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Alumina-supported rhodium particles, active for the catalytic
partial oxidation (CPO) of methane, have been investigated by
in situ X-ray absorption fine structure (XAFS), monitoring the gas
composition simultaneously by mass spectrometry. The catalysts
were prepared by anchoring of Rh4(CO)12 onto the support and ac-
tivated by treatments in He and H2. EXAFS analyses showed that
the Rh carbonyl precursor maintained its structure during fixation,
but decomposed to small metallic Rh particles upon heating in He.
However, the particle size increased significantly during treatment
in hydrogen. Investigations of the catalyst in the CH4/O2 reaction
mixture showed that the CPO reaction ignited at about 330◦C and,
at the same time, the catalyst changed its structure. The metal par-
ticles disaggregated upon heating in the reaction mixture and some
Rh clusters containing oxidic or carbonylic species were formed.
This process was reversible with respect to temperature. The selec-
tivity of the catalyst in the CH4/O2 reaction mixture was significantly
dependent on the residence time. However, no significant structural
differences of the Rh particles have been found at different resi-
dence times. Additionally, catalyst oxidation and reduction were
investigated upon O2 and CH4 treatment. c© 2001 Academic Press
1. INTRODUCTION

Gas-to-liquid (GTL) technologies are attracting increas-
ing attention with respect to conversion of natural gas into
liquid products such as methanol, DME, or synthetic fuels.
The first step is the production of synthesis gas, i.e., a mix-
ture of hydrogen and carbon oxides. Well-established and
commercial technologies include tubular steam reforming,
autothermal reforming, or combinations thereof (1–4). The
optimal choice depends on the desired final product and the
plant capacity (4).

A potential new technology studied extensively is cata-
lytic partial oxidation of natural gas (shown below for
methane):

CH4 + 1
2 O2 → CO+ 2H2 1H298K = −38 kJ/mol.
1 To whom correspondence should be addressed. E-mail: jdg@
topsoe.dk.
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Catalytic partial oxidation is not a new idea. Work on nickel
catalysts has already been subject to many studies since
1946 (5–7). Presently, many promising catalytic systems are
known, among them Co, Ni, and especially noble metals
on different supports (cf. (8–10)). While most of the work
before 1992 considered reaction conditions with residence
times (τ ) above 0.1 s, the CPO reaction attracted especially
new interest when it was reported that high yields of CO
could be obtained even at residence times of 10−3 s or be-
low (11–17). High yields of CO have, e.g., been reported
on Ir, Rh, Pd, and Pt clusters (18–20). Among them, Rh on
MgO, Al2O3, and CeO2 is of interest because it has high
resistance against carbon formation (9, 21, 22). The selec-
tivity dependence of the reaction on the residence time has
been studied in detail, showing that significant changes are
found at τ < 0.1 s (21–24). However, no final agreement on
the reaction mechanism has been obtained and the surface
and bulk structures of the metal particles are difficult to
determine under reaction conditions.

The aim of this study is to obtain more insight into the
particle structure of Rh clusters under reaction conditions.
While diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) studies have recently been performed
under CPO reaction conditions (21) to study the struc-
ture of the reacting clusters, EXAFS can give complemen-
tary information on the bulk structure of the Rh parti-
cles. Extended X-ray absorption fine structure spectroscopy
(EXAFS) has been used in several studies to obtain infor-
mation on the structure (oxidation state, identity of neigh-
bouring atoms, and particle size) of Rh catalysts (25–31) but
not during catalysis. Since the structure of the Rh particles
is strongly dependent on the gaseous atmosphere applied
(e.g., restructuring occurs when exposing the Rh surface
with CO or O2 instead of H2 (25, 26, 30, 32, 33)), in situ
studies are inevitable for studying the physico-chemical
structure of these Rh clusters. However, none of the
in situ XAFS studies have been performed under CPO reac-
tion conditions. Hence, we applied the XAFS technique to
study in situ the Rh/Al2O3 catalyst during activation and un-
der CPO reaction conditions. Simultaneous to the EXAFS
0021-9517/01 $35.00
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measurements, on-line product analysis by mass spectro-
metry was performed to obtain a relationship between the
catalytic activity and the structure of the clusters. For this
purpose a capillary microreactor was used (34–36), which
is ideal both for structural characterization and for on-line
catalytic studies at relatively short residence times.

In situ XAFS studies have been performed during the de-
composition of the carbonyl precursor, the formation of the
metallic rhodium particles, and the catalytic reaction using
two different residence times. For comparison also some in
situ XRD measurements have been carried out. Addition-
ally, gas treatments in oxidizing (O2 in He) and reducing
(CH4 in Ar) atmospheres were carried out to draw further
conclusions on the structure of the catalyst under CPO reac-
tion conditions. To compare with previous results, the reac-
tion sequences were similar to those investigated previously
by DRIFTS (18, 20–22), and the catalysts were prepared in
the same way by fixation of a Rh4(CO)12 precursor on the
Al2O3 support.

2. EXPERIMENTAL

Preparation. The catalysts used in this study were pre-
pared by the same procedure as described in Refs. (21, 37).
It consisted of the preparation of a Rh4(CO)12 precursor
(38) and a slurry of α-Al2O3 (Aldrich 99.999%, dispersed
in hexane). The precursor was anchored on the alumina
support through a solid–liquid reaction in hexane in a CO
atmosphere. For EXAFS studies catalysts with 5 wt% Rh
loading were used.

Reaction cell. For both EXAFS and XRD studies the
reaction cell consisted of a quartz capillary tube (wall thick-
ness d= 0.02 mm, outer diameter φ= 0.7 mm) in which the
catalyst (≈10 mg, sieved fraction 75–125 µm) was loaded
between two pieces of glass wool. The sample was heated
(and cooled) by passing a hot (or cold) N2 gas stream, whose
temperature was regulated by a Eurotherm controller, over
the capillary tube. Temperature homogeneity was ensured
by enclosing the reactor in an X-ray transparent heat shield.
The temperature was monitored by a thermocouple directly
beneath the sample. The capillary tube was connected via
stainless steel tubes to a gas system with different premixed
gases and mass flow controllers. Further details on the
in situ setup are described in Refs. (35, 39, 40).

The gas composition was monitored by a mass spectro-
meter (Balzers Thermostar) after the gas was passed over
the catalyst. The gas flow was normally held constant to
5 ml/min, except for the CH4/O2 reaction mixture, where
the flow was varied between 1 and 12 ml/min, resulting in
residence times around 0.54 and 0.045 s. The following gas
mixtures were used: (1) pure He; (2) 2% O2 in He; (3) 10%
CH4 in Ar; (4) 6% CH4+ 3% O2 in He; (5) 2% H2 in N2.

The following experiments, which were analogous to the
DRIFTS experiments in Refs. (18, 20–22), were performed:
NI, AND CLAUSEN

TABLE 1

Overview on the Performed Experiments and Experimental De-
tails (in All Experiments the Temperature Ramp Was 5◦C/min)

Reaction Flow Residence
Step Gas mixture temperature (◦C) (ml/min) time τ (s)

A He 500 5 0.11
B 2% H2 in N2 500 5 0.11
C 6% CH4 + 3% O2 600 1 and 12 0.54 and 0.045
D 2% O2 in He 500 5 0.11
E 10% CH4 in Ar 500 5 0.11

(A) decomposition of the precursor in He; (B) reduction
in H2; (C) reaction in the CH4/O2 mixture; (D) oxidation
of catalyst after step A in O2; (E) reduction of the oxidized
catalyst in CH4 (after step D).

The temperature ramp and the target temperatures are
listed in Table 1. In general, the normal EXAFS spectra
were taken at RT before the experiment was started, at the
reaction temperatures, and after quenching the catalyst in
the corresponding reaction mixture to room temperature.
The transient behaviour was recorded by quick EXAFS
(QEXAFS) scans.

EXAFS setup and analysis. EXAFS spectra were mea-
sured in the transmission geometry at HASYLAB, DESY
(Hamburg, Germany), at the RÖMO II experimental sta-
tion at beam X1. Two parallel Si(311) crystals were used for
monochromatization of the X-rays. Higher harmonics were
minimized by slightly detuning the crystals. Three ioniza-
tion chambers filled with Ar gas were used to record the
intensity of the incident and transmitted X-rays. The in situ
cell was located between the first and the second ioniza-
tion chamber, and a Rh foil (edge energy at 23,219.8 eV)
between the second and the third ionization chamber was
used as a reference sample for accurate energy calibration
of the EXAFS spectra.

XAFS spectra were recorded around the K-edge of Rh
(23,219.8 keV) between 22,900 and 24,200 eV by step scan-
ning the monochromator. Additionally, QEXAFS data (40)
were collected in situ during reaction and heating in the re-
gion 23,000–23,800 eV by moving the monochromator at a
constant angular speed (120–130 s/spectrum).

Standard data analyses including deglitching, pre-edge
subtraction, background subtraction, normalization, and
Fourier transformation were performed. For the spectra
shown here, Fourier transformation was applied on the
k1-weighted and k3-weighted χ(k) functions in the inter-
val k= 2.5–15.5 Å−1. The peak in the Fourier transforma-
tion was filtered and then inversely Fourier-transformed
back into k-space. The backscattering amplitudes and
phase shifts of the nearest neighbour Rh–Rh and Rh–O

contributions were taken from model samples (Rh foil
and Rh2O3), assuming for the first shell of Rh metal a
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coordination number of 12 and a Rh–Rh distance of 2.68
Å and for the first shell of Rh2O3 an oxygen coordination
number of 6 and a Rh–O distance of 2.05 Å. Additionally,
room-temperature EXAFS spectra were recorded of the
model sample, Rh4(CO)12.

3. RESULTS AND DISCUSSION

3.1. Analysis of the As-Prepared Catalyst

Figure 1 shows the Fourier-transformed EXAFS spec-
trum of the catalyst obtained after anchoring the Rh-
carbonyl complex on the alumina support. Moreover, the
Fourier-transformed spectra of the model compounds, Rh
metal, Rh2O3, and the pure Rh4(CO)12 complex, which
were used in the preparation process, are depicted. Note
that the distance scale in the Fourier-transformed spectra is
not corrected for the phase shift. The Fourier-transformed
EXAFS spectra at the Rh K-edge of the fresh catalyst and
the Rh-carbonyl precursor are very similar and two peaks
are visible. One peak with large contribution is located
around 1.5 Å and a smaller peak at about 2.5 Å. Com-
parison with the model samples reveals that the first peak
in the spectrum probably corresponds to the Rh–O or the
Rh–C shell (first shell), whereas the second is due to the Rh–
Rh shell (second shell). To obtain more quantitative data,
the peak at 2.5 Å was fitted using backscattering ampli-
tudes and phase shifts for the Rh–Rh shell from the Rh
foil. Additionally, the first shell (here mainly Rh–C) was
fitted with the help of data extracted from the pure metal
carbonyl complex Rh4(CO)12 (rRh–C = 1.97 Å; rRh–Rh =
2.73 Å, Ref. (38)).

Table 2 (k1-weighted EXAFS function) and Table 3 (k3-
weighted) give the results for the fitted Rh–Rh distances,
R2, and the number of nearest neighbours, N2. Addition-
ally, the vibrational amplitude σ and the energy shift 1E
are given (41). The distance and coordination number of
the fresh catalyst before treatment are quite similar to

FIG. 1. Fourier transform of the Rh K-edge EXAFS spectra (k1-

weighted) of (a) freshly prepared Rh/Al2O3, (b) Rh4(CO)12, (c) Rh2O3,
and (d) Rh foil.
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the Rh4(CO)12 precursor, showing that the local structure
of the rhodium carbonyl cluster is partly retained during
deposition. The Rh–Rh distance in the metal carbonyl clus-
ter is slightly lower than that in the Rh4(CO)12 cluster and
very close to that of the Rh–Rh foil, and the coordination
number of the fresh catalyst is around 3, as expected from
the crystal structure of the carbonyl compound (38). The co-
ordination number from k3-weighted functions was lower
than 3, which may be due to anharmonic effects (cf. (42)).

Table 4 shows the fitting results for the first shell of the
Rh/Al2O3 catalyst. The coordination number for the fresh
catalyst is slightly increased compared to that of the pure
compound. Since a typical Rh–O distance (e.g., in Rh2O3)
is around 2.05 Å and the Rh–C distance in the carbonyl
clusters is around 2.0 Å (1.97 Å in the case of Rh4(CO)12),
the Rh–C and Rh–O shell cannot be easily distinguished.
The low Rh–Rh coordination number (Tables 2 and 3) for
the untreated catalyst and the slightly increased coordina-
tion number of the Rh–C/Rh–O shell (Table 4) exclude the
formation of higher coordinated Rh carbonyl clusters (e.g.,
Rh6(CO)16). The results can be explained with additional
Rh–O interactions or distortions, resulting e.g. from the in-
teraction between the Rh clusters and the Al2O3 support.
DRIFTS studies have shown (37) that a RhI(CO)2 species
forms through reductive disaggregation when using 0.1%
Rh loading. Although the EXAFS analysis indicates that
the Rh4(CO)12 complex is retained during the deposition
process, RhI(CO)2 may also be formed in the present cata-
lysts with a higher metal loading. However, EXAFS is not
sensitive enough to uncover this species because the EX-
AFS signals refer to an average situation.

3.2. Step A (Heating in He)

Figure 2 depicts the development of the QEXAFS spec-
tra at the near edge region of the Rh K-edge upon heating in
an inert He atmosphere. The structure of the sample starts
changing above∼170◦C as indicated by the decrease of the
whiteline (intense feature at 23,230 eV in Fig. 2) and the for-
mation of a second peak at 23,250 eV. This reveals that the
carbonyl complex gradually decomposes and metallic par-
ticles form as also evidenced by stronger oscillations above
23,320 eV. In parallel, some CO and CO2 release is detected
by mass spectrometer analyses during heating due to the de-
composition of the complex. Figure 3 shows a comparison
of the Fourier transform of the EXAFS spectrum (recorded
at room temperature) after heating of the catalyst to 500◦C
in He and that of the untreated catalyst (compare graphs
a and b). The contribution of the Rh–Rh shell increases
significantly compared to the fresh catalyst. Since the ap-
parent coordination number CN= 7.0 of the Rh–Rh shell
(Tables 2 and 3) is significantly smaller than that of the Rh
metal, small metallic Rh particles seem to form upon this

treatment. According to Fig. 3b there is a small contribu-
tion of the first shell around 1.7 Å. The analysis (Table 4)
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TABLE 2

EXAFS Parameters (Coordination Number, N2, and Rh–Rh Distance, R2) of RT Spectra after the Different Reaction
Steps (Fit of the Second Shell (Rh–Rh Shell), k1-Weighted Functions, Backscattering Amplitudes, and Phase Shifts
Taken from the Rh Foil as Reference, Backtransform between 2.0 and 3.2 Å)

Catalyst Conditions N2 R2 (Å) σ (Å) 1E (eV) χ2 a

Rh/Al2O3 Before treatment 3.0± 0.5 2.67± 0.02 0.10 −1.3 0.042
Rh/Al2O3 After heating in He (step A) 7.1± 0.5 2.69± 0.02 0.09 −2.6 0.0040
Rh/Al2O3 After heating in H2 (step B) 11.2± 0.5 2.69± 0.02 0.09 −1.4 0.0011
Rh/Al2O3 After heating in CH4/O2 (step C) 10.1± 0.5 2.69± 0.02 0.09 −1.8 0.0023
Rh/Al2O3 After heating in O2 (step D) — — — — No fit possible
Rh/Al2O3 After heating in CH4 (step E) 12.2± 0.5 2.71± 0.02 0.09 −1.7 0.0040
a Fitting accuracy, defined as χ2 = 6(χobs − χcal)
2/6χ2

obs.

shows that scattering from Rh–C or Rh–O only contributes
slightly and therefore it can be concluded that only small
amounts of e.g. carbidic, oxidic, or carbonylic species re-
mained in the Rh clusters. Due to the low contribution to
the first shell, the fitting accuracy χ2 is also relatively low.
DRIFT spectra (37) revealed that all CO stretching bands
disappear at temperatures higher than 300◦C on Rh/Al2O3,
which is in agreement with the EXAFS data, and carbonylic
species are obviously removed.

3.3. Step B (Reduction in H2)

Upon reduction to 500◦C in H2, the catalyst is further re-
duced as evidenced by in situ QEXAFS (decrease of white-
line) and by more pronounced EXAFS oscillations. The
catalyst is almost fully reduced at 175◦C. After reduction at
500◦C, the metal particles seem to increase significantly as
seen from the large contribution of the Rh–Rh shell (Fig. 3).
The Fourier-transformed spectrum looks very similar to the
reference spectrum of a Rh foil. The increase of the particle
size is also reflected by the high coordination number of Rh
obtained by fitting of the Rh–Rh shell (Tables 2 and 3). Also,
the fit of the third Rh–Rh shell (RRh–Rh = 4.66) resulted in
a high coordination number (Table 5), indicating relatively
large particles. In situ XRD studies on catalysts subjected
to similar treatments showed that weak diffraction lines ap-
at 22= 47◦ and 22= 41◦. The line at 41◦ partly over- for the methane consumption as a function of the temper-
ction
with a line from the alumina support. From the line

TABLE 3

EXAFS Parameters (Coordination Number, N2, and Rh–Rh Distance, R2) of RT Spectra after the Different
Reaction Steps (Fit of the Second Shell (Rh–Rh Shell), k3-Weighted Functions, Backscattering Amplitudes,
and Phase Shifts Taken from the Rh Foil as Reference, Backtransform between 2.0 and 3.2 Å)

Catalyst Conditions N2 R2 (Å) σ (Å) 1E (ev) χ2

Rh/Al2O3 Before treatment 2.0± 0.5 2.67± 0.02 0.09 1.3 0.010
Rh/Al2O3 After heating in He (step A) 6.9± 0.5 2.69± 0.02 0.09 −1.8 0.0006
Rh/Al2O3 After heating in H2 (step B) 10.3± 0.5 2.69± 0.02 0.09 −1.7 0.0009
Rh/Al2O3 After heating in CH4/O2 (step C) 9.3± 0.5 2.69± 0.02 0.09 −1.3 0.0007

ature before and after the ignition of the CPO rea
Rh/Al2O3 After heating in CH4 (step E) 12.0± 0
width at 22= 47◦, a crystallite size of about 60 Å using the
Debye Scherrer formula can be estimated. This indicates
that the particles are still quite small. Also, the investiga-
tion of the Rh/Al2O3 catalysts in the DRIFTS cell has shown
that some remaining bands in the 1900- to 2050-cm−1 range
disappeared above 300◦C during this treatment in H2 (37).
Hence, the advantage of the Rh-carbonyl precursor is that it
is easily decomposed, compared to e.g. a Rh–Cl based pre-
cursor (27), which still showed some Rh–Cl–contribution
after reduction at 400◦C.

3.4. Step C (Reaction Mixture)

In the third step the hydrogen-reduced Rh catalyst was in-
vestigated under reaction conditions in a 6%CH4/3%O2/He
gas mixture. The temperature-dependent mass spectra with
selected MS signals are depicted in Figs. 4a (flow: 1 ml/min)
and 4b (flow 12 ml/min). The CPO reaction with the for-
mation of hydrogen and carbon monoxide ignited at 320–
330◦C, when using a flow of 1 ml/min (residence time
0.54 s). The signals for the products (m/e= 28 for CO and
(m/e= 2 for H2) sharply increased above these temper-
atures, while the signals for the reactants (m/e= 15 and
m/e= 16 for methane, m/e= 32 for O2) decreased. The con-
sumption of methane and oxygen partly starts below the ig-
nition temperature and different behaviours are observed
.5 2.68± 0.02 0.09 −1.1 0.0033
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TABLE 4

EXAFS Parameters of RT Spectra after the Different Steps (Fit of the First Shell with Parameters from Rh4(CO)12

in BN, Backtransform between 0.4–2.0 Å, Coordination Number, N1, and Rh–C/Rh–O Distance, R1)

Catalyst Conditions N1 R1 (Å) σ (Å) 1E (eV) χ2

Rh/Al2O3 Before treatment 3.2± 0.5 2.00± 0.02 0.086 −0.5 0.0029
Rh/Al2O3 After heating in He (step A) 2.0± 0.5 2.07± 0.05 0.10 −5.0 0.016
Rh/Al2O3 After heating in H2 (step B) 1.5± 0.5 2.12± 0.05 0.10 −11 0.1a

Rh/Al2O3 After heating in CH4/O2 (step C) 1.5± 0.5 2.09± 0.05 0.10 −9.8 0.1a

Rh/Al O After heating in O (step D) 5.2± 0.5 2.04± 0.05 0.084 −0.1 0.0027
2 3 2

n
a Poor fit, as also indicated by fitting accuracy due to low co

(Fig. 4). Above the ignition point, the remaining oxygen
concentration in the outlet gas stream is very small. The
formation of the by-products water (m/e= 18) and CO2

(m/e= 44) is observed particularly at low temperatures,
while the selectivity toward H2 and CO increases above
the ignition point. This is in agreement with previously re-
ported results (22, 23). When a higher flow velocity is used
(12 ml/min, residence time ca. 0.045 s), the reaction to hy-
drogen and carbon monoxide also ignites at about 330◦C
(Figure 4b). Methane and oxygen consumption together
with H2 and CO formation begin sharply around the igni-
tion point. The maximum for CO2 and H2O formation is
already reached at lower temperatures (compare Figs. 4a
and 4b). Thus, the experiment shows some evidences con-
cerning an apparently higher selectivity toward H2 and CO
when using shorter residence times.

The corresponding QEXAFS data, obtained simultane-
ously on the same sample, are shown in Fig. 5. We only
depict the results for the first case with a flow of 1 ml/min.
Essentially, the same behaviour was observed in EXAFS at
higher flows. Between 50 and 300◦C, the catalyst gradually
changes its structure (Fig. 5(1)). The whiteline increases and
the edge shifts slightly to higher energies, indicating that
Rh is first slightly oxidized. Around 320◦C, the structure
of the catalyst is abruptly changed within less than 15◦C

FIG. 2. In situ QEXAFS spectra of the Rh K-edge during heating in

): (a) 100◦C, (b) 170◦C, (c) 210◦C, (d) 275◦C, (e) 350◦C, and (f)
tribution.

(Fig. 5(2)), about the same temperature where the CPO
reaction initiated (Fig. 4a). The whiteline significantly de-
creases, indicating that Rh is reduced again. A comparison
of the room-temperature EXAFS spectra after reduction in
H2/N2 (step B) and after the CH4/O2 reaction mixture re-
vealed that apart from a slightly smaller peak intensity there
is no significant difference (Fig. 6(1) and Tables 2 and 3).
The analysis of the third Rh–Rh shell (RRh–Rh = 4.66 Å,
Table 5) also indicates that the coordination number is
slightly decreased. However, significant differences are
found between the catalyst in a CH4/O2 atmosphere and
in a H2/N2 atmosphere at high temperature as shown in
Fig. 6(2).

The intensity of the peak in the Fourier transform
located around 2.5 Å (Rh–Rh shell) is significantly lower
in a CH4/O2 atmosphere than in a H2/N2 atmosphere,
indicating smaller particles. This is also supported by the
weak peaks at higher R values (Fig. 6(2), and e.g. the
third Rh–Rh shell (Table 5)), which confirm that higher
shells do not contribute to the EXAFS spectrum. While
a relatively good fit of the third shell is obtained for the
sample reduced at 500◦C in H2, the fit is relatively poor for
the corresponding spectrum of the sample in the CH4/O2

mixture at 600◦C. Thus, the rhodium metal particles
are re-dispersed upon heating in the reaction mixture.

FIG. 3. Fourier transforms of in situ k1-weighted EXAFS oscillations
of a Rh/Al2O3 catalyst at room temperature: (a) fresh catalyst, (b) after

◦ ◦
treatment at 500 C in He (after step A), (c) at 500 C in H2 (after step B),
and (d) Rh foil.
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TABLE 5

EXAFS Parameters (Coordination Number, N3, and Rh–Rh Distance, R3) of RT Spectra after Different Treatments
(Fit of the Third Rh–Rh Shell, k3-Weighted Functions, Backscattering Amplitudes, and Phase Shifts Taken from the Rh
Foil as Reference, RRh–Rh = 4.66, Backtransform between 3.8 and 4.8 Å)

Catalyst Conditions N3 R3 (Å) σ (Å) 1E (eV) χ2

Rh/Al2O3 Before treatment —a —a —a —a —a

Rh/Al2O3 After heating in He (step A) 8.2± 0.5 4.70± 0.02 0.10 −4.5 0.023
Rh/Al2O3 After heating in H2 (step B) 10.6± 0.5 4.69± 0.02 0.09 −3.0 0.0036
Rh/Al2O3 After heating in CH4/O2 (step C) 8.9± 0.5 4.68± 0.02 0.09 0.1 0.0027
Rh/Al2O3 After heating in H2 (step B, at 500◦C) 7.5± 0.5 4.69± 0.02 0.08 −8.0 0.0066
Rh/Al2O3 After heating in CH4/O2 (step C, at 600◦C) 4.4± 0.5 4.68± 0.02 0.12 0.1 0.29x
t
a Poor fit, as also indicated by fitting accuracy due to low contribu

The process is reversible with respect to temperature,
and slight oxidation up to 320◦C and ignition of the
reaction at 320–330◦C accompanied by reduction of Rh
and its re-dispersion can be observed in several cycles
by a combined EXAFS/on-line gas analysis. EXAFS also
shows that cooling in the reaction mixture changes the
catalyst structure, leading to nearly the same catalyst state
as before treatment C, i.e., large Rh particles. Although
high-temperature short contact time CPO of methane
has been performed in lab-scale reactors at temperatures
higher than 1000◦C, it seems that the results at 600◦C are
representative and the significant structural changes occur
at the ignition temperature of the CPO reaction.

Although the catalysts during CPO reaction conditions
are reduced (no whiteline), the small contribution in the
Fourier-transformed spectra at R= 1.7 Å indicates that
some carbonyl or oxygen species are present in the cata-
lyst particles (see also Table 4). CO adsorption on the Rh
catalysts, as reported in the literature (25, 26, 43), led to a
ng decrease in the amplitude at E> 23,320 eV, prob- face, this might nevertheless be due to the fact that EXAFS

ably due to the formation of Rh-carbonyls. Surface car- monitors all Rh atoms on average. Hence, different surface
G. 4. Traces of different MS signals in the reaction mixture CH4/O2

ts CH4 (m/e= 15, 16), O2 (m/e= 32), the products CO (m/e= 28), H2 (
ion.

bonyl clusters were also reported in a recent DRIFTS study
(21, 22) where similar reaction conditions and similar cata-
lysts as in the present study were used. In an EXAFS study,
Bando et al. (30) observed that the Rh–Rh bond may be dis-
rupted upon CO adsorption on Rh-containing zeolites. The
same was found for Ru-based catalysts (44). Hence, in addi-
tion to the dispersion of the Rh particles, some surface car-
bonyls may be formed. However, it cannot be excluded that
some Rh–O species are still present under reaction condi-
tions.

Whereas the mass spectrometric analysis results (Fig. 4)
show differences in selectivity dependent on the residence
time (the maximum of the water formation is shifted to
lower temperatures at higher residence times), also ob-
served in other studies (9, 21, 22, 24), no significant struc-
tural differences were found when using different residence
times (Fig. 6(2), curves a and b). Thus, the bulk structure
of the clusters, as determined by in situ EXAFS, seems to
be identical. Though most of the Rh atoms are on the sur-
with flow of (a) 1 ml/min and (b) 12 ml/min (step C) with signals for the
m/e= 2), and the by-products H2O (m/e= 18), and CO2 (m/e= 44).
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FIG. 5. Selected in situ QEXAFS data at the Rh K-edge during heat-
ing in CH4/O2 reaction mixture (step C) at (a) 25◦C, (b) 120◦C, (c) 250◦C,
(d) 300◦C, (e) 320◦C, (f) 335◦C, and (g) 360◦C (flow 1 ml/min).

structures and/or surface temperatures may be responsible
for the different reactivities of the clusters. Different flow
velocities may also influence the heat and mass transport
conditions. In DRIFTS studies differences in the intensity
and the positioning of the CO stretching bands have been

FIG. 6. Comparison of Fourier-transformed EXAFS spectra of the
Rh K-edge: (1) cooled to room temperature in the corresponding reaction
mixture after (a) treatment in CH4/O2 (12 ml/min, step C), (b) treatment
in CH4/O2 (1 ml/min, step C), (c) treatment in H2 (step B), and (d) Rh
foil. (2) during (a) treatment in CH4/O2 (600◦C, 12 ml/min, step C), (b)
treatment in CH /O (1 ml/min, 600◦C, step C), (c) during treatment in H
4 2 2

at 500◦C (step B).
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FIG. 7. In situ oxidation of Rh/Al2O3 (after step A) in 2% O2 in He
between RT and 500◦C monitored by QEXAFS at (a) 80◦C, (b) 240◦C,
(c) 300◦C, (d) 410◦C, and (e) 470◦C.

found (22), especially when the samples only contained very
low Rh concentrations (0.1 wt%).

3.5. Step D (Heating of the Catalyst in O2)

Treatment of the Rh catalyst in an oxidising atmo-
sphere was performed after step A (treatment in He), and
Figure 7 depicts the in situ XAFS results. Interestingly, the
change of the catalyst structure seems to proceed slowly in
the temperature interval 250–450◦C. As indicated by the
increase of the whiteline (Figure 7) and the increase of in-
tensity of peaks in the Fourier-transformed spectra around
1.5 Å (cf. Fig. 8), the catalyst is gradually oxidised. The

FIG. 8. Fourier transforms of k1-weighted EXAFS oscillations at the
Rh edge, at room temperature (1) and at 500/600◦C (2): (a) after O2 treat-
4 4 2

ment (step C), and (d) after H2/N2 treatment (step B).
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room-temperature data of the Fourier-transformed spec-
trum are plotted in Fig. 8(1) and comparison to Fig. 1 re-
veals that the catalyst is fully oxidised to Rh2O3 (see also
the analysis listed in Table 4). Also, in DRIFTS studies,
the oxidation of Rh was found at relatively low tempera-
tures (22, 37), already starting at 100◦C. Up to 300◦C the
oxidation of Rh in this step D is very similar to the struc-
tural changes in the CPO reaction mixture (step C). Hence,
both the gradual oxidation of the catalyst according to
EXAFS and the earlier oxidation of the catalysts observed
in DRIFTS evidence that the catalyst in step C is oxidized
upon heating in CH4/O2, especially on the external surface
of the Rh clusters probably due to the oxygen present in
the reaction mixture. The CPO reaction in step C first starts
above 300◦C when the concentration of oxygen is low in the
outlet gas. Hence, this supports the hypothesis that metallic-
like or carbonylic Rh species are involved in the CPO
reaction.

3.6. Step E (Heating of the Oxidized Catalyst in CH4)

In the last step, the oxidized catalyst (step D) was ex-
posed to methane. In the mass spectrometer some water
evolution was detected around 250◦C. No reaction was de-
tected at room temperature, in contrast to observations with
DRIFTS (21, 22, 37). Above 250◦C also H2 evolution was
detected. The QEXAFS data revealed that the catalyst is
quickly reduced around 250◦C. The Fourier-transformed
EXAFS data of the catalyst after reduction are plotted in
Figs. 8(1) (room-temperature data) and 8(2) (500◦C data).
Comparison of the high-temperature data of the catalysts
under reaction conditions (step C versus step E) reveals
that they are similar but not identical. This indicates that
some carbonyl species could be present on the surface after
these steps as proposed by the DRIFTS studies and that CO
and H2 can be produced by consumption of O2 and CH4 in
separate steps (22).

4. CONCLUSIONS

In this study, the structure of Rh-carbonyl clusters has
been monitored by in situ XAFS combined with on-line
mass spectrometry during different reaction steps. XAFS
gives information on the particle size, the oxidation state,
and the bulk structure of the particles, while on-line product
analysis directly uncovers the catalysis. The capillary setup
is ideal for studying reactions at relatively short residence
times (down to 0.05 s). This has given additional and com-
plementary insight into the previously performed DRIFTS
studies (21, 22, 37, 45). A schematic representation of the
structural changes during the different steps is shown in
Fig. 9.

Both XAFS and DRIFTS showed the decomposition

of the Rh4(CO)12 precursor upon heating in He (step A)
and further reduction in hydrogen (step B). However, the
I, AND CLAUSEN

FIG. 9. Schematic representation of the structural changes during
steps A–E (for more details, see text).

higher Rh loading used in this study also led to some struc-
tural differences. Whereas it was concluded from DRIFTS
that RhI(CO)2 forms on the surface (0.1 wt% Rh loading),
we conclude from EXAFS that the Rh4 tetrahedron as a
structural unit is mainly preserved during anchoring of the
precursor, probably due to the significantly higher load-
ing (5 wt% Rh). But in both cases aggregative decarbony-
lation reactions occur during decomposition. The higher
loading of Rh in the present study is probably also the rea-
son why large Rh particles with a coordination number of
11–12 form upon reduction in hydrogen. These particles are
found to be ∼60Å according to XRD. Under reaction con-
ditions (step C), we observe reversibly a series of structural
transformations, including re-dispersion of the Rh particles.
Upon heating the catalyst in the CH4/O2 reaction mixture,
Rh is first oxidized at lower temperatures, which is very sim-
ilar to the behaviour of the catalyst in step D (up to 300◦C),
where the catalyst is oxidized in oxygen. When the CPO re-
action ignites, the catalyst abruptly changes its structure and
is reduced. Moreover, a re-dispersion of the Rh particles oc-
curs. During quenching to room temperature, the metallic
character is preserved, but aggregation to larger particles is
observed. Whereas the mass spectrometric analysis results
show differences in selectivity dependent on the residence
time, no significant structural differences are found by
EXAFS.
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