-
lyst sample at 250◦C and subsequently reacted with a pulse
of propene (figure 7). It is evident that on the sample con-
taining 10 at% sodium a much smaller fraction of oxygen
reacted than on the unpromoted sample, as was indicated
by the smaller loss of mass due to the propene pulse and
the reduced CO2 evolution. Nevertheless, both catalysts had
taken up the same amount of oxygen, as evidenced by the
same weight uptake due to the oxygen pulse and confirmed
by titration with hydrogen (figure 7).

After comparing the reactivity of the oxygen that was
taken up by the catalyst samples, we additionally studied the
ability of the different samples for iridium oxide formation
by TG analysis. The different samples (ca. 50 mg) were
heated up linearly (5◦C/min) in a stream of 20 vol% O2,

Figure 8. Oxidation of different pure and sodium-promoted Ir black sam-
ples, followed by TG in a stream of 20% O2, balance He (10◦C/min).

balance He (50 Nml/min). The corresponding weight in-
crease due to oxidation is displayed in figure 8. Clearly,
higher sodium loadings strongly promoted the oxidation of
iridium at temperatures above 400◦C. Note that the oxida-
tion is also affected by the crystallite size and sets in earlier
for smaller crystallites, as were employed for the conversion
experiments in this study. For illustration, figure 8 addition-
ally presents the oxidation behavior of a 4 nm and of a 13 nm
iridium black sample, respectively.

The stronger bonding of oxygen to iridium and the en-
hanced formation of iridium oxide also caused changes in
the facile Ir/IrO2 equilibrium which is established under
steady-state conditions during DeNOx reaction. Whereas
the unpromoted sample showed a fraction of roughly 20%
IrO2 (determined by reduction with H2 pulses after 12 h at
450◦C in the reaction mixture [8]), it was about 90% for the
sample with 10 at% sodium.

4. Discussion

The activity measurements revealed that the presence of
sodium does not enhance the activity of iridium black for
NO reduction under the applied reaction conditions. Each
sample reached a similar high level of maximum NO con-
version.

It may be noticed that at least for the sample with the
highest loading a significant fraction of the iridium surface
must be physically covered by sodium carbonate. The still
high activity of this catalyst implies that only part of the sur-
face is involved in the reaction process and that these spe-
cific sites are not blocked by the sodium carbonate. Simi-
lar effects have been observed by Konsolakiset al. or Yen-
tekakiset al. for Pt/Al2O3, where the activity (and nitrogen
selectivity) of samples with an almost fifty-fold excess of Na
(in at%) was still comparable to those with lower Na load-
ings [13,20]. However, in the latter case an unknown, but
significant fraction of the promoter species was also located



6 C. Wögerbauer et al. / Sodium promotion of Ir for lean DeNOx

on the support, which handicaps a direct comparison to our
unsupported catalyst.

Although the observed effect was relatively small, it is
apparent that sodium shifted the on-set of all participating
reactions to higher temperatures, thus cutting the lower limit
of the operation temperature window. The latter represents a
considerable drawback for a possible application in DeNOx

catalysis, since in general a larger temperature window is
desired, especially on the low temperature side with view on
the cold-start properties [1].

The observed effects of sodium on the activity are in-line
with results on the propene conversion over alkali-promoted
Pd/Al2O3, reported by Shinjohet al. [16], but clearly dif-
fer from those of a very similar study on sodium promo-
tion for a Pt/Al2O3 catalyst, published recently by Konso-
lakis et al. [13]. There, the temperature levels for 50%
conversion of NO, CO, and propene had been lowered by
∼70–95◦C at optimum promoter loading. Although part
of this discrepancy may be attributed to the different nature
of the employed noble metals, we predominantly ascribe it
to the differing reactant feed gas compositions, in particu-
lar to the large oxygen excess in our simulated exhaust gas
(NO : O2 = 1 : 27 vs. 1 : 8 in the study by Konsolakis
et al. [13]). Such high oxygen contents were previously
found to be detrimental to the positive effect of sodium on
the activity which was noticed over Pt/Al2O3 [21].

The selectivity, however, was strongly improved by the
presence of sodium, resulting from a significant suppression
of the unfavorable NO2 formation. This corresponds very
well to recent results on Pt/Al2O3 [13,20] or Pd/ZrO2 [14],
where a distinct enhancement of the nitrogen selectivity has
been reported after impregnation with sodium nitrate. Con-
sequently, other than for the above discussed effect on the
activity, the effect on the selectivity appears to be little influ-
enced by the differences in the feed gas composition. Mech-
anistically, the increased selectivity was explained in the
literature by an increased adsorption energy of NO on the
metal in the presence of alkali adatoms, which is accompa-
nied by a lowering of the N–O bond strength, resulting from
an enhanced population of the NOπ∗-orbital [20,22,23].
The latter would facilitate the NO dissociation

NOad � Nad+Oad (1)

and result in a higherθN vs. θNO ratio. Hence N2 formation

2Nad � N2 (2)

becomes more favorable at the expense of the NO2 or N2O
production,

NOad+Oad � NO2 (3)

NOad+ Nad � N2O (4)

It cannot be excluded, however, that other effects, such as
the observed alteration of the oxidation behavior for iridium,
additionally contribute to the observed selectivity increase at
larger sodium loadings.

Presumed that the NO reduction proceeds predominantly
via the “dissociation model” (equations (1) and (2)), as was
proposed by several authors [2,24–26], in principle three
reaction steps appear likely to be limiting to the overall
process, since they are known to be governed by relatively
high activation barriers. First, removal of chemisorbed oxy-
gen [27], second, removal of adsorbed propene fragments
(or of possible oxygenated species [28]) [21], and finally,
dissociation of nitric oxide [29]. The fact that on iridium,
other than reported for supported Pt and Pd catalysts [13,14],
the enhanced selectivity was not accompanied by a paral-
lel increase of the NO reduction implies that under our re-
action conditions NO dissociation does not represent the
rate-determining step for the DeNOx process, as was pro-
posed for the other platinum metals under the correspond-
ing conditions (e.g. [13,20,30]). TG-MS results revealed the
build-up of a carbonaceous deposit on iridium after dosing
propene. The amount of the deposit was shown to critically
depend upon the sodium content and, according to the CO2

response, varied by a factor ofca. 2 for the different samples.
But neither activity nor selectivity showed any analogous de-
pendencies, therefore the deposition and/or removal of such
species is not likely to be decisive for the NO reduction
process. The reactivity of adsorbed oxygen (determinedvia
its reaction with propene) and the subsequent oxidation of
iridium, however, were strongly influenced at higher sodium
loadings. Increased site-blocking by adsorbed oxygen may
well explain the observed continuous up-shift of the on-set
temperature for all participating reactions. Such a surface,
covered predominantly by oxygen under our reaction con-
ditions, seems likely due to the high oxygen content of the
employed feed gas. In view of the complexity of the feed
gas composition and of the overall reaction process, how-
ever, the latter implications are rather speculative. To prove
the suggested reaction mechanism detailed kinetic measure-
ments are needed. This will be subject to further investiga-
tions.

5. Conclusions

The impregnation of iridium catalysts with sodium car-
bonate was demonstrated to be a very effective way for
improving the nitrogen selectivity in the HC-SCR reaction
close to 100% in a simulated lean exhaust gas mixture. Due
to a small detrimental effect on the activity (narrowing of the
operation temperature window), counteracting the benefits
from the increased selectivity, moderate sodium loadings in
the range of 1–3 at% represent the best compromise. Mech-
anistically, our results are consistent with a model where NO
dissociation is not rate-limiting, as was proposed earlier for
supported Pt and Pd catalysts (e.g. [15,25]). Instead, the re-
moval of adsorbed oxygen, which is further impeded by the
presence of sodium, is likely to be the decisive step under
the applied reaction conditions.
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