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Abstract

Rh was deposited on a parent platinum black catalyst by an underpotential deposition method. Mean particle size and bulk composition of this
Rh-Pt sample was determined by TEM and EDS. No individual Rh grains could be observed, but Rh was present in the near-surface regions,
according to energy-filtered TEM images. The surface-sensitive cyclic voltammetry indicated 15-20% Rh on the surface. XPS, in turn, detected
~ 2-2.5% Rh in the information depth. The Rh—Pt catalyst was tested in methylcyclopentane hydrogenative ring-opening reaction between 468
and 603 K and 8 to 64 kPa H, pressure (with 1.3 kPa MCP). The parent Pt black as well as a Rh black catalyst was also studied for comparison.
MCP produced ring opening and hydrogenolysis products. The ring-opening products (ROP) consisted of 2- and 3-methylpentane (2MP and
3MP) as well as hexane (nH). These were the main products, together with some fragments and unsaturated hydrocarbons. The amount of the
latter class increased at higher temperatures. The selectivities of ROP, fragments, and benzene over Rh-Pt catalyst as a function of temperature
were between the values observed on Pt and Rh. The hydrogen pressure dependence of selectivities on Rh—Pt was more similar to that observed
on Pt. Four subsequent treatments with O, and H, up to T = 673 K were applied on the bimetallic catalyst, followed by XPS and catalytic runs,
respectively. These treatments promoted structural rearrangement, with XPS detecting less Rh in the near-surface region, partly as oxidized Rh
after O, treatment. The catalytic behavior became more Pt-like on these structural and composition changes. We concluded that adding a rela-
tively small amount of Rh to Pt creates bimetallic active sites with properties different from those of its components, behaving as a true bimetallic
catalyst.

Keywords: Platinum; Rhodium; Pt—Rh bimetallic catalyst; Cyclic voltammetry; XPS; Electron microscopy; Methylcy-
clopentane ring opening

1. Introduction sion. Rh was considered the main active component,
whereas the function of Pt was assumed to prevent deacti-
Several bimetallic catalysts have been the subject of re- vation of Rh.
search studies, and some also have found applications in Both Pt and Rh are active catalysts of hydrocarbon
practice [1,2]. Catalysts in which both components are reactions. Platinum is the best catalyst for nondegradative
active represent a particular class of these. Pt-Rh belongs reactions, whereas Rh has a much more marked tendency
to this class, having obtained practical applications. They for hydrogenolytic splitting of C-C bonds than Pt [5]. Nev-
are widely used for oxidation of ammonia and also in three- ertheless, it belongs to those metals able to selectively cata-
way catalysts (TWCs) for suppressing car exhaust emission lyze the hydrogenative rupture of the cyclopentane ring
by NO reduction and CO oxidation [3,4]. Hu et al. [4] re- (“ring opening™) without extensive further fragmentation
ported synergism between Pt and Rh in three-way conver- and also can catalyze skeletal isomerization of alkanes [6].
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Karpinski and Clarke [7] reported transformations of hex-
ane on deposited Pt-Rh films. They found that the selectiv-
ity of nondegradative reactions (Cs and Cg cyclization)
decreased with increasing Rh content. Bond [8] underlined
the importance of mixed PtRh sites in bimetallic catalyst.

Counter claims have been reported as far as the sur-
face composition of Pt—-Rh bimetallic system is concerned.
Rhodium segregation appeared above 800 K, whereas the
reverse occurred below 800 K [1,9]. The importance of
surface energy rather than bulk thermodynamic parameters
has been pointed out [9]. The surface composition also
depends on the presence of adsorbates [1]. Rh was slightly
enriched on the surface of Pt-Rh/Al,O; catalysts in the
presence of hydrogen, as opposed to the adsorbate-free
surface, on which Pt was enriched [10]. Wang and Schmidt
[11] examined Pt-Rh particles on planar amorphous SiO, at
various temperatures in air or H,. Electron microscopy and
XPS both showed that the surface of the alloy particles
altered by oxidation—reduction cycling. Three temperature
regions were distinguished on heating the oxidized bimetal-
lic particles. The first stage was reduction of Rh,0; to Rh
metal, the second stage was the sintering or coalescence of
the tiny Rh crystallites into the original particles, and the
third stage was the homogenization of the segregated metal
particles. Similar behavior was exhibited by the three-layer
model Pt/Rh203/Rh catalyst [12]. Three temperature re-
gions were observed corresponding to three different sys-
tems: Pt—Rh,03, bimetallic particles, and the alloy. Baraldi
et al. [13] examined the changes in the surface composition
of a PtsoRhg(100) alloy. Pt surface enrichment was found
under slightly oxidizing conditions; under heavy oxygen
doses, in turn, the surface became Rh-rich. Because Rh,03;
is more stable than Pt oxides [14], it may play a significant
role in surface composition changes on oxidation/reduction
treatments. The higher catalytic activity of easily reducible
Rh in supported Pt—Rh has been pointed out [15]. Very
small amounts of carbon impurity also influenced the sur-
face composition of Pt—Rh [16].

Electrochemical deposition is one method of prepar-
ing disperse bimetallic catalysts [17-20]. It involves under-
potential deposition of a second metal over a selected
monometallic catalyst. We decided to prepare analogous
bimetallic samples applying underpotential deposition for
3% Pt/SiO, and Pt black as parent catalysts. The results
obtained with the SiO, supported Rh-Pt, focusing on its
catalytic properties in methylcyclopentane (MCP) reac-
tions, have been published previously [21]. The unsup-
ported sample, the subject of the present work, can be
studied more easily by several characterization methods,
continuing our previous activity using unsupported metals
[22-24]. Electron microscopy (EM), electrochemical [cy-
clic voltammetry (CV)] measurements, and electron spec-
troscopy (XPS) were used for physical characterization
after various treatments of the unsupported Pt—Rh catalyst.
Catalytic activity, the formation of C6 products versus <C6
fragments, and the distribution of the C6 ring-opening
products (ROPs) were monitored to get information on
catalytic properties. In this way, we attempted to obtain a

complex, wide-ranging characterization of the physico-
chemical and catalytic properties of the Pt—-Rh system.

The parent catalyst was Pt black prepared by reduc-
tion of H,PtClg with aqueous hydrazine [25,26]. The lot of
Pt described in previous publications was used [26,27].
Herein it is denoted as Pt when results obtained with
monometallic metals are compared.

2. Experimental

2.1. Catalyst preparation

The second metal, Rh, was deposited on platinum via
the ionization of preadsorbed hydrogen (a method based on
the underpotential deposition of metals on foreign metal
surfaces) [18,19]. The actual application of that method for
Rh—Pt was described earlier in detail for preparation of Rh—
Pt/ SiO, [21]. First, 0.1 g of Pt catalyst in the supporting
electrolyte was modified with 2 ml of deoxygenated 0.01
mol dm™® RhCl; solution. When the reaction of hydrogen
(adsorbed on the catalyst) with rhodium ions was com-
pleted, the catalyst was washed free of rhodium ions with
deoxygenated 0.2 mol dm™ HCI, then with triply distilled
water. Finally, the wet catalyst modified with adsorbed Rh
was dried in deoxygenated N, gas flowing through the re-
actor while the reactor was warmed with an infrared lamp.
This sample is designated Rh—Pt. An unsupported Rh cata-
lyst described earlier [28] was used as reference monome-
tallic Rh catalyst (designated Rh).

2.2. Catalyst characterization
2.2.1. Electrochemical characterization

CV of the catalysts was done at room temperature in
a three-compartment electrochemical cell using 0.5 mol
dm™® of electrolyte. A more detailed description of the pro-
cedure was provided in our earlier paper [26]. The upper
section of the voltammogram (anodic branch, above the
abscissa) corresponds to oxidative processes, whereas the
reverse (reductive) processes appear on the cathodic
branch, below the abscissa.

2.2.2. XPS

Surface composition was determined by XPS. A
Leybold LHS 12 MCD instrument with a MgKa anode for
XPS (pass energy, PE = 48 eV) was used, as reported ear-
lier [23,29,30]. The binding energy (BE) was calibrated to
the Au 4f;, line (BE = 84.0 eV). The work function with a
purified sample (after H, treatment) was 5.2 eV, in good
agreement with value of 5.1 eV reported for an analogous
Pt sample [31]. Atomic compositions were determined
using the SciPlot spectrum evaluation program (©M. We-
semann, Berlin) and applying literature sensitivity factors
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Table 1: Comparison of the surface composition of the
Rh-Pt catalysts measured by XPS in the “as is” state and
after treatments

Pretreatments

Asis Ha. 300K LTH; 0 MTH: HTH,
Rh 3d 1.1 1.4 1.4 1.5 0y - 1.0
Rh 3p = S - - = 0T -
0 ls 250 0.5 290 287 124 124 103
Cls 24.2 7.8 0.7 95 08  2L0 160
Pi4f 48.8 61.3 69.0 603 658 659 727
Rh? 2.2 23 2.0 24 1.3 1.1 1.3
Pit 7.8 977 03 976  9RT  9RY 987
A Pt 4+ Rh =100,

[32]. The samples were treated in the preparation chamber
of the spectrometer with O, and H,, respectively, avoiding
the contact of the sample with air between various handling
procedures. The catalyst was measured in the “as is” state
and after H, treatment at 300 K. The treatments described
in detail in Section 2.2.4 were carried out under “quasi-in
situ” conditions here as well, followed by XPS measure-
ments.

The quantitative evaluation was not easy, due to the
relatively small amounts of Rh, because all Rh peaks are
close to some of the Pt peaks. The weak Rh 5d peak (at
~ 50 eV) was completely suppressed by the satellite of the
most intensive Pt 4f;, peak. Rh 3ds,, appeared at the lower
BE end of Pt 3d, close to C 1s. Rh 3ps;, was on the side of
Pt 4p, which, in turn, was rather close to O 1s. Shirley
background subtraction could be applied for the Pt, C, and
O components, whereas the Bezier background had to be
subtracted when calculating the smaller Rh peaks posi-
tioned on the side of larger Pt peaks. A simultaneous
evaluation of the Pt 3ds;, and Rh 3d peaks [15] was not
possible in the presence of the great Pt excess. The less
noisy Rh 3ds, peak was selected for quantitative evalua-
tion. The results were in rather fair agreement with those
obtained with the use of (noisier) Rh 3ps, (as shown for
one case in Table 1). This peak could not be evaluated
when Rh was oxidized, because it was suppressed by the
larger Pt 4p line. Repeated measurements after installation
of a new probe produced practically identical XP spectra.

2.2.3. Transmission electron microscopy

TEM was used to estimate the particle shape and size
and provide information on their composition. The catalyst
samples were ground in an agate mortar, then dispersed in
ethanol and dropped onto a holey carbon grid. Conven-
tional TEM studies were done using a Philips CM20 elec-
tron microscope at a 200-kV accelerating voltage. This
microscope was capable of carrying out energy-dispersive
X-ray spectrometry (EDS) analysis on thin specimens with
the attached X-ray detector. A high-resolution electron
microscope (JEOL 3010, working at 300 kV and supple-
mented with a GATAN Tridiem energy filter) also was
applied for high-resolution imaging. This equipment is
suitable for acquiring images using electrons of specific

energy losses (energy-filtered TEM [EFTEM]), creating the
so-called “elemental maps” (with a resolution of a few nm).
The Rh M edge was used for elemental mapping with three
energy windows of 30 eV each, centered at 332 eV (post-
edge), 257 eV (preedge 1), and 287 eV (preedge 2).

2.2.4. Catalytic tests and pretreatments

MCP was reacted in a closed-loop glass reactor in the
presence of excess hydrogen. A CP 9001 gas chromato-
graph with a 50-m CP-Sil 5CB capillary column and flame
ionization detector was used for product analysis [21,33].
Samples of the Pt (23 mg), Rh—-Pt (14 mg), and Rh (9 mg)
catalysts were placed into the reactor. A standard MCP
pressure of 1.3 kPa was used, and the hydrogen pressure
was varied between 8 and 64 kPa. The reaction tempera-
tures ranged from 468 to 603 K. The bimetallic Rh—Pt
sample could be measured between 468 and 603 K,
whereas Rh could be tested only up to 513 K because of its
excessive fragmentation activity at higher temperatures. Pt
showed rather low activity below 513 K. The sampling was
done after 5 min, and each run was followed by regenera-
tion with O, (6.6 kPa, 2 min) and H, (20 kPa, 3 min) at the
temperature of the preceding run.

The specific surface for Pt was 2.64 m2 g-1 (BET,
N, adsorption) [30]. The dispersion D = 0.9%) was meas-
ured by H, chemisorption and was used for calculation of
turnover frequencies (TOFs) [27]. Adding Rh did not
change the number of catalytically active sites on Pt; there-
fore, the same value was used for Rh-Pt. Classical H,
chemisorption reportedly showed the same values for Pt
and Rh in a bimetallic sample [34], with CO adsorbed on
pure Pt and Pt-Rh alloy as detected by infrared spectros-
copy. The dispersion of Rh sample was also D = 1% [28].

The Rh-Pt catalyst was also tested after particular
H, and O, treatments at different temperatures, as follows:

LTH,: as prepared, after reduction in 20 kPa H, at

473 K for 30 min;

O,: pretreatment with air (13.3 kPa) at 573 K for 20

min;

MTH,: pretreatment with H2 (26.6 kPa) at 603 K for

30 min;

HTH,: pretreatment with H, (26.6 kPa) at 673 K for

30 min. The catalyst was cooled in vacuum to the

lowest reaction temperature after each pretreatment,

and test runs were carried out with 1.3 kPa MCP plus

16 kPa H, and at increasingly higher reaction tem-

peratures. The end temperature of catalytic runs after

LTH, and O, treatments was never higher than the

subsequent pretreatment temperature.

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Preparation, physical characterization and catalytic properties of unsupported Pt-Rh catalyst, Z. Paal et al.., Journal of Catalysis 250 (2007) 254-263 4

E/NV

Figure 1: Cyclic voltammogram of the Rh-Pt catalyst
after its preparation. The double peak at ~ 150 mV, the
appearance of the adsorption of oxygenates (OH and/or O)
at ~ 0.6 eV and the peaks on the cathodic polarization indi-
cate the presence of Rh.

3. Results and discussion
3.1. Catalyst characterization
3.1.1. Electrochemical characterization

Fig. 1 shows the CV results for the platinum catalyst
modified with rhodium, deposited via the ionization of the
preadsorbed hydrogen. The regions of hydrogen adsorp-
tion/desorption and oxygen adsorption/desorption are char-
acteristic of Rh and Pt. This voltammogram can be used for
qualitative analysis, considering the voltammogram of our
bare Pt catalyst (Fig. 2 in Ref. [26]) and the very detailed
voltammograms of Rh-Pt surfaces with different composi-
tions [20].

The first sign of the presence of Rh is that the first
hydrogen desorption peak at ~ 140-150 mV potential is a
doublet, denoted by double arrows. The peak appearing at
lowest potential corresponds to desorption of hydrogen
from Rh. Hydrogen desorption from Pt appeared next to it,
at somewhat higher potential. The second and a more pro-
nounced effect of the presence of surface rhodium atoms is
that in the course of anodic polarization the oxygen adsorp-
tion commences at lower potential (i.e., at ~ 0.5-0.6 V).
This is the peculiarity of Rh surfaces: adsorption of oxy-
genates (OH and/or O) on platinum would start at about
0.8 V. In the cathodic branch of the CV, the two broad
peaks at ~ 0.85 and ~ 0.6 V can be assigned to the reduc-
tive desorption of O and/or OH from the platinum and rho-
dium surfaces, respectively. The separation of peaks
representing the formation of Pt—H,¢s and Rh—H,qs is poorer
than those denoting their decomposition on the anodic
branch. On the basis of analogous voltammograms [20], it
seems a reasonable estimation that after the electrochemical

"

Figure 2: Bright field (a) and dark field (b) electron micro-
graphs of Rh—Pt powders in the “as prepared” state.

catalyst modification, rhodium atoms covered about 15—
20% of the platinum surface.

3.1.2. Electron microscopy

The crystallites of unsupported Pt—Rh catalyst tend to
agglomerate despite ultrasonic agitation applied during
specimen preparation. Hardly any individual grains can be
distinguished in the bright-field image (Fig. 2a). Some
elongated “rounded needle”-shaped offshoots—reported for
the parent Pt black [26]—were still present. The dark-field
TEM image (Fig. 2b) shows the presence of individual
crystallites within the agglomerate. Their size can be esti-
mated as 10-15 nm, but their number in the figure (and also
in similar images) is insufficient to establish an exact statis-
tics for particle distribution. The electron diffraction (ED)
pattern shows face-centered cubic (fcc) lattice that can

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Preparation, physical characterization and catalytic properties of unsupported Pt-Rh catalyst, Z. Paal et al.., Journal of Catalysis 250 (2007) 254-263 5

ik
Figure 3: (a) HRTEM image of bimetallic catalyst. (b) Rh
map of the same area (bright streaks) taken from EELS
measurement.

belong to either Rh or Pt (as well as to their solid solution).
These phases cannot be distinguished, with Pt and Rh both
having fcc crystal structure and similar-sized elementary
cells.

The high-magnification micrograph (Fig. 3a) ob-
tained by the 300 kV JEOL microscope using zero-loss
electrons (zero-loss image [ZLI]) shows lattice fringes
within the rounded grains. The TEM figure shows particles
with grain sizes of 15-20 nm, slightly larger than the aver-
age particle size estimated from the BET area and disper-
sion value (~ 10 nm). Nevertheless, smaller particles may
be present in regions not shown by TEM. The fringe con-
trast appears as Moiré patterns resulting from the interfer-
ence of overlapping particles of differing crystalline
orientations. A careful study of higher-magnification EM
pictures reveals the presence of Pt lattices {111} (0.227
nm, the darker particle just above the nm bar) and {200}

Rh3ds,  gua mpo
308.6 eV 307.2 aV
Rh%a: M
1.0 _— HTH=
4000 ‘\\HM
0.9 W MTH;

A
{

ﬁ 2
2
2
2 opop LTHa
IS 1.4 A
1.4
w
Hz 300 K
1_:”\(_.“'
0 1 asis
310 308 306

Binding Energy (V)
Figure 4: Rh 3d XP spectra for Rh—Pt catalyst after pre-
treatments.

(0.196 nm, the lightergray particle in the lower-left corner).
No Rh grains can be seen in the filtered TEM images (ele-
mental maps; Fig. 3b), and the assumption that no Rh 3D
particles are present seems justified. Rh either can be dis-
solved in Pt crystallites (the equilibrium phase diagram [35]
indicates complete miscibility) or can form Rh-rich regions
on their surface. Fig. 3b depicts the Rh elemental map of
the area seen in Fig. 3a. Rh-rich areas appear as lighter
patches, mainly close to grain boundaries. The contours of
the particles shown in Fig. 3a can be recognized. The inter-
particle hole in the middle of the left-hand side appears as a
black spot in Fig. 3b, and its neighbor on the left appears as
two overlapping particles, obviously each rich in Rh. Note
that the micrographs are two-dimensional images of three-
dimensional structures. The particles appearing seem to be
rounded; thus, the curved fringe regions are seen almost
tangentially. In this way, the image indicates enrichment of
the surface component, because of this geometric artifact,
as discussed in one of our earlier work (cf. Fig. 6 in Ref.

[36]).

3.1.3. XPS

XPS proved very useful for studying the composition
and valence state of the components in bimetallic catalysts
[37,38]. The untreated Rh—Pt contained much oxygen and
carbon impurities (Table 1). As for the ratio of these two
metals, XPS showed much less Rh than could be estimated
on the basis of the CV study. The different depth of infor-
mation must be considered here, because CV is very sur
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Figure 5: XP spectra of the Pt and Rh components after O,
treatment at 573 K and H, treatment at 673 K, together with
the difference spectra.

face-sensitive. Some Rh-rich surface sites may be inside
the agglomerates, shielded from the exciting X-ray beam
[36].

The Pt 4f peaks indicate the presence of rather clean
metallic Pt, as observed earlier after similar treatments in
the case of Pt black [25,31]. Table 1 shows that treatments
with H, at even at 300 K reduced the samples but were less
effective in removing C impurities. O,, in turn, was effi-
cient in removing C, as was also found for monometallic Pt
[23,25,26]. The determination of a low percentage of Rh
could not be very precise (due, e.g., to scattering points,
background subtraction errors, etc., in lowintensity peaks).
Table 1 indicates ca. 2% Rh (assuming Pt + Rh = 100%) in
the first four cases (low-temperature H, and O, treatments).
Less Rh was detected on subsequent H, treatments (see
below).

Fig. 4 illustrates the chemical state of Rh. Most of it
appears in the oxidized state, close to Rh®*, in the “as is”
sample. Contacting it with H, even at room temperature
reduced the Rh almost entirely to RhO. The four subsequent
treatments show rather marked changes in terms of valence
state. O, at 573 K oxidized most of the Rh, mostly present
as Rhn+ where n<3. Thus, the state of “pure” Rh,0; was
not reached in the depth of information of our system. The
peak component of Rh®" at ca. 308.6 eV was marked in the

~286 aV
C1s  irsev (COM) 28450

{-COOH) {graphite)
4000 1 bpepbate 1\""\ HTH,

M M MTH,
000 MM 0,

2000 LTH,

1000 M
0 M asis

2490 285
Binding Energy (eV)
Figure 6: C 1s XP spectra for bimetallic sample in the “as
is” state and after pretreatments.

Intensity (cps)

Rh 3d peaks of oxygen- treated PtRh/SiO, particles (with
~ 50% Pt and Rh) [11].

The effects of O, and HTH, treatments are com-
pared in Fig. 5. The upper panel shows that just a small
amount of surface PtO appeared in the Pt 4f doublet on
oxygen treatment at 573 K [39,40]. This represented mainly
an “adsorbed oxygen” (_BE ~ 0.8 eV) with just traces of
PtO (_BE ~ 2.4 eV) [41]. Reduction of Rh by H, resulted
in the disappearance of some Rh from the information
depth of XPS, equivalent to the amount of oxidized Rh
after O, treatment (Fig. 5b). This means that reduction of
Rh was accompanied by its dissolution in bulk Pt. The area
of the Rh peak, which was in metallic state even after O,
treatment, remained the same on reduction.

The carbon impurity corresponded to the hardly re-
movable “adventitious carbon” observed after most treat-
ments on Pt black [23,26]. The C 1s peak (Fig. 6) contained
some graphitelike component plus a peak of nearly the
similar intensity corresponding to carboxylic groups in the
“as is” sample. H, greatly reduced this latter component,
but the overall C content increased [25]. Some C-OH
groups appeared after various H, treatments as one of the
possible products of the reaction of hydrogen and oxygen.
Oxygen removed most carbon but carboxylic carbon reap-
peared. Subsequent H, treatments increased somewhat the
amount of surface carbon. An analogous phenomenon was
observed on monometallic Pt black [25,30], indicating a
solid-state transformation bringing out some subsurface
carbon to the surface that contained both graphitic and
slightly oxidized C (with single C-O bonds). The presence
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Figure 7: Selectivity of fragments (a), ring opening products (b), and benzene (c) in MCP transformation on Pt, Rh—Pt, and Rh

sample at p(MCP):p(H2) = 1.3:16 kPa, t =5 min.

Table 2. Temperature dependence of the conversion of
MCP over Pt, Rh—Pt, and Rh catalysts. p(MCP):p(H,) =
1.3:16 kPa

Conversion (%) TOF (1/h)
Catalyst Pt Rh-Pt Rh P Rh—Pt Rh
Temperature (K)
468 0.4 3.0 54 17.3
483 0.9 0.7 2.0 8.5 11.4 1.6
408 29 6.8
513 1.9 0.8 26 17.9 12.1 15.0
343 33 0.7 31.2 s
573 20 19.3
03 1.4 137

of aliphatic polymer (at intermediate BE values) is not ex-
cluded either [26,42]. Pt—C species are not typical here.

3.2. Catalytic reactions of MCP
3.2.1. Effects of reaction temperature

The Rh-Pt catalyst consists mainly of platinum, con-
taining Rh islands of various sizes on its surface. Based on
results of CV, XPS, and EM, the presence of Pt-rich and
Rh-rich patches can be assumed, with mixed Rh-Pt sites
also present, especially after hydrogen treatments. This
catalyst was compared with the parent Pt black and Rh
black [28].

Table 2 shows conversion values as a function of the
reaction temperature at a selected hydrogen pressure, 16
kPa, obtained without any specific treatments of the cata-
lysts. Under these conditions, the conversion had a maxi-
mum value at 543 K on Pt, whereas the conversion values
over Rh were slightly higher and showed much less pro-
nounced temperature dependence [43]. The overall activity
of bimetallic catalyst was much lower than the two mono-
metallic ones. Table 2 gives good evidence that the tem-
perature ranges allowing evaluation are different for the
three catalysts.

The conversion of MCP over pure Rh showed a very
slight temperature dependence (Ea = 8 klJ/mol [44]). A
similar phenomenon was found on Rh-Pt/SiO, [21] and
Ge-Rh/Al,O; [45]. Table 2 confirms these results. Bond
[46] pointed out that the overall apparent activation energy

Table 3: Conversion of MCP on Pt, Rh—Pt and Rh as a
function of hydrogen pressure at a selected temperature (T
=513 K)

Comversion {5

Catalyst Pt Rh—P¢ Rh
piHy ) (kPa)
8 0.7 0.7 -
16 1.7 1.7 26
a2 38 36 52
48 43 3B 0.6
64 45 29 14.4

depends strongly on the hydrogen reaction order of the
overall reaction, as well as that of individual processes.
This effect is discussed in the next section. The low activa-
tion energy also can be related to the deactivation by coke
formation at higher temperature [23,25]. However, the
surface state under these conditions is reproducible, as con-
firmed earlier by repeated reactions on Pt black [25].

3.2.2. Response to hydrogen pressure changes

The hydrogen pressure dependence was compared at
513 K, a temperature at which comparable conversions
were observed over all three catalysts (Table 3). The over-
all activity data show that we were in the positive hydrogen
order range [27,47] over all samples. Rh showed much
higher hydrogen pressure sensitivity at this temperature
(Table 3). Rh—Pt was more Ptlike as far as hydrogen pres-
sure dependence is concerned. In this positive hydrogen
order range, the apparent activation energy was fairly low
due to the Temkin equation [48]: Eapp =Ea +_ni_Hi ,
where ni is the reaction order and _Hi is the enthalpy of
adsorption of reactant j (which is in fact negative). In ear-
lier work, we reported more detailed considerations for Pt
black [27] and Rh catalysts [45].

The selectivity values provide additional informa-
tion. Products were classified as ROPs (nH, 2MP, and
3MP), fragments (<C6), benzene, and olefins [49]. Methyl-
cyclopent- 1-ene (1-MCP=) represented the main unsatu-
rated component [50], with a few other hexenes, the
amounts of which were lower than that of 1-MCP= by at
least an order of magnitude. Earlier, up to 95% ROP was
reported on Pt black and Pt/SiO, at 603 K. At low p(H,), up
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to ~ 70% of 1-MCP= was detected [51]. More ROP was
reported on supported Rh catalysts than over Pt [43]; the
latter also produced benzene. Fig. 7 shows selectivity val-
ues as a function of temperature at p(MCP):p(H,) = 1.3:16
kPa. The more marked C-C bond cleavage on Rh [6] is
obvious. The selectivity of ROP, fragments, and benzene
over Rh—Pt was between the values observed on Pt and Rh
but closer to those on Pt. The pronounced increase of ben-
zene selectivity above 540 K may be attributed to thermo-
dynamics favoring aromatics at higher temperatures [52].
The high values of the ROP and <Cg selectivities after
LTH, at 468 and 483 K in Fig. 7 are discussed in Section
3.2.3.

Gault et al. [53] postulated “selective” and “nonse-
lective” pathways of C5 ring opening. The latter would
produce a statistical distribution of 2MP, 3MP, and nH,
whereas much less (or even zero) nH would be produced in
the “selective” ring opening. Selective ring opening is typi-
cal for unsupported metal catalysts [6,43,49,51], with
2MP/nH ratios increasing up to ca. 30 [49,51,54]. Lower
values have been reported for supported metals [51,55], due
to the postulated nonselective ring opening at metal-
support “adlineation” sites [56]. The 2MP/nH ratios were
smaller on Pt at low p(H,) [51,55], whereas the reverse was
reported for Rh/Al,O3 reduced at 973 K [44], likely due to
the adlineation effect.

The ratio of ROP-s (2MP/3MP, 2MP/nH) indicates a
predominant “selective” ring opening at each temperature
(Table 5). The 2MP/nH ratio could be measured only after
HTH, treatment over Rh—Pt, because the concentration of
nH was below the detection limit in other runs. The ratio of
2MP and 3MP over bimetallic catalyst shows a Pt-like
character, with values (between 3 and 1.5) decreasing
monotonically with increasing temperature, whereas these
values seem to be temperatureindependent on pure Rh. The
2MP/nH ratio on Rh-Pt has a maximum at 513 K, whereas
the ratio continuously decreases with increasing tempera-
ture on pure metals, with Pt exhibiting highest selectivity.
This may correspond to the aforementioned hydrogen ef-
fects [51,55], considering that the hydrogen coverage must
decrease with increasing temperature at the same p(H,).
The effect of p(H2) was studied at 513 K. At 16 kPa, the
values of 2MP/nH were ~ 2.5 on Pt and ~ 4 on Rh, with
the value of ~ 3 on Rh—Pt in between. Increasing the hy-
drogen pressure up to 64 kPa increased this ratio up to ~ 6
on Pt and Rh—Pt and to ~ 5.5 on Rh. This confirms that
metal sur faces containing ample hydrogen are favorable
for “selective” ring opening on Pt, Rh, and a combination
of the two.

3.2.3. Effects of pretreatments

EM showed randomly distributed Rh enrichment on
surface areas, meaning that we did not reach this state ini-
tially, even though complete miscibility was reported on
the Rh—Pt pair [35]. This was approached gradually during
subsequent treatments (Fig. 4, Table 1). This may be due in

Table 4: Temperature and H, pressure dependence of the
conversion of MCP on Rh-Pt after the four pretreatments

Comversion (%)

Pretreatments LTH; L1 MTH; HTH;
Temperature (K}
468 0.4 0.3 0.2 0.2
483 0.7 0.8 0.2 0.3
513 0.8 21 07 0.8
53 0.7 ] 0.9 1.3
573 - 1.3 07 1.1
603 - - 0.9 0.9
Hs pressure (kPa)
B 0.7 0.4 0.3 0.3
1& L7 1.6 Lo 0.8
32 36 1.9 [ L0
48 38 24 L6 1.2
) 29 1.8 14 1.1

part to the fact that a considerable fraction of Rh was oxi-
dized, and reduction of Rh oxide may have promoted its
mixing with Pt (Fig. 5).

Conversions and selectivities were checked after the
four pretreatments. The temperature effect was studied at
one selected feed composition. p(MCP):p(H,) = 1.3:16
kPa, and the hydrogen pressure effect was investigated at
513 K. The top part of Table 4 depicts the conversion val-
ues as a function of temperature. The highest activity can
be seen after O, treatment when the percentage of surface
carbon was the lowest (see Table 1). A similar phenomenon
was reported by Gao and Schmidt [57], who observed an
activity increase in ethane hydrogenolysis over six metal
catalysts on SiO, (mostly on Rh and Ru) after O, treatment.
The explanation that they suggested for this was oxidation
of the metal to form a contiguous oxide layer, as demon-
strated by XPS [11]. This formed small particles when
reduced during subsequent hydrogen treatment, in which
the abundant low-coordination sites were rather active in
C-C bond breaking. A massive oxidation of Rh also oc-
curred in our case (Fig. 5), and although separate small
particles could not be formed during their reduction of an
unsupported system, it could have been reconstructed to
structures exposing lowcoordination sites. The selectivity
plots (Figs. 8 and 9) show that these sites promote both the
“milder” C-C bond rupture to ROP and the subsequent
more “aggressive” reaction to form <Cg fragments.

A different behavior, analogous to that reported by
Gao and Schmidt [57], was observed in the first run with
Rh-Pt kept in air (see the curves for <Cgq and ROP selectiv-
ities at 468 K in Figs. 7a and 7b). XPS confirmed that Rh
oxide accumulated during weeks of storage at room tem-
perature (see the Rh 3ds,, of the “as is” sample in Fig. 4).
The high fragment selectivity (~ 30%; see Fig. 8b) ob-
served in the first catalytic run with no pretreatment may
indicate that the state of oxidized Rh allowed the formation
of structures with low-coordination metallic sites on reduc-
tion on the Pt matrix, even if the formation of separate par-
ticles (as reported for silica [11,57]) may not have been
possible. The presence of H, during the catalytic run and
the second treatment eliminated these sites (cf. mixing of
reduced Rh with Pt; see Fig. 5), accordingly dropping the
<Cg selectivity to <10%.
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Figure 8: (a) Selectivity of ring opening (curves in the upper region) and unsaturated products (curves close to the abscissa); (b)
fragments; (c) benzene on Rh—Pt after the four pretreatments as a function of temperature at p(MCP):p(H,) = 1.3:16 kPa, f =5
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Figure 9: (a) Selectivity of ring opening products; (b) fragments; (c) benzene on Rh-Pt after the four pretreatments as a function

of hydrogen pressure at 513 K, t =5 min.

Fragment formation was more pronounced with in-
creasing temperatures with parallel decreases in ROP selec-
tivities. The formation of unsaturated products (Fig. 8a) and
benzene (Fig. 8c) was increased at high temperatures.
These products were insignificant or missing after LTH,.
The high aromatization selectivity at the expense of frag-
mentation after O, treatment, with the lowest carbon impu-
rities present (cf. Table 1), is worth mentioning. The
dramatic effect of the first regeneration of the fresh catalyst
on the relative amounts of ROP and fragments can be seen
here as well (LTH,). Nevertheless, this sample produced
the highest fragment selectivity, showing a more Rh-type
behavior that was lost after further treatments, in agreement
with the Rh peak shown on XPS (Fig. 4). On the other
hand, the lower fragmentation selectivity after HTH, was
in agreement with its Pt enrichment. This also was mani-
fested in the augmented benzene selectivities (Figs. 8 and
9). The structure of Rh—-Pt may be close to the model
shown for small amounts of Rh in the Pt matrix [58],
namely that individual Rh atoms or small Rh islands may
be present in the surface or near-surface layers of Pt. (The
low Pd content in the system described in [58] did not seem
to influence the distribution of Rh.) Segregation of the
small grains into Pt and Pt—Rh alloy with ~ 40% Rh [59] is
not likely here, due to the very small Rh content here.

The customary maximum values of the overall con-
version have been observed as a function of the hydrogen

pressure (Table 4, lower part). Consecutive pretreatments
decreased the amount of conversion. This may be another
indication of a possible particle aggregation, and this phe-
nomenon had an opposite effect than formation of low-
coordination sites [57] on reduction after O, treatment
(Figs. 8 and 9). Figs. 9a-9c illustrate that under the selected
conditions (513 K), the selectivity of ROP was 95-98%,
with the remainder consisting mostly of fragments (LTH,
and O,) or benzene (HTH; and also LTH,). No fragments
were observed in the latter two cases. The temperature
selected was too low for olefin formation (cf. Fig. 8a).

Ring opening was “selective” in each case; that is,
the 2MP/nH ratio exceeded the statistical value of 1, as has
been reported for most metal catalysts [6,33,49-51,53,55].
This reaction purportedly began with the dissociation of the
weakest C—H bond at the tertiary C-atom on one active site
of a surface saturated with hydrogen [49]. The atomic di-
ameter of both Pt and Rh made it possible for a second
active site to interact with the two di-secondary C-C bonds
of the ring, producing 2MP and 3MP [33]. Formation of the
latter was preferred on Rh of smaller atomic diameter
(2MP/3MP < 2; cf. Table 5). In this respect, Rh—Pt exhib-
ited Rh-like character at higher temperatures. Most “selec-
tive” ring opening occurred after LTH,, at which point no
hexane could be detected (Table 5). Fragments were re-
portedly formed as secondary products first from the 2MP
primary product [33,43,44]. This may a cause of the de
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Table 5: Ratio of various ring opening products on Pt, Rh—
Pt, and Pt in the “as prepared” state (LTH;) and on Rh—Pt
after pretreatment at 673 K (HTH,). p(MCP):p(H,) =
1.3:16 kPa

IMP/nH
Catalyst Pt Rh-PtLTH, Rh-PtO, RL-PtHTH, Rh

{a) 2-Methylpentane to hexane

Temperatur: (K

468 a a 20 6.4
483 140 @ a 50
408 a a 44
513 74 ¢ a 57 41
43 40 @ a 44
573 24 a 21
608 1.5 15

(b} 2-Methylpentane to 3-methylpentane
Temperature (K

468 27 30 Al 1.4
483 29 27 30 3o 1.4
408 1.4
513 27 26 L6 .7 1.2
343 22 22 2.2 22
573 1.7 1.7 1.3
600 1.5 L&

A Mo hexane was detected.

creasing 2MP/nH ratio (Table 5). Another cause may be the
fact that formation of more 1-MCP= was concomitant with
lower 2MP/nH ratios [47]. Keep in mind that both hexane
and 1MCP= involve interaction of the catalyst with the C—
C bond in the vicinity of the tertiary C atom (position “a”).
The statements on the changes of the ROP product ratios
are valid for both Pt and Rh.

4. Conclusion

Underpotential deposition of Rh on to the surface of
a Pt black catalyst was applied to prepare a bimetallic Rh—
Pt catalyst. This Rh—Pt was characterized by CV, XPS,
and TEM. Absolute surface-sensitive CV showed 15-20%
Rh on the surface. EM indicated that this procedure did not
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