
Journal of Catalysis 249 (2007) 269–277

www.elsevier.com/locate/jcat

Structural properties of flame-made Rh/Al2O3 and catalytic behavior
in chemoselective hydrogenation

Niels van Vegten, Davide Ferri, Marek Maciejewski, Frank Krumeich, Alfons Baiker ∗

Institute for Chemical and Bioengineering, Department of Chemistry and Applied Biosciences, ETH Zurich, Hönggerberg, HCI, CH-8093 Zurich, Switzerland

Received 8 March 2007; revised 25 April 2007; accepted 26 April 2007

Available online 14 June 2007

Abstract

Rhodium/alumina catalysts with Rh loadings of 0.5–5 wt% were prepared by flame spray pyrolysis, and their structural and catalytic properties
were compared with that of commercial 5 wt% Rh/Al2O3 reference catalysts. The structure of the materials was investigated using STEM, XRD,
H2 chemisorption, TPR, and CO adsorption combined with DRIFT spectroscopy. The as-synthesized flame-made material was composed of well-
dispersed oxidized 1–2 nm rhodium particles deposited on virtually nonporous agglomerated 10–20 nm alumina particles. The oxidic rhodium
phase in this material showed considerably higher resistance against reduction compared with the reference catalysts up to 600 ◦C. On reduction,
metallic rhodium and cationic Rh species were uncovered by DRIFTS. The flame-made catalysts showed an increase in the fraction of cationic
species with increasing reduction temperature, whereas similar behavior was not observed with the commercial reference catalysts. The high
stability of the oxidic Rh species against reduction seems to be an intrinsic structural property of the flame-made Rh/Al2O3 and is indicative of a
strong interaction between the rhodium and alumina constituents. Although metallic Rh was a prerequisite for activity in the chemoselective and
enantioselective hydrogenation of 3,5-di-(trifluoromethyl)-acetophenone, the presence of cationic Rh species seemed to positively affect catalytic
performance, as shown by the superior catalytic behavior of the flame-made material compared with the commercial reference catalysts.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

For decades, flame aerosol processes have been applied in
industry for the synthesis of ceramics and such commodities
as silica, carbon black, and titania [1]. More recently, these
processes have gained considerable interest as elegant and rela-
tively simple preparation methods for solid catalysts [2,3]. Gas-
phase synthesis methods are intrinsically continuous, allowing
easy scale-up with constant product quality. In particular, flame
spray pyrolysis (FSP) [4] has emerged as an attractive syn-
thesis method for supported noble metals [5–8], mixed metal
oxides [9–12], and alloys [13,14]. The advantage of FSP over
other vapor-phase synthesis methods lies in its use of non-
volatile precursors, thus enhancing the scope of materials and
increasing the flexibility during synthesis. Moreover, materials
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prepared by FSP often have been reported to have high sur-
face area and thermal stability [6,11,15,16], both of which are
desirable properties for the design of heterogeneous catalysts.
Flame-made alumina-supported palladium [6] and platinum [8]
have been tested in structure-sensitive reactions like liquid-
phase enantioselective hydrogenation. Under optimized con-
ditions and after reduction at high temperature (400–600 ◦C),
improved enantioselectivity [6] and activity [8] were observed
compared with commercial reference catalysts. These findings
demonstrate that flame-made materials, apart from thermal sta-
bility and reducibility, can also show a different morphology
and structure than traditionally prepared catalysts. This makes
it interesting to explore the potential of flame-made materials in
reactions in which the selectivity depends on the catalyst struc-
ture.

The synthesis of many chemicals in the fragrance, pharma-
ceutical, and agrochemical industries involves steps in which
control of selectivity is of paramount importance. The chemos-
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elective hydrogenation of α,β-unsaturated aldehydes to unsat-
urated alcohols is an example of this, in which high selectivity
toward hydrogenation of the carbonyl bond is desired [17]. An-
other example is the enantioselective hydrogenation of C=O
and C=C bonds [18,19]. Commonly, group 10 transition metals
on nonreducible supports are used for selective hydrogenation
reactions, with most research to date done on Pt-based cata-
lysts. Rhodium, although a prominent hydrogenation catalyst,
is used less often for selective hydrogenations and often ex-
hibits lower chemoselectivity compared with Pt catalysts [17].
Improved chemoselectivity can be achieved on addition of a
second metal, either alloyed with Rh or present in a different
form on the Rh surface.

Chirally modified heterogeneous Rh catalysts have failed to
make a significant impact in enantioselective hydrogenation,
because lower enantiomeric excess (ee) is typically obtained
with Rh compared with Pt using cinchona modifiers under sim-
ilar reaction conditions [20–23]. Interestingly, the reduction of
Rh/Al2O3 at high temperature before reaction is not a pre-
requisite for better performance, in contrast to Pt/Al2O3 [20,
21], representing a significant difference between Rh- and Pt-
based catalysts. In the hydrogenation of aromatic ketones, Rh
shows superior performance than Pt but under rather different
experimental conditions [22]. In addition to commercial Rh-
based catalysts, poly-vinylpyrrolidone-stabilized Rh nanoclus-
ters were also applied in the hydrogenation of ethyl pyruvate
[24]. The deposition of the nanoclusters on alumina [25] and the
use of quinine or cinchonidine as stabilizing agents increased
the ee from ca. 42% to 65% and 71%, respectively [26].

Given the surprising scarcity of data on the preparation
and characterization of flame-made supported rhodium cata-
lysts [27–29] and the scanty information available on the pos-
sible influence of the structure of rhodium on the catalytic
performance in chemoselective reactions, we prepared and
characterized a series of flame-derived Rh/alumina catalysts.
Their catalytic potential was evaluated in the chemoselective
and enantioselective hydrogenation of 3,5-di-(trifluoromethyl)-
acetophenone (Scheme 1). We compared the structural and cat-
alytic properties of the flame-derived catalysts and two com-
mercial 5 wt% Rh/Al2O3 reference catalysts suitable for this
type of reaction [20–22].

Scheme 1. Hydrogenation of (3,5)-di-(trifluoromethyl)-acetophenone (1) to the
corresponding alcohol (2) and the saturated ketone (3) on supported Rh.
2. Experimental

2.1. Materials

Rhodium(III) acetylacetonate (97%, Acros), aluminium(III)
acetylacetonate (99%, ABCR), acetic acid (analytical grade,
Fluka), methanol (analytical grade, Fluka), cinchonidine (CD,
92%, Fluka), toluene (99.5%, J.T. Baker), and 3,5-di-(trifluoro-
methyl)-acetophenone (1) (98%, ABCR) were used as received.
The two commercial 5 wt% Rh/Al2O3 catalysts used as refer-
ences were Degussa G 213 RA/D (designated DG) and Engel-
hard 8001 Escat 34 (designated EH).

The experimental setup used for the FSP has been described
in detail previously [6]. Flame-made Rh/Al2O3 catalysts with
Rh loadings of 0.5–5 wt% were prepared by dissolving the ap-
propriate amounts of rhodium and alumina precursor salts in a
1:1 (vol%/vol%) mixture of acetic acid and methanol. The alu-
minium concentration was always 0.39 M. The solution was
pumped through a capillary at 5 mL/min and nebulized with
5 Ln/min O2, and the resulting spray was ignited by a circular
supporting methane/oxygen flame (1.0/0.6 Ln/min), resulting
in an approximately 6-cm-long flame. Particles were collected
on a cooled Whatman GF/D filter (257 mm diameter). A Busch
SV 1040C vacuum pump aided in particle recovery.

2.2. Characterization

Nitrogen physisorption isotherms were measured on a Mi-
cromeritics ASAP 2010 instrument at 77 K. Samples were out-
gassed for 2 h under vacuum at 150 ◦C before measurement.
Specific surface areas were determined using the BET method.
Pore size distributions were calculated according to the BJH
formula, using the desorption branch of the isotherm.

Hydrogen chemisorption was performed on a Micromeritics
ASAP 2010C instrument. The sample was exposed to flow-
ing hydrogen at temperatures between 100 and 580 ◦C for 1 h
and then evacuated at the same temperature. Two chemisorp-
tion isotherms, each composed of 11 points, were then mea-
sured at 40 ◦C. The first isotherm corresponded to all ad-
sorbed hydrogen. After evacuation at the same temperature
for 1 h, the second isotherm was measured, corresponding
to the weakly adsorbed hydrogen. From the difference be-
tween the two isotherms, the fraction of strongly adsorbed
(chemisorbed) hydrogen was determined. A stoichiometric fac-
tor H/Rh of 1 [30] was assumed for calculating the dispersion
of the samples reduced at 400 ◦C. X-ray diffractograms were
recorded on a Siemens D5000 diffractometer using Cu Kα1
(λ = 1.54056 Å) radiation in step mode between 15 and 65◦
2θ with a step-size of 0.01◦ and 0.3 s step−1.

For scanning transmission electron microscopy (STEM), the
material was dispersed in ethanol, and some drops were de-
posited onto a perforated carbon foil supported on a copper
grid. The investigations were performed on a Tecnai F30 micro-
scope (FEI, Eindhoven) with a field emission cathode, operated
at 300 kV. STEM images were recorded with a high-angle an-
nular dark field (HAADF) detector, using almost exclusively
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incoherently scattered electrons (Rutherford scattering) to ob-
tain images with atomic number (Z) (cf. [31]).

Thermogravimetry (TG) combined with mass spectrometry
(MS) was performed on a Netzsch STA 409 thermoanalyzer
connected to a valve device, enabling pulse thermal analysis.
This setup [32] allows the injection of controlled amounts (0.5–
5 ml) of probe gas into a carrier gas stream flowing through the
thermoanalyzer. The composition of the gas phase was mon-
itored by a Thermostar Pfeiffer Vacuum GSD 301O1 mass
spectrometer, which was connected to the thermoanalyzer by a
heated (ca. 200 ◦C) stainless steel capillary. The pulse thermal
analysis applied was based on the injection of a specific amount
of gaseous reactant into the carrier gas stream and monitoring
the changes in mass and gas composition resulting from the in-
cremental extent of the reaction. Then 1-mL pulses of hydrogen
were injected into the helium stream during heating at a rate of
1 K/min. After each pulse of hydrogen, leading to the partial re-
duction of the sample, two 1-mL pulses of oxygen were injected
to fully reoxidize the sample before the next hydrogen pulse at
higher temperature. Sample mass monitored online (TG curve)
indicated that before the subsequent reduction process, the sam-
ple was always in the same, maximally oxidized state.

Diffuse reflectance infrared spectra were recorded during
CO adsorption at room temperature with an EQUINOX 55
spectrometer (Bruker Optics) equipped with a liquid nitrogen-
cooled MCT detector and an HVC-DRPZ reaction chamber
(Harrick). Spectra were collected by co-adding 200 scans at a
resolution of 4 cm−1. Samples were diluted 1:8 with KBr and
reduced in flowing 10 vol% H2/Ar at the desired temperature
for 1 h. CO adsorption was monitored over 1 h in flowing 10
vol% CO/Ar, followed by flowing Ar for ca. 30 min.

2.3. Catalytic tests

Catalytic tests were performed in a Baskerville autoclave,
equipped with a 35-mm-i.d. glass sleeve and a magnetic stir-
rer set at 1000 rpm. The reaction mixture comprised 5 mL of
toluene, 42 mg of catalyst, and 0.33 mL of substrate 1. For the
enantioselective hydrogenation, 2.0 mg of CD used as a chiral
modifier was added to the previous mixture. Hydrogen pressure
was controlled with a pressure controller (Büchi bpc 6002) and
set at 10 bar for all experiments. Before starting the stirrer, the
autoclave was flushed 10 times with hydrogen.

The catalysts were pretreated by heating ca. 120 mg of the
sample to between 100 and 580 ◦C under flowing nitrogen for
30 min, then flowing hydrogen at the selected temperature for
1 h, and finally cooling in flowing hydrogen for 30 min. The
catalysts were used within 2 h after reduction.

Conversion and enantiomeric excess (ee) were determined
using a Thermo Finnigan Trace gas chromatograph equipped
with a chiral capillary column (25 m × 0.25 mm CP-Chirasil-
Dex CB, Chrompack). Selectivity to carbonyl bond hydrogena-
tion (i.e., chemoselectivity) was calculated as S(%) = 100 ×
2/(2 + 3). The ee was calculated as ee(%) = 100 × (|R −
S|)/(R + S). The selectivity to 2 was generally high, with sat-
urated ketone as the main side product. In the absence of the
chiral modifier, traces of saturated alcohol or products of hy-
drogenolysis were also found, and these were taken into ac-
count when calculating the selectivity.

3. Results and discussion

3.1. Structural properties

Fig. 1 shows the nitrogen adsorption–desorption isotherms
of the flame-made 5 wt% Rh/Al2O3 (designated FM) and
the corresponding commercial reference catalysts (DG and
EH). The reference catalysts showed a hysteresis behavior
between adsorption and desorption branches characteristic of
mesoporous materials. In contrast, the adsorption–desorption
isotherms of the FM sample indicate that this material does
not have a well-defined mesoporous structure. The peculiar hys-
teresis behavior may originate from the interparticle void space
between agglomerated nonporous nanoparticles. DG showed a
maximum pore size distribution at ca. 11 nm, and EH exhibited
a maximum pore size at ca. 5 nm. The BET surface areas of the
three materials were 204 m2 g−1 for FM, 117 m2 g−1 for DG,
and 122 m2 g−1 for EH. Temperature programmed desorption
(TPD) experiments performed in pure He up to 600 ◦C revealed
removal of water and traces of CO2, corresponding to a weight
loss of 9.9% for the FM sample, compared with the reference
catalysts, which showed a loss of only 4–5%.

The metal component is commonly reduced before the hy-
drogenation reaction [8,33]. Thus, the Rh/Al2O3 material pre-
pared by FSP was characterized as prepared after reduction
at 400 ◦C, the temperature commonly applied for hydrogen
pretreatment of catalysts used in enantioselective hydrogena-
tion [19–22].

Selected STEM images of the 5 wt% samples (before and
after pretreatment at 400 ◦C) are shown in Fig. 2. STEM re-
vealed no major structural changes in the materials on reduction
at 400 ◦C. FM (Figs. 2a and 2b) showed rhodium-containing
particles of 1–2 nm size deposited on agglomerated alumina
particles of 10–20 nm. A few much larger rhodium particles
(10–30 nm) on alumina particles of 100 nm were also dis-

Fig. 1. Nitrogen adsorption–desorption isotherms of 5 wt% Rh/Al2O3 catalysts
FM (a), DG (2) and EH (!). The bar indicates an adsorbed volume of 100
cm3/g STP.
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Fig. 2. Representative STEM images of the 5 wt% Rh/Al2O3 catalysts.
Pre-treatment at 400 ◦C in flowing hydrogen. FM: (a) unreduced, (b) reduced;
EH: (c) unreduced, (d) reduced; DG: (e) unreduced, (f) reduced.

cernible, indicating some inhomogeneity. This inhomogeneity
is likely the result of the nature of the solvent mixture used
during flame synthesis and can be related to the combustion en-
thalpy of the methanol/acetic acid mixture [15]. The as-received
EH consisted mainly of well-dispersed rhodium particles (2.5–
6 nm) [20], along with a considerable amount of larger particles
(30–100 nm). The size distribution of the rhodium particles in
DG was narrower (1–3 nm), but larger rhodium agglomerates
were also found, albeit to a lesser extent than in EH.

Despite the presence of large rhodium particles in the as-
received EH no rhodium-related reflections were discernible
in the X-ray diffractograms (Fig. 3). This indicates that either
these large particles were poorly crystalline or their amount
was too low to be detected. Pretreatment in flowing H2 at
100 ◦C (not shown) gave rise to a reflection at 2θ = 41.1◦ in-
dicative of metallic rhodium. Because at temperatures below
400 ◦C, no evidence of sintering was found by STEM or hydro-
gen chemisorption experiments (vide infra), it is unlikely that
the presence of these Rh reflections resulted from sintering of
rhodium particles. We attribute it instead to partial crystalliza-
tion of the originally X-ray-amorphous rhodium particles. Re-
Fig. 3. X-ray diffraction patterns of DG, FM and EH as received (bottom dif-
fractrogram), after reduction at 400 ◦C (middle) and after reduction at 580 ◦C
(top diffractogram). Note that the patterns of the alumina phase in FM and EH
resemble that of JCPDS 047 1308, whereas the pattern in DG are similar to that
of JCPDS 011 0517.

ducing EH at temperatures above 100 ◦C (up to 580 ◦C) resulted
in narrowing of the reflections with corresponding increasing
intensity, indicating crystallite growth. In contrast to EH, both
FM and DG showed no rhodium reflections after reduction at
400 ◦C, indicating that the fraction of large crystalline particles
in these samples was minor compared with that in EH. Thus, we
would expect only a negligible catalytic influence of sporadic
large Rh agglomerates in FM, as evidenced by STEM. The dif-
fractograms also revealed that the alumina phase present in FM
and EH differed from that in DG (Fig. 3).

STEM (Fig. 2) and XRD analysis (Fig. 3) indicated that FM
and DG had smaller Rh particles than EH on average, and that
treatment at 400 ◦C in flowing hydrogen did not affect this prop-
erty. Because of this marked difference between the flame-made
material and EH, we performed hydrogen chemisorption exper-
iments to obtain more information on Rh particle size. In this
case, the chemisorption experiments were carried out after pre-
treatment of the catalysts at 100–580 ◦C for 1 h. Fig. 4 shows
that all three samples were characterized by low hydrogen up-
take after pretreatment at 100 ◦C. After reduction at 200 ◦C, the
uptake increased significantly for DG and EH because of the
larger fraction of metallic rhodium formed at higher reduction
temperatures. Further increases in the reduction temperature af-
fected the hydrogen uptake of DG and EH only marginally.
In contrast, the hydrogen uptake of FM increased up to about
400 ◦C, indicating the presence of more stable rhodium ox-
ide species. At higher reduction temperatures, hydrogen uptake
decreased by ca. 30%, attributed to both coalescence and sinter-
ing, which reduced the rhodium surface area. These findings are
in good agreement with the reduction behavior of Rh/TiO2 and
Rh/Al2O3 model catalysts reported previously [34]. Surface
rhodium oxide species were reduced between 100 and 150 ◦C.
Increasing the reduction temperature up to 300 ◦C did not sig-
nificantly influence the particle morphology, but the particles
appeared to be smoother, and coalescence of the rhodium parti-
cles was observed at 400 ◦C. The Rh dispersions calculated for
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the samples pretreated at 400 ◦C were 15.5% for FM, 20.1% for
DG and 9.3% for EH. Note that these values represent apparent
dispersions, because it is not clear whether all of the rhodium
was reduced even at 400 ◦C (vide infra).

Fig. 5 depicts the reduction progress as a function of tem-
perature for the three catalytic materials. Reduction was vir-
tually complete at ca. 500 ◦C for the commercial catalysts,
whereas for the flame-made sample, complete reduction was
not achieved at this temperature. The difference in the reduction
progress between DG and EH indicates that the latter contained

Fig. 4. Hydrogen uptake (referred to total number of Rh atoms) of flame-made
and reference Rh/Al2O3 catalysts measured after one hour reduction of the
samples at specified temperature. Rh dispersions quoted in text were deter-
mined from H2-uptake of catalysts reduced at 400 ◦C. The lines are drawn to
guide the eye.

Fig. 5. Reduction/oxidation behavior of flame-made and reference Rh/Al2O3
catalysts. (A) Principle of the determination of the dependence �m vs T : the
pulses of H2 injected at temperatures T1 − Tn were followed by pulses of oxy-
gen, e.g. the mass loss at the temperature T3 due to the hydrogen pulse amounts
to �m3. (B) Mass changes related to 1 g of sample due to 1-ml pulses of hy-
drogen followed by 2-ml pulses of oxygen at different temperatures.
significantly more metallic Rh before reduction. On the other
hand, the nearly parallel curves in Fig. 5 for DG and EH at
temperatures above ca. 280 ◦C show that the reducibility of
the rhodium component was comparable in the two reference
materials but strikingly different for FM. Note that the maxi-
mal concentration of hydrogen during reduction by pulses in a
TA-MS experiment was ca. 1 vol%, two orders of magnitude
lower than that achieved during reduction by neat hydrogen in
the chemisorption procedure and during catalyst pretreatment.
Therefore, a direct comparison of the temperatures of reduction
is not straightforward.

Adsorption of CO followed by infrared spectroscopy pro-
vides information on the state and morphology of the rhodium
component, because the adsorption mode of CO is sensitive to
different rhodium structures [35]. We investigated FM, DG, and
EH at room temperature by DRIFTS both as-received and after
reduction at 200 and 400 ◦C. The infrared spectra of the as-
received samples showed a doublet at ca. 2089 and 2016 cm−1

(Fig. 6). EH and, to a lesser extent, DG exhibited additional fea-
tures at 2049 and 1838 cm−1, attributed to on-top and bridge-
bonded CO adsorbed on metallic Rh [36], respectively. The pair
of signals at ca. 2090 and 2020 cm−1 is assigned to gem di-
carbonyl species and indicate population of cationic rhodium
species [35,37,38]. These two signals grew with coverage at
constant frequency and thus are attributed to isolated species.
The signals evolved rather slowly on the three samples, and
evolution of CO2 also was observed, suggesting morphologi-
cal changes in the structure of rhodium. The slow evolution of
the CO signals with contact time compared with, for example,
the reduced samples is associated with the CO-induced disrup-

Fig. 6. Room temperature DRIFT spectra of CO adsorption on the Rh/Al2O3
samples, as received (fresh) and reduced at 200 and 400 ◦C, respectively. Spec-
tra are offset for clarity.
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tion of Rh–Rh bonds in the metal particles and formation of
the cationic species [39]. The order of the amount of evolved
CO2 was EH > DG > FM, which agrees well with the obvi-
ous difference observed in the spectra of CO adsorbed on the
as-received samples, that is, lower amount of cationic species
and practically no Rh crystallites in the FM sample (Fig. 6).
The evolution of CO2 in EH was logically related to the slow
growth of the Rh particles, as demonstrated by the continuously
increasing signal of bridged CO (not shown in Fig. 6). An ad-
ditional feature in the spectra of FM and DG at ca. 2110 cm−1

suggests the presence of Rh species in a higher oxidation state
(+1 and/or +2) that vanishes after H2 treatment.

The DRIFTS spectrum of FM reduced at 400 ◦C (Fig. 6)
exhibited signals at 2090 and 2020 cm−1 and at 2050 and
1840 cm−1, the latter confirming adsorption of CO on metal-
lic Rh particles. Interestingly, reduction of the same sample at
200 ◦C generated signals of cationic species at the same fre-
quency but with lower intensity. Similar features were observed
on flame-made samples with Rh loadings of 0.5–5 wt%, with
increased intensity with increasing loading (vide infra). In con-
trast to FM, and in a more classic fashion, the intensity of
these signals decreased with increasing reduction temperature
in the case of DG (Fig. 6), in agreement with the higher frac-
tion of Rh in the reduced state at higher reduction temperatures.
CO2 evolution was almost completely suppressed after reduc-
tion at 200 ◦C. All samples reduced at 400 ◦C also displayed
a signal at ca. 1990 cm−1, indicative of bridge-bonded CO on
cationic Rh [40]. EH and DG exhibited an additional feature at
ca. 1920 cm−1, as reported by Griffiths et al. [41]. The signal
at 1990 cm−1 exhibited the same behavior as the signals due to
the gem di-carbonyl species at reduction temperature.

The increased intensity of the signals of cationic Rh species
with reduction temperature in the FM sample is likely related
to a larger fraction of oxidic rhodium (probably in the form of
Rh2O3) in the as-prepared material. Fig. 6 suggests that the as-
prepared FM sample was composed predominantly of oxidic
Rh and that rhodium was in a mixed Rh0–Rh+–Rh2O3 state
in the sample reduced at 400 ◦C. The prominent signals of the
cationic species in FM and DG reveal that dispersion was higher
than in EH, in good agreement with the calculated dispersion.

In contrast to FM and DG, EH contained hardly any cationic
rhodium after reduction, and the fraction of metallic rhodium
was high before reduction, in agreement with the results shown
in Fig. 5. In addition, in this sample the on-top-to-bridge inten-
sity ratio was largely in favor of the bridge species, suggesting
that Rh particles were larger here than on FM and DG, in agree-
ment with the STEM, XRD, and dispersion data.

The continuously increasing reduction progress with in-
creasing temperature observed for FM and the apparent reverse
order of stability of cationic species with respect to DG indi-
cates the presence of rhodium in an oxidized state that is not as
easily reducible as in the commercial catalysts. A similar sta-
bility against reduction (stable Pd dispersion up to 600 ◦C) was
observed for a flame-made 5 wt% Pd/Al2O3, for which no CO
adsorption measurements are available, however [6].

The combination of the different characterization methods
allows us to attempt to interpret the state of the Rh constituent in
FM. The H2 chemisorption experiments demonstrated marked
differences in the reducibility of the Rh-containing surface
species in the three catalysts. FM required higher temperatures
to obtain an appreciable amount of metallic rhodium, indicating
that the rhodium oxide layer was more stable against reduction.
A similar stability was found in the reduction experiments by
TG (Fig. 5). Both commercial catalysts showed a rapid increase
in metallic Rh content at ca. 150 ◦C (EH) and 200 ◦C (DG),
followed by a slower increase that leveled off within the tem-
perature range investigated. The continuous increase observed
in the FM sample might be attributed to the reduction of bulk
rhodium oxide, progressing at a lower rate than the reduction
of surface rhodium oxide due to diffusion limitations. Together,
the data indicate that the Rh in FM was completely oxidized
and that this oxidic rhodium was more stable than the rhodium
oxide layer in the commercial catalysts.

The high temperature and highly oxidizing environment dur-
ing flame synthesis and the initially atomically dispersed pre-
cursor materials allow the formation of Rh entities in close
contact with the Al2O3 lattice, although in flame synthesis,
generally the refractory component is believed to form before
the noble metal particles [8,42]. This intimate contact would
allow the Rh or Rh2O3 to be stabilized within the alumina ma-
trix [43]. As a result, complete reduction of rhodium oxide
in FM requires higher temperatures than those applied in this
study (>600 ◦C). This feature appears to be typical for sup-
ported Rh catalysts treated at elevated temperature in oxygen at-
mosphere [44,45], which agrees well with the high-temperature
oxidizing conditions achieved in the FSP process. The degree of
intimate metal–support interaction has been found to increase
with calcination temperature [43,46], and the growth of Rh par-
ticles has been found to be inhibited at high temperatures [47].

Another important feature of FM is the presence of a large
fraction of cationic rhodium species, as detected by CO adsorp-
tion. The positive charge of the Rh could arise from intimate
contact with an oxygen atom from either Al2O3 or Rh2O3. Par-
tial reduction of the rhodium oxide phase likely results in Rh
atoms in close contact with Rh2O3, thus allowing for forma-
tion of Rh+ species. Reduction by hydrogen causes a gradual
erosion of the rhodium oxide and the appearance of increasing
fraction of metallic Rh with increasing reduction temperature.
As a result, the amount of Rh+ species increases within the
range of reduction temperature. Note, however, that the max-
imum achievable amount of accessible metallic rhodium was
reached at 400 ◦C (Fig. 4). The Rh+ signals at this temperature
might originate from both the aforementioned Rh–Rh2O3 inter-
action and an Rh–Al2O3 intimate interaction. With particles as
small as in the case of FM, a large fraction of Rh atoms will be
located at an interface (Rh–Rh2O3 and Rh–Al2O3).

Both the low reducibility and the amount and stability of
cationic Rh species seem to be intrinsic structural properties
of the flame-made Rh/Al2O3, which appears to be nonrepro-
ducible without high-temperature oxidation treatments in anal-
ogous materials otherwise synthesized. This feature also could
apply more generally to other flame-made supported noble-
metal catalysts [6–8,29,48].
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3.2. Catalytic properties

The significant differences observed in the state of rhodium
and in particle size indicate possible differences in the cat-
alytic behavior of the three catalysts. We tested their perfor-
mance in the liquid-phase chemoselective and enantioselective
hydrogenation of 1 in the absence (racemic hydrogenation) and
presence of the chiral modifier cinchonidine (CD). We also in-
vestigated the effect of pretreatment temperature on both types
of reactions, to gain insight into the possible influence of the
content of cationic Rh species on catalytic performance. Fig. 7
shows representative data of the 5 wt% Rh/Al2O3 flame-made
catalyst and the reference catalysts. As shown, FM was virtually
inactive without reductive pretreatment. Reduction at 400 ◦C
before racemic hydrogenation afforded a conversion exceeding
that observed with DG and EH by 20–30%. The commercial
catalysts did not necessarily need pre-treatment; both catalysts
either were already reduced or could be reduced under reaction
conditions [20]. These results agree well with the reduction be-
havior of the three samples. Interestingly, chiral modification by
CD greatly enhanced chemoselectivity to >80% but decreased
the conversion. The highest conversion again was observed with
FM. The ee was generally low and did not change significantly
after pretreatment for all catalysts. The highest ee was obtained
with EH, which had a significantly lower dispersion than DG
and FM. This behavior is similar to that of platinum-based

Fig. 7. Overview on the catalytic results in the hydrogenation of (1). Black,
conversion; white, selectivity to (2); gray, ee. Reaction conditions: 10 bar hy-
drogen, 5 mL solvent, 2 mg CD, 42 mg catalyst, 0.33 mL (1). (A) No modifier,
no pre-treatment; (B) modifier, no pre-treatment; (C) no modifier, pre-treated at
400 ◦C; (D) modifier, pre-treated at 400 ◦C.
catalysts, which also display higher ee at low dispersion [33,
49–51].

FM with weight loadings of 0.5–5 wt% showed increased
conversion, but decreased chemoselectivity and ee, with in-
creasing Rh loading (Fig. 8). CO adsorption on these samples
indicated that the content of cationic and metallic Rh species
also increased with Rh loadings. This is best seen in the behav-
ior of the intensity of the signals at 2090 and 1840 cm−1, which
can be taken as a qualitative measure of the fractions of Rh+ and
Rh0, respectively (top panel of Fig. 8). The ratio of these two
signals correlates well with the trend observed in the chemos-
electivity of the racemic hydrogenation reaction. The negative
slope indicates that the fraction of cationic Rh diminished with
increasing Rh loading, reducing their potential influence on the
reaction.

Fig. 7 clearly shows that the hydrogen pretreatment greatly
affected the performance of FM and was required for the se-
lected chemoselective and enantioselective hydrogenation reac-
tion. To investigate this aspect more deeply, we tested samples
pretreated at 100–580 ◦C in the presence and in the absence of
the modifier. The results, shown in Fig. 9, demonstrate that the
activity of FM exhibited a significant dependence on the reduc-
tion temperature. Conversion exhibited a maximum for the sam-

Fig. 8. Top panel: intensities of the signals of adsorbed CO at 2090 and 1840
cm−1 representative of cationic (") and metallic (!) Rh, respectively, and the
ratio of these intensities (F). Lower panels: catalytic behavior of flame-made
catalysts in the hydrogenation of (1) as a function of rhodium weight loading
expressed in terms of conversion (2), chemoselectivity (a) (left axis) and ee
(") (right axis). Reduced at 400 ◦C, standard reaction conditions. The lines are
drawn to guide the eye.
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Fig. 9. Influence of pretreatment temperature of Rh/Al2O3 catalysts on hydro-
genation of (1) in terms of conversion (2), chemoselectivity (a, both left axis)
and ee (", right axis). Standard reaction conditions. The lines are drawn to
guide the eye.

ples reduced at 350 ◦C with modifier and 400 ◦C without modi-
fier. This trend is in agreement with the hydrogen chemisorption
experiments (Fig. 4), in which hydrogen uptake increased up to
300–400 ◦C and then decreased at higher reduction tempera-
tures. Slightly increased conversion with increasing reduction
temperature was observed for the unmodified EH catalyst. The
trend observed for DG was in between those of FM and EH,
supporting the behavior demonstrated in Fig. 5.

Chemoselectivity was higher for the CD-modified catalysts
in all cases, regardless of reduction temperature. An almost con-
stant selectivity to 2 was achieved with the unmodified (70%)
and modified (90%) FM. DG and EH displayed comparable
increases in chemoselectivity with increasing reduction tem-
perature, from about 60% to 70%; however, CD-modified DG
showed a slight decrease in chemoselectivity with increasing
reduction temperature. The trends in enantioselectivity were
similar in all three catalysts, with ee dropping from 17% to 9%
for FM, from 10% to 4% for DG, and from 15% to 10% for EH.

The strong dependence of conversion on reduction temper-
ature observed in Fig. 9 for FM and, to a lesser extent, for DG
correlates well with the fraction of cationic species present on
these two samples as detected by CO chemisorption. As men-
tioned above, oxidic Rh species in FM appeared to be more
stable, and reduction still afforded a large fraction of cationic
species, resulting in increased concentration of these species
with increasing reduction temperature up to 400 ◦C. The ac-
tivity of FM exceeded that of the commercial catalysts after
reduction at 300 ◦C (Fig. 9), accompanied by comparable or
even superior selectivity. In addition, the trends observed in
Fig. 9 correlate well with those shown in Fig. 4 for FM and DG.
Although hydrogen uptake was generally higher for DG, the
catalytic activity of FM was higher after reduction at 300 ◦C.
These findings suggest that metallic surface area alone may
not be decisive in determining catalytic performance, and that
cationic Rh species may affect both conversion and chemose-
lectivity. Strikingly, the decreased fraction of Rh+ species with
increasing Rh-loading (Fig. 8) was accompanied by a corre-
sponding decrease in chemoselectivity. However, the relative
amount of cationic species still remained larger in the FM sam-
ple than in the reference catalysts. Thus FM, with a large frac-
tion of cationic Rh species, is favored over EH and DG probably
because of this particular structural property.

The involvement of cationic species in chemoselective hy-
drogenations over supported noble metal catalysts is known
[17]. Positively charged metal atoms can promote the attack of
hydrogen to carbonyl groups, thus promoting C=O bond hy-
drogenation over C=C bond hydrogenation. Beneficial effects
of the presence of cationic species on chemoselectivity have
been reported for, for example, Rh/TiO2 [52], Rh–Sn/SiO2 [53],
and Rh–Ge/Al2O3 [54,55], that is, on samples in which the
electronic state of Rh is altered either by a strongly interact-
ing support (TiO2) or by the addition of a second metal (Sn or
Ge). A possible role of cationic Rh species in gas-phase reac-
tions has also been reported [56,57]. In FM, it seems feasible
that cationic Rh species influence the hydrogenation properties
of the Rh particles.

4. Conclusion

In this study, Rh/Al2O3 was prepared by FSP and tested
in the liquid-phase chemoselective and enantioselective hy-
drogenation of 3,5-di-(trifluoromethyl)-acetophenone. Charac-
terization with various complementary methods revealed ma-
jor differences in the structure and reduction behavior of the
rhodium constituent compared with commercial reference cat-
alysts. This behavior was reflected in the catalytic data, indi-
cating that for the flame-made Rh/Al2O3 (FM), the activity de-
pends strongly on the reduction temperature, with a maximum
at ca. 350–400 ◦C. Given a reduction at 400 ◦C, FM proved su-
perior compared to the commercial catalysts DG and EH in
terms of both conversion and chemoselectivity. This behavior
is attributed to the stable oxidic rhodium phase found on the
flame-made Rh/Al2O3, which was not completely reduced even
at 400 ◦C. Reduction at increasing temperature afforded an in-
creasing fraction of cationic rhodium species, which, together
with the stability of the oxidic phase, may indicate an intimate
contact between the flame-made rhodium component and the
Al2O3 constituent. Although metallic Rh is needed to allow
observation of catalytic activity, the observed trends in evolu-
tion of cationic species and in conversion and chemoselectivity
with reduction temperature suggest that these species may be
involved in chemoselectivity as well. A final assessment con-
cerning the possible role of the cationic Rh species in catalytic
hydrogenation will require pertinent in situ spectroscopic stud-
ies. The likely strong interaction between Rh-phase and Al2O3
in FM appears to be a peculiar structural property provided by
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the FSP methodology in a single synthesis step and may be
characteristic of other supported noble metals prepared by this
route as well.
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