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Iridium clusters for catalytic partial oxidation of methane—
anin situ transmission and fluorescence XAFS study
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In situ transmission and fluorescence EXAFS combined with on-line gas analysis have provided new insight in the structural changes
and the catalytic properties of Ir clusters during the catalytic partial oxidation (CPO) of methane. Amatefluorescence XAFS setup
with a multi element silicon drift detector allows time-resolvaditu studies on catalysts with small noble metal concentrations. Significant
structural differences were found between a 0.5 wt% y0% and a 2.5 wt% Ir/A$} O3 catalyst upon treatment in He ang HAfter He
treatment metallic clusters form on high loading Ir catalysts but not when the loading is small. Ypeeatient metallic Ir clusters are
detected in both catalysts, but the particle size is smaller when a low loading is used. The smaller clusters appear to be more sensitive to
oxidation. The CPO reaction is found to ignite at 3Z) nearly independent of the residence time and the Ir cluster size. The structure
of the clusters changes significantly at the ignition point. Below the ignition point they are partly (2.5 wt% Ir) or nearly fully (0.5 wt% Ir)
oxidized and above the ignition temperature they are abruptly reduced. The catalytic and structural changes are reversible.
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1. Introduction nificantly upon ignition of the CPO reaction (reduction and
{'_sruption of larger clusters). The comparison of XAFS re-
ults on high loading Rh/AD3 catalysts with results from
iffuse reflectance infrared Fourier transform spectroscopy
RIFTS) studies on catalysts with lower loading indicated
different reactivity of the clusters [26]. While oxidized

Rh clusters are reduced at high temperatures in a3 &H

Small noble metal based clusters have interesting cg
alytic properties for a number of different chemical reacy
tions. Therefore, their physicochemical properties are
considerable interest. In particular the possibility to define
link between the reactivity and the structure of reacting clu

ters will improve the conceptual design of catalysts devot osphere £200°C) when the Rh loading is high they are

to a specific reaction. . . . already reduced at room temperature when the Rh loading is
One of the potentially interesting areas for small nqg-

ble metal based clusters such as Pt-, Pd-, Ru-, Rh- ang'r . . . .
. . o ! ; cally, the metal loading of CPO catalysts is relativel
Ir-containing clusters [1-8] is the catalytic partial oxida; ypicaly g ysts| Vely

. . ) ow and time-resolved transmission XAFS experiments are
tion of methane to synthesis gas. Small metallic Ir, R P

. . . ot feasible. In this respect, fluorescence XAFS is a pow-
and Ru particles can be prepared by fixation of their ¢ ! ! P . 'S @ pow

ding tet alli bonvl clust i 0([z'rfultechnique [27-31]. It has recently been shown that by
responding tetrametallic carbonyl CIUSIErs on an oXIde Sy, | ¢q of 4 silicon drift detector (SDD) sufficient count rates

face [4,7,9-16] and subsequent decomposition and redgg—n be obtained so thiatsitu studies on catalysts with a rela-

tion. Using this preparation procedure, we focused in t ) : .
. ely low loading of the element of interest (a few 100 ppm
study on the Ir/A}O3 system and studied the structure o e E)/ossible [29930]_ In addition wheniamsitfj cellis conﬁ? )

the Ir clusters during preparation, activation and under CPb hed with on-line mass analysis (as applied in transmission

reaction conditions. . . .
) XAFS experiments previously [22,24,32,33]) simultaneous
In order to elucidate the structure of the noble metal Cluéétalytic rgleasuremgnts becoX:n[e possible D

ters in the CPO reactionn situ studies are vital because |, .. 1o present results obtained by XAFS in the fluores-

the active species are usually only formed during the C?nce mode on low loading I/ADs catalysts ¢a. 0.5 wt%

alytic reaction. Due to the high dispersion of the noble metg under reaction conditions and compare them with trans-
in the catalysts, X-ray absorption fine structure is an ide

technique to identify the structure of such clusters under re. ission XAFS results obtained on higher loading Is4
. " . Catalysts. For this purpose, Ir catalysts prepared by the de-
action conditions [17-25]. Recently, we reported studi y purp ySIS prep y

. . o sition of l(CO)12 on alumina were used in a sequence of
of the catalytic partial oxidation of methane on Rh/@§ %% 4(CON2 g

: reactions encompassing the treatment in Hg,dwd the re-
catalysts [26]. The Rh clusters changed their structure S%tion mixture CH/O,. This sequence is similar to previous

* Present address: ETH Ziirich, Department of Technical Chemistry, URRIFTS and XAFS studies on Rh/#D3 catalysts [4,26].
versitatsstr. 6, CH-8092 Zirich, Switzerland. A capillary tube served as reaction cell with on-line gas
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analysis and a@ situ cell for XAFS in the fluorescence in a capillary cell with diametez = 0.5 mm (wall thickness
and transmission detection mode. In this way, on-line caf-= 0.01 mm). EXAFS spectra were recorded under station-
alytic data and structural data could be obtained simultary reaction conditions around the Is Edge between 11000
neously on the same sample. The results are discussed 12600 eV. A Ta-foil (Ta L edge, 11132.0 eV) was used
with respect to previous results on Rh#®% catalysts by as energy reference. QEXAFS data were collected under dy-
XAFS [26] and DRIFTS results on similar Ir/AD3 cata- namic conditions in the 11000—11500 region (5 min/scan).
lysts [4,7]. The X-rays were monochromatized using a Si(111) double

crystal monochromator and the content of higher harmonics

was diminished by detuning the two crystals from the paral-
2. Experimental lel position. Fourier transformation was applied on ke

k2-, andk3-weightedy (k) function in the intervak = 2.5—

The synthesis of the I/ADs samples was performed15'0 A. The dominating peak in the Fourier transform was

by adding slowly an anhydrous THF solution of(€O0)2 filtered aljd_ then ba_lcktrans_formed iriftfspace. Since Ir and
under CO atmosphere into a slurry @fAl,O3 (Aldrich, Pt arg_adjommg neighbors in the perlod_lc table ((_)n the trans-
99.999 Wt%). Further details are described in [4]. The loadfrability. cf. [34,35]), the backscattering amplitudes and

ing of Ir in the two samples in the present study amounted P(g]ase shifts of the Ir—Ir and_lr—O contributions were taken
0.5 and 2.5 wt% Ir on AlOs, respectively. from the Pt-references, Pt foil angPt(OH), respectively.

The 2.5 wt% Ir/AbO3 sample (sample A) was investi- For XAFS experiments in the fluorescence mode, a quartz

gated with transmission XAFS while the 0.5 wt% Iry@, capillary with a slightly larger diameters( = 0.7 mm,
sample (sample B) was subjected to fluorescence XAES= 0.01 mm, sieve fraction 75-126m, ca. 20 mg) was

studies. In both cases, three subsequent experiments \Hi?ﬁd' The fluorescence X-rays were detected with a seven

decomposition of the Ir-carbonyl precursor and activatigement silicon drift detector, which was operated at room

of the catalysts were performed in Hep Haind CH/O,, as temperature. The SDD was plgced in & @hgle to the
shown in the following scheme: beam and a 60angle to thein situ cell. Further details

on thein situ fluorescence setup are given &g. [29,30].

He The fluorescence EXAFS spectra were recorded in the en-
A——B (step) Q) . . .
25-500°C ergy range 11050-12000 eV (acquisition time 30—60 min).
B Ho C (step ) @) XANES scans during dynamic changes were performed in
25-500°C P the energy range 11190-11310eV (7 min/scan).
CHy + Oy The seven individually recorded fluorescence XAFS spec-
C s 6ooec P (steplih (3)  tra were corrected for the dead time of the detection system

. and added up using weighting factors determined by the sta-
For this purpose gasses of pure He, 2%/N3, and 6% tistical quality of each of the scans. The resulting fluores-
CHa/3% Op/Ar were used. Typically, a heating rate ofcence XAFS spectrum was then normalized to an edge jump
5°C/min was applied to reach the corresponding reactigf 1. Fourier transformation was applied on tHeweighted
temperature. Afterwards, the samples were rapidly cool%k) function in the intervak = 2.5-12.0 A. The domi-

from the reaction temperature to room temperature. TYRating peak in the Fourier transform was filtered and then
ically, a flow of 5 ml/min was used but during reactiomacktransformed intb-space.

(step 1) two flow rates were applied; 1 and 17 ml/min in
the case of transmission XAFS, corresponding to residence
times around 0.54 and 0.03 s. During FLEXAFS experg, Resultsand discussion
ments the flow was varied between 1 and 20 ml/min (resi-
dence times 1.0 and 0.05 s). 3.1. Decomposition of Ir4(C0O)12/Al203 in He and Ha
Thein situ XAFS experiments in the transmission and (steps| and 1)
the fluorescence mode combined with on-line mass analy-
sis were performed at the Hamburg Synchrotron Laboratory The as-prepared catalyst samples A (2.5 wt% b{%)
(HASYLAB) at bending magnet and wiggler beamlines X&and B (0.5 wt% Ir/AbO3) exhibited DRIFTS spectra with
and BW1, respectively. A quartz capillary tube served botibsorption bands for the CO stretching frequencies at 2110,
as reaction cell anih situ XAFS cell. The capillary cell was 2035, 2010, and 2001 crh. The multiplicity of the IR sig-
heated by a controlled stream of hot nitrogen and temperals are consistent with spectra produced by small hydri-
ture homogeneity was ensured by enclosingtregtu cell in - doclusters such as H(CO);; [4,7,13,36], which could be
an X-ray transparent heat shield (20 Capton foil). The formed through the solid—liquid reaction between the alu-
outlet gas was analyzed using a mass spectrometer (Batdna support and the4¢CO);» clusters as proposed in other
ers Thermostar). More details on the setup are descrikstddies [10,11]. In EXAFS, a strong whiteline was observed
in [22,29,30,32,33]. for both samplesdf. selected energy region in figure 1).
For the XAFS experiments in the transmission mode, the stronger whiteline of carbonyl clusters compared to Ir
samplesca. 10 mg, sieve fraction 75-126m) were loaded metal is typical and has been reported previously.(Zhao
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Figure 1. Selecteth situ XANES data at the Ir b edge during heating in He to 50C: (a) on 2.5 wt% Ir/A)Og in the transmission mode and (b) on
0.5 wt% Ir/Al, O3 with fluorescence detection.

and Gates [14]). The fit of the Ir—Ir shell was quite pooter the decomposition in He @& > 11220 eV ¢f. figure 7).
when considering only Ir backscatters in the first shell (t&his indicates the formation of metallic clusters after decom-
ble 1). position at elevated temperatures and is a typical difference

Figure 1 gives an overview on the XANES spectra dfetween oxidized/carbonyl and metallic Ir clusters [11,14].
samples A and B during heating in He to 5@ (step I). Also the results from fitting (table 1) support this interpreta-
The near edge region can be resolved both on the 2.5 diwh. After He treatment there is a significantly higher con-
the 0.5 wt% Ir sample. Since a continuous heating ramp wibution from Ir backscatters than for the untreated sample
5°C/min was used, a spectrum was obtainacevery 25°C  (table 1). The coordination numb#f,_, is about 9 (typical
(transmission XANES) and 3% (fluorescence XANES), quality of the fitsy? = Y (xZ.s — xZ20/ 2 xZps < 0.05,
respectively. In both cases, the structure of the samplaless otherwise stated). Other authors [10,11] have found,
started to change around 18D. A release of C@ was eg., for Ir on MgO, Al,O3 or zeolite as support and more
simultaneously detected by the mass spectrometer on gentle treatment (He, 30C), that the Ir coordination num-
2.5 wt% Ir/Al,O3 sample (figure 2).

After He treatment of sample A not only the whiteline
decreased in the XANES spectra (figure 1(a)), but also an
increased number of EXAFS oscillations were observed af-

5
Table 1 =
EXAFS parameters (coordination numb¥érand Ir—Ir distanceR);—,) of o
RT spectra of sample A after the different reaction steps (fit of Ir—Ir sheIIS”l'
kl—weighted functions, backscattering amplitudes and phase shifts take
from the Pt-foil as reference, backtransform between 1.2 and 3.3 A) é
Catalyst Treatment Nir—ir Ryr—ir o AE = o1l . —
A CEENCY oo0) e
Ir/Al ,03 As received - - - a ! X : : : - :
IIAI,03  After He 8.8 273 0085 22 100 200 300 400 500
Ir/Al ,03 After 2% Hp 10.8 2.72 0.082 1.26 T/°C
Ir/Al ;03 After CH,4/Oo 9.7 2.73 0.072 0.31

Figure 2. Trace ofn/e = 44 (CO) in the mass spectrometer on sample A
a|nsufficient fit of the Ir—Ir shell g2 >> 0.05). (2.5 wt% Ir/Al;O3) during treatment in He (step 1) andHistep 11).
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Figure 3. Selecteh situ XANES data (recorded in the fluorescence mode) at thg Edge during heating in $ion 0.5 wt% Ir/AbOs3.

ber stayed smallXj,—; < 5). Therefore, lf or Irg clusters support after step I. The structural changes duringrilat-
were assumed to be preserved. This is not observed on thent are similar to the recent results on Rh@d, where
alumina support used in this study. The behavior of samplee Rh clusters were observed to sinter significantly upon re-
A (2.5 wt% Ir/Al203) in He is very similar to a sample con-duction in H and residual carbon and oxygen species were
taining 5 wt% RR(CO)12 on alumina, described previouslyremoved.
in [26]. In this previous study we also observed decarbonyla- The investigation of sample B by fluorescence XAFS
tion and the formation of metallic Rh clusters after treatmeghowed that the whiteline decreased significantly due to the
in He at 500°C. decomposition of the (CO), species and that metallic irid-
Sample B (0.5 wt% Ir/AlO3) shows similar changes atjum clusters form. Compared to sample A, the coordination
the whiteline around 16 upon He treatment but there areyumber and therefore also the Ir particle size is significantly
no evident changes in the XANES region at higher tempergmaller (table 2). Therefore, the dispersion of Ir appears
tures. In this case, the fit of the first shell is relatively poofg pe higher in sample B. Note that the fluorescence XAFS
when assuming only Ir—Ir coordination, which could indixpectra were not corrected by the self-adsorption. The influ-
cate Ir-O and Ir—C contributions. Moreover, the whitelingnce of self-absorption, however, is expected to be small due
is still high after He treatmentf. figure 3). This SUPPOItS {4 the |ow concentration of the metal of interest. The Ir—Ir
results from DRIFTS, where studies on 0.25 wi% I8¢ gistance of 2.72 A corresponds well to the value of 2.71 A
were performed and it was concluded tha(@O), species i pylk Ir. We have also analyzed two sequential spectra
under CQ release were formed [4]. Due to the lower loadg, gho\y the reliability of the analysis and both datasets are
ing, aggregation and therefore, the format_|on of metallﬁ:lcluded in table 2 (after reduction in 2%M,). While
clusters appear not to be as pronounce_d asin sam_ple_A. we have used the SDD in previous studies [29-31] mainly
When samples A and B are reduced in(step ), signif- to record XANES data, this analysis shows that this detec-

icant changes in the near edge region are observed for sam- I . sty i
ple B (0.5 wt% Ir/AbOg, figure 3). The whiteline decreases%TP can also be used to obtain good qualityitu fluores

already at room temperature and stronger EXAFS oscillé?onrf]?n)EXAFs data in a relatively short time period (30

tions are observed & > 11220 eV after reduction. No pro- '

nounced changes in the near edge region are observed for

sample A in the XANES region when it is heated to 500 Table 2

This supports the conclusion that the extent of metallic BXAFS parameters (coordination numbérand Ir—Ir distanceRr_r) of

particles after He treatment is higher in the case of sample &Y. spectra of sample B recorded in the fluorescence mode after the different
The results from the fitting are given in tables 1 and z_action steps (fit of Ir‘—Irshelkl—weighted fun_ctions, backscattering am-

(kl weighting) and they show that the IrIr shell of botf? itudes and phase shifts taken from the Pt-foil as reference, backtransform

1Y) between 1.2 and 3.3 A)
the transmission and fluorescence EXAFS data can be read-

ily extracted. Principally, the same data were obtained f&@talyst Treatment Nie—ir Rir—ir o AE
k% and k3 weighting of the transmission XAFS data. For A A V)
fluorescence EXAFS was found to be best when ugthg Ir/AI,03 As received - - - a
weighting. For sample A (2.5 wt% Ir/A03), the forma- IMAI203  After He 4.5 2.70 008 465
tion of larger metallic clusters (higher coordination numbéﬁjﬁ:ngﬂ 222: ;Z;" EZ 2-? ;;1 8-8; ﬂ;
(1] . . . .
of the Ir—Ir shell) compared to those formed after He trea]rm;oz After CH4/(232 64 570 007  5do

ment was observed upon reduction in.Hn addition the

formation of methane was detected by the mass spectrorm@sufficient fit of the Ir—Ir shell 2 > 0.05).

ter, indicating that some carbonyl clusters remained on thBelatively poor fit ¢ 2 > 0.05).
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Figure 4. Traces of different MS signals in the reaction mixtureyCH (step I, 17 ml/min) on (a) sample A (2.5 wt% Ir/gD3) and (b) sample B

(0.5 wt% Ir/Al,O3) with signals for the educts (CHn /e = 15; O, m/e = 32), the products (bim/e = 2; COm/e = 28), and the by-products ¢O

m/e = 18; CO, m/e = 44), MS data (not calibrated, different intensity) recorded simultaneously to XANES data in the transmission and fluorescence
mode (figures 5 and 6, respectively).

3.2. 1Ir/Al,03 under CPO reaction conditions (step I11) The structural changes of sample B during heating of the
0.5 wt% Ir/Al,O3 catalyst are much more pronounced than
After hydrogen treatment and the formation of metallifor sample A,i.e, the decrease of the whiteline is signif-
Ir clusters on the alumina surface, samples A and B weimantly stronger around the ignition temperature (figure 6).
heated in the CPO reaction mixture to 6@ Figure 4 de- Moreover, forT > 320°C the number of XAFS oscillations
picts the traces detected in the mass spectrometer for & > 11220 eV is higher than in the spectra at a tempera-
products H (m/e = 2) and CO fz/e = 28), and the reac- ture of 265 and 300C. As outlined above, the whiteline in-
tants methanen{/e = 15) and oxygen#/e = 32). The creased significantly when the gas stream was changed after
CPO reaction ignited at about 320, which is apparent step Il from H to CHs/O5 in step Il and when the sample
from the MS traces. A similar behavior has been found favas heated to the ignition temperature. This reveals that Ir in
Rh/Al,O3 catalysts [26]. sample B is significantly oxidized when it is heated to 3€0
There is no difference in the ignition temperature betwedn the CPO gas mixture. Additionally, it appears that the ex-
the two catalysts A and B and their behavior is similar to Rtent of metallic Ir particles is smaller just below the ignition
clusters on alumina prepared by the same method. In bqibint compared to sample A with higher Ir loading. The
cases, total oxidation of methane to £@nd HO domi- sensitivity of the Ir clusters towards oxygen in the 0.5 wt%
nates below the ignition temperature (figure 4). The selelefAl .03 sample may be highee,g., due to smaller particle
tivity towards CO/H improves significantly at higher tem-size ¢f. discussion later in this section). The ignition point
peratures, in agreement with most observations in the lite@-the CPO reaction is located at about the same temperature
ture [7,8,37]. as for the higher loaded Ir/AD3 sample €f. figure 4 (a)
Figures 5 and 6 illustrate the structural changes arouadd (b)) and also the structural changefsfigures 5 and 6)
the ignition point for catalysts A (2.5% Ir/AD3) and B occur in the same temperature interval. Above the ignition
(0.5% Ir/Al;O3), respectively. The whiteline around 300 point and at reaction temperaturds ¢ 500°C), Ir in sam-
in the CPO reaction mixture is higher than after reduction jple B is in a metallic state similar to sample A. DRIFTS stud-
step Il. Moreover, an increase of the whiteline is observed fas have also indicated structural changes aroundGQo).
both catalysts while heating the catalyst in the CPO reactidove this temperature carbonyl species were detected by
mixture to the ignition point (similar to Rh/AD3). Above infrared spectroscopy on the Ir surface.
the ignition temperature of 32C, a sudden decrease in the When catalysts A and B are quickly cooled (in less than
whiteline for catalyst A (figure 5) and catalyst B (figure 6)L min) from the reaction temperature to room temperature,
occurs. sample A maintains Ir in the metallic state while the Ir clus-
Concerning catalyst A the strong EXAFS oscillationsers on sample B are oxidized, as can be seen by a higher
above 11220 eV, typical for metallic particles, are present mhiteline after cooling to room temperature. Therefore, the
all spectra (figure 5(a)). This indicates that Ir is also at least-Ir shell in sample A (2.5 wt% Ir/AlO3) can be well fit-
partly present in metallic form at temperatures below the iged (table 1) with a single Ir—Ir scattering, while the first
nition point. This is supported by the fact that the whitelinbackscatter peak in sample B has especially contributions
is lower than typically observed forJd®s. from other atoms than Ir (table 2).
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Figure 5. Selecteth situ XANES data (transmission mode) at the i &dge below and above the ignition temperature of the CPO reaction in the reaction
mixture CHy/O5 on 2.5 wt% Ir/AbO3 (on-line MS analysis is shown in figure 4(a)).

3.3. Comparison of the structural changes of Ir/Al,O3 served when varying the flow (the residence time). Also
catalysts after treatmentsin stepsl|, 11, and 111 in the case of the Rh/AD3 catalyst [26], we did not find

changes and it seems that the particle structure is very simi-

_The ditferent behavior of the two catalysts also becom?e"sr at different residence times. However, the selectivity to-
evident from the room temperature EXAFS data shown |n

figure 7. The whiteline of the 0.5 wt% Ir/AD3 catalyst ngdcsect:iz/eﬂsls normally improved when using shorter res-
after treatment in the CHO, reaction mixture (full line in '

figure 7 (b) and (d)) is much higher compared to that of the The structu_ral char!ges during step | to Il are schemgt-
same catalyst after reduction i, (dashed lines in fig- 'c@lly summarized in figure 8 (a) and (b). The decomposi-

ure 7 (b) and (d)). In contrast, for the 2.5 wt% ISl tion upon He and LIN; treatment is quite similar in both
catalyst the difference of the catalyst aftes/N, (dashed C€ases, but it has been shown in section 3.1 that metallic Ir
lines in figure 7 (a) and (c)) and GHD, (solid line in fig- Particles form already during He treatment in the case of
ure 7 (a) and (c)) treatments is small. When heating ttégh Ir loadings, while in the case of low loadings most
catalysts a second time in the @B, reaction mixture to Of the Ir clusters are reduced during the reduction step in
600°C, a reversible behavior was found. No structural difd2/N2. It was also shown that the dispersion of the metal-
ferences and no shift of the ignition temperature was obe Ir clusters is higher at lower loadingf( tables 1 and 2).
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Figure 6. Selecteth situ XANES data (fluorescence detection) at the 4rédge below and above the ignition temperature of the CPO reaction in the
reaction mixture Clj/O2 on 0.5 wt% Ir/AbO3 (on-line MS analysis is shown in figure 4(b)).
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Figure 7. In situ EXAFS spectra at room temperature of the catalyst samples as received (gray solid line), after step | (He, dotted line), after step Il
(Ho, dashed line) and after step Il (GHD,, solid line) on (a, c) 2.5 wt% Ir/AlO3 in the transmission mode, and (b, d) 0.5 wt% Ig@k with
fluorescence detection.

The structural changes in steps | and Il are supported Al ,03. Even when the catalyst is rapidly cooled to room
DRIFTS studies performed on low loaded Ir catalysts, dsmperature, the Ir particles oxidize significantly, probably
discussed in section 3.1. When heating in the4f@H re- due to oxygen present in the feed gas and due to higher reac-
action mixture reversible structural changes occur: (a) oxivity of the clusters. This enhanced sensitivity towards oxy-
dation of the Ir clusters below the ignition temperature argen is most likely due to a smaller particle size of the metal
(b) reduction above the ignition temperature, as indicated étusters, as also supported by the coordination number (ta-
figure 8. DRIFTS studies revealed some carbonyl specigle 2). Also the comparison of 5 wt% Rh/AD3 studied by
being formed on the surface for Ir/AD3 samples above the XAFS [26] and 0.1 wt% Rh/AIO3 studied by DRIFTS [7]
ignition temperature [7]. has indicated that the reactivity of the clusters increases with
The reversible structural changes during heating in the r@{ow loading. Although the particle size at room tempera-
action mixture and the abrupt reduction of the clusters at thére is smaller for the low loading Ir catalysts, during heating
ignition temperature are similar to those on Rh®@¢ cata- to higher temperatures in the reaction atmosphere, redisper-
lysts identified by XAFS and DRIFTS [4,26]. Also in casesion effects may occur in case of higher loading Ir catalysts,
of Rh clusters on alumina, some oxidation of Rh in the reaas we have shown in a previous study for Rh@d cata-
tion mixture below the ignition point was observed. Similalysts [7,26].
to sample A, the Rh clusters were stable against oxidation The in situ fluorescence XAFS results on noble metal
during quenching in the reaction mixture to room temper&ased catalysts, combined with on-line catalytic measure-
ture. In both cases the loading is high (2.5 wt% Ipt84, ments and supported by DRIFTS and transmission XAFS
and 5 wt% Rh/A$O3) and XAFS clearly shows that the no-experiments, show not only the importance of studying the
ble metals Ir and Rh, respectively, are in the metallic state afructural changes under reaction conditions. These studies
ter quenching to room temperatui. figure 7 (a) and (c)). also give the opportunity to consider the influence of the no-
They oxidize only partly when heated in the reaction mixturele metal loading, which probably has a strong effect on the
up to 320°C. A different behavior is observed on 0.5 wt%dispersion and, therefore, the reactivity of the clusters.
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IrOx >320°C
. . Cc
(a) high loading 300°C CH4/O,
CH,/0,
- A B
Ir(CO —_— . Ir-metal cluster and Ir-metal
{COM2 orssition MIM{COM g o small
. IP(CO) H, /N, clusters Ir-clusters
on AlO, (decarbonylation) 2
Quenching

to room temperature

IrOy > 320°C
(b} low loading c 300°C CH4/0,
B CH4/0,
Ir(CO) ——— HIr, (CO)'11 Ir'(Co), —— Ir-metal Ir-metal clusters
deposition ~ ¢ H : H,/N, clusters  (partly oxidized) |r-;T§2rs
on Al,O, (decarbonylation)
Quenching

to room temperature

Figure 8. Schematic representations of the structural changes during steps I-lll for catalyst samples with (a) high Ir-carbonyldoadimpie A) and
(b) low Ir-carbonyl loading Ir concentrations€, sample B); for more details, see text.

4. Conclusions posed to Ir metal during TPR in hydrogen. In catalysts con-
taining 0.5 wt% Ir, the Ir clusters are more easily oxidized

The novel setup for X-ray absorption fine structure conthan at higher loadings, where only partly oxidation in the

bined with on-line mass spectrometry has giganultane- reaction mixture below the ignition temperature is observed.

ousinsight into the structural properties (particle size, oxidaAbove the ignition temperature of the CPO reaction the clus-

tion state) and the catalysis of small Ir clusters. The capillatgrs are reduced to metallic clusters in both cases. Similar to

setup is ideal for such studies and can be applied both duriRb/AlO3 catalysts, the structural changes are reversible.

in situ fluorescence and transmission XAFS experiments.

Fluorescence XAFS showed that the investigation of cata-

lysts with an Ir loading of 0.5 wt% Ir can be well performed’./'\(:knowIedgment
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