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Catalysts supported on y-Al,O; were prepared from [Re,Pt(CO);,], and from Pt (NH;),(NOy),
and NH,ReO,. The former samples were characterized by infrared and X-ray photoelectron spectro-
scopies (XPS) and by temperature-programmed reduction (TPR); the latter were characterized by
TPR. [Re,P{CO),,] was initially chemisorbed on the y-Al, O, surface. Upon treatment in H, at about
150°C, the cluster fragmented and formed rhenium subcarbonyls, and at about 400°C the sample
was decarbonylated. Adsorption of CO and of NO as probe molecules gave evidence of metallic
Pt, but there was no evidence of adsorption on Re. The XPS data indicating the Re binding energies
give evidence of the presence of low-valent cationic Re in the sample after the treatment at 400°C
in H,. In contrast, when a mixture of samples of Re on y-Al,0; and Pt on y-Al,O, prepared from
[H;Re3(CO)pp] and [(CH,),PHCOD)], respectively, was treated under equivalent conditions, the Re
was present in a high-valent cationic form (Re’"), and Pt was metallic. It is concluded that Pt
facilitated the reduction of Re and that Pt was likely near the rhenium in the sample prepared from
[Re,Pt{CO);»]. The TPR data are consistent with the foregoing results. The TPR data characterizing
the samples prepared from the metal salts show that the degree of hydroxylation the y-Al,O, support
significantly influenced the reduction of the Re and the Pt, but these data are not sufficient to

determine the interactions between the two metals.

INTRODUCTION

The reforming of naphtha to give high-
octane-number gasoline is catalyzed on a
large scale by Pt supported on alumina (Pt/
v-AlLO;) (/). The most widely used re-
forming catalysts also contain Re (2), which
improves activity maintenance and allows
economical low-pressure operation that fa-
vors aromatic products. Like most solid cat-
alysts used industrially, Re-Pt/y-ALO; is
structurally nonuniform and difficult to
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characterize, and the structure is sensitive
to the method of preparation and pretreat-
ment. The Re- and Pt-containing structures
and the role of Re in maintaining the activity
are poorly understood. The goal of this re-
search was to use [Re,Pt(CO),,] to prepare
structurally simple Re-Pt/y-AlL, O, catalysts,
to characterize them structurally, and to un-
derstand the role of Re.

[Re,Pt(CO),,] was chosen to be a catalyst
precursor because it could be activated un-
der mild conditions by removal of the CO
ligands. The bonding of the Pt and Re in the
precursor cluster was expected to favor the
interaction of the two metals during the acti-
vation and thus favor the existence of bime-
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tallic interactions in the final form of the
catalyst. The absence of ligands such as
chloride was expected to minimize the com-
plexity of the surface structures and simplify
the characterization. For comparison, cata-
lyst samples were also made conventionally
with salt precursors.

In this paper, the synthesis and character-
ization of the catalyst by the following meth-
ods are reported: infrared (IR) and X-ray
photoelectron spectroscopy (XPS), and
temperature-programmed reduction (TPR).
In a subsequent paper (3) the performance
of the catalyst in a model reforming reac-
tion, the dehydrogenation of methylcyclo-
hexane, is to be reported and compared with
that of the conventionally prepared catalyst,
and in the third paper (4), characterization
of the catalyst by X-ray absorption spectros-
copy is to be reported with a model of the
structure, and the complete set of results is
to be used to postulate a role of the Re.

EXPERIMENTAL METHODS
Reagents and Synthesis of Precursors

Sample preparation and handling were
performed under inert atmospheres in a
Vacuum Atmospheres drybox, on a double
manifold Schlenk vacuum line, and in N,-
filled transfer wvessels. [H;Re,(CO)l,
[Re(CO);0H],, and [(CH,),Pt{COD)] (COD
is cyclooctadienyl) were synthesized by the
literature methods (5-7). [Re,Pt(CO),,] was
synthesized by a modification of the litera-
ture method (8), as follows: [HRe(COj)s]
was synthesized from [Re(CO)sBr] (9) (1.84
g, 4.53 mmol) and vacuum distilled via a
1-in bed of P,O; into a 100-ml Schlenk flask
immersed in liquid N,. The distillation was
almost complete in about 10 h, and the sys-
tem was charged with CO (Matheson, re-
search grade). [(CH,),Pt(COD)] (0.22 g, 0.65
mmol) was dissolved in freshly distilled hex-
anes, degassed, and transferred by cannula
into the Schlenk flask containing the frozen
{HRe(CO);], which was then slowly
warmed to room temperature, with the con-
tents of the flask changing from creamy yel-
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low to dark purple with the formation of
a red precipitate. The solution was stirred
under static CO for 24 h, and the red precipi-
tate of [Re,Pt(CO),,] was purified and re-
crystallized according to the literature
method (8). This synthesis has the benefit
of a better exclusion of moisture than the
literature method and prevents exposure to
the toxic, volatile [HRe(CO)s]. The yield of
[Re,Pt(CO),,] was 74% based on Pt vs 84%
reported in the literature (8).
Tetrahydrofuran (THF), cyclohexane,
and hexanes (reagent grade) were dried and
distilled from sodium benzophenone ketyl.
Anhydrous diethyl ether was dried over Na/
K alloy. {Re,(CO),o} and K,PtCl, were ob-
tained from Strem and used as received. 1,5-
Cyclooctadiene (Gold Label) and meth-
yllithium (1.4 M in diethyl ether) (Aldrich)
were used without purification. H,
(99.999%), He (99.999%), and CO (UHP)
were supplied by Matheson. H, and He
flowed through Cu,O and activated 4A zeo-
lite traps to remove traces of O, and mois-
ture, respectively. CO passed through a y-
Al O, trap at 300°C and a 4A zeolite trap
to remove metal carbonyls and moisture,
respectively. O, (extra dry grade, Mathe-
son) was used without further purification.

Catalyst Preparation

The +y-Al,O; support (Degussa, Alumi-
num Oxide C) was made into a paste by
adding deionized distilled water, followed
by drying at 120°C overnight. It was ground,
sieved to give 200-400 wum particles, cal-
cined at 500°C for 2 h, and evacuated (pres-
sure < 107* Torr) at 500°C overnight. The
alumina surface was partially dehydrox-
ylated, and the resulting support material
had a surface area of 104 m*/g (determined
by the BET method) and was stored in the
drybox before use.

In a standard preparation, the organome-
tallic precursor was brought in contact with
partially dehydroxylated y-Al,O; by slurry-
ing in a freshly distilled solvent {THF for
[Re»(CO),,l, hexanes for [H;Re;(CO),,] and
{{CH;),P{(COD)]} for 4 h. The solvent was
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then pumped off and the solid dried in vacuo
overnight. The sample was then stored un-
der dry N,.

Samples with total metal loadings of |
wt% were typically used in the IR experi-
ments; a Re loading of 1 wt% and a Pt load-
ing of 0.56 wt% were typical of the samples
used in XPS and TPR experiments.

Several catalysts (0.8 wt% Re/y-AlLO;;
0.36 wt% Pt/y-Al,0,, 0.32 wt% Pt, 0.60 wt%
Re/y-AlLO;: 0.56 wi% Pt, 1.0 wt% Re/
v-Al,O,) were prepared by the incipient wet-
ness technique with aqueous solutions of
Pt(NH;),(NO;), (Strem) and NH,ReO,
(Alfa). The resulting solids were allowed to
stand overnight at ambient temperature fol-
lowed by drying at 120°C for 12 h. After
calcination in air at 500°C for 2 h, Pt/y-Al, O,
and Re-Pt/y-Al,O; were stored in closed
containers before use. The calcined Re/y-
AlLLO; was subsequently treated in flowing
N, (99.99%) at 500°C for 2 h to increase the
dispersion (/0).

The metal contents of the samples were
determined by X-ray fluorescence spectros-
copy with a Philips PW 1410/80 automated
X-ray spectrometer.

Characterization of Surface Metal-

Containing Species

Strategy of the spectroscopic experi-
ments. Spectroscopic methods were used to
examine the structures of the cluster-de-
rived supported metal catalysts at different
stages of preparation. The strong absorp-
tions of the carbonyl ligands of the organo-
metallic clusters in the IR spectra provide
comparisons of the complexes in solution
with those on the y-Al,O, surface. The
structural evolution of the supported metal
carbonyl clusters in H, was followed by in-
situ IR spectroscopy. After reduction of the
sample in H,, CO was used as a probe and
chemisorbed on the samples at 50°C to help
determine the structure of the supported
metal.

XPS was used to provide information
about the Re 4f binding energies, which are
related to the oxidation state of Re surface
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species. The partial overlap of the Al 2p and
Pt 4f XP peaks hinders the determination of
the Pt oxidation state, and no useful results
were obtained for Pt with this method. The
reduction behavior of the samples was fur-
ther characterized in TPR experiments.

Infrared spectroscopy. IR spectra were
measured with a Nicolet 7199 Fourier trans-
form spectrometer with a spectral resolution
of 2 cm~'. Solution spectra were obtained
with a 0.2-mm CaF, cell. Solid samples were
pressed at a pressure of 10,000 psi into self-
supporting wafers and characterized in a
controlled-environment quartz cell with
NaCl windows. The IR cell was connected
to a gas manifold so that the sample could
be treated in gaseous environments or under
vacuum.

The structural evolution of the surface
species derived from the organometallic
precursors on partially dehydroxylated -
Al,O; under H, was characterized by the IR
absorption in the vqq region. Each sample
was heated from ambient temperature to
400°C in 50°C intervals and then reduced
further in H, at 400°C for 4 h. After the
sample had been cooled in flowing H,, CO
(used as a probe molecule) was allowed to
chemisorb on the sample at 50°C followed
by evacuation before a spectrum was mea-
sured. The resulting carbonyl bands were
used to characterize the structures after re-
duction. The reducibility of Re and Pt in
the alumina-supported samples prepared
from [Re,Pt(CO)5] (1 wt% Re + Pt),
[HiRey(CO)n] (1 wt% Re), and
[{CH,),Pt{COD)] (0.88 wt% Pt) was investi-
gated.

X-ray photoelectron spectroscopy. The
experiments were carried out with a Physi-
cal Electronics AES/XPS spectrometer
(Model 551) equipped with an Al K, anode
(10kV, 60 mA, 1486.6 ¢V) and a cylindrical
mirror analyzer. The base pressure of the
instrument was always < § x 107 Torr,
with typical operating pressures being < 5
x 107* Torr. Samples were ground and
mounted as powders by packing into an alu-
minum holder with a 1-cm diameter X 1-mm
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deep cavity with an aluminum hand press.
The sample was attached to a heatable sam-
ple transfer probe. Each sample was trans-
ferred from the drybox to the prechamber
of the spectrometer under a nitrogen blanket
in an 8-liter plastic bag. The prechamber
was connected to a turbomolecular pump
and a gas manifold so that the samples could
be subjected to in-situ gas treatments and
evacuation.

In a typical experiment, the sample was
first evacuated at room temperature in the
prechamber to remove traces of phys-
isorbed moisture. It was then reduced in
flowing H, at 400°C for 2 h (flow rate =
100 ml (NTP)/min, heating rate = 5°C/min).
After the sample had cooled, the precham-
ber was evacuated to a pressure < 107% Torr
and the sample introduced into the ultrahigh
vacuum chamber. Data were collected over-
night to maximize the signal to noise ratio.
The C,, peak at 284.6 eV was used to deter-
mine the binding energy of the reference
compounds. The Al,, peak at 74.5 eV was
used as the internal reference, and the C,
binding energy was used to check the
internal consistency of the binding energy
assignments. Re foil (Ar™ sputtered),
[Re(CO),0OH],. ReO,, and Re, O, were used
to characterize the binding energies of
Re(0), Re(I), Re(IV), and Re(VII), respec-
tively. To avoid the decomposition of
[Re(CO),OH],. it was mounted on indium
foil and cooled to liquid nitrogen tempera-
ture during data acquisition.

Alumina-supported samples prepared
from (H;Re;(CO),,] and [Re,Pt(CO),,] were
reduced in siti, and the XP spectra mea-
sured. A mechanical mixture of equal
masses of an alumina-supported sample pre-
pared from [H;Re;(CO),.] (1.4 wt% Re) and
an alumina-supported sample prepared from
[(CH,),Pt(COD)] (0.88 wi% Pt) was used to
investigate the effect of the proximity of Pt
on the reducibility of Re.

Temperature-programmed reduction.
The TPR experiments were carried out with
4% H, in Ar or 5% O, in He, flowing over
samples of about 0.3 to 0.4 g of catalyst in
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appartus described by Huizinga et al. (117).
H,, Ar, and He were purified by flowing
through a zeolite 4A trap and a trap con-
taining Cu,O to remove residual water and
O,, respectively. O, passed through a zeo-
lite 4A trap to remove moisture. A thermal
conductivity detector (TCD) was used to
determine the difference in the O, and H,
concentrations of the gas mixture upstream
and downstream of the reactor. The TCD
signal was measured and integrated as a
function of temperature so that the tempera-
ture-programmed reduction and oxidation
spectra were recorded. Before entering the
thermal conductivity cell, the reactor efflu-
ent flowed through a trap containing zeolite
4A to remove water formed during reduc-
tion. The uncertainty in H, consumption
was estimated to be 10%. All samples, un-
less otherwise specified, were first dried at
120°C in He for | h before the reduction
treatment.

The samples consisting of 1.0 wt% Re on
v-Al,O,, 0.8 wt% Pt on y-AL,O;, and [.0
wt% Re + 0.56 wt% Pt on y-Al,O, prepared
from salt precursors were first subjected to
the following rediction treatments with a
total flow rate of 5 mi/min in all cases: (I)
The sample was flushed with Ar at 25°C; (2)
Ar was then replaced by a 4% H, in Ar
mixture, causing the appearance of the
switching peak: (3) after the TCD signal sta-
bilized. the sample was heated at 10°C/min
to 500°C and held at 500°C for 4 h; (4} the
sample was cooled in 4% H, to 25°C.

After the sample had been cooled in 4%
H, in Ar, it was oxidized in a controlled
fashion (passivated) at room temperature by
first passing He for 12 h followed by pulses
of O, (each 3 ul) at one-minute intervals into
a He stream (5 ml/min) for 2 h. Then the
sample was oxidized with a flowing stream
of 49 O, in He for another hour. The passiv-
ated sample was stored at room temperature
for 24 h followed by drying in He at 120°C
for [ h."A TPR experiment was then con-
ducted to determine the reducibility of the
supported metals. The heating profile for the
TPR experiment is illustrated in Fig. 1.
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F1G. 1. The heating profile for the TPR experiment:
(A, D) drying; (B) first TPR, (C) passivation, and (E)
second TPR.

Samples  prepared by  adsorbing
[H;Re,(CO)5] (1.2 wt% Re) and [Re,Pt
(CO)5) (1.0 wt% Re, 0.56 wt% Pt) on y-
AL O, were subjected to TPR over the range
25 to 500°C with a heating rate of 5°C/min.
The samples were then passivated, dried,
and reduced as stated above for the catalysts
prepared from salt solutions.

RESULTS AND DISCUSSION
Characterization of the Sample Formed
by Adsorption of [Re,Pt{(CQ),,] on
y-ALO;
The dark purple THF solution of
[Re,Pt(CO),;] became colorless after stir-
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ring at room temperature for 4 h with -
Al O;. The solid attained a dark brown
color, and, after drying under vacuum over-
night, it had a rust color. Since the sample
was sensitive to air (turning gray in air),
all sample handling and preparations were
performed under dry nitrogen. The IR spec-
trum of the resultant supported cluster (Fig.
2A) is similar to that of [Re,Pt(CO),,] in
THF (Table 1). There was a slight shift to
lower energy in the IR spectrum as a result
of adsorption, and the peaks became broad-
ened, which is typical of supported organo-
metallics. New, weak bands appeared at
2128,2091, and 1907 cm™'. The new features
observed in the spectrum of the solid are
similar to those reported for samples pre-
pared adsorption of [Re,P(CO);5] on +y-
Al,O; (/5).

The similarity of the carbonyl IR spectra
of [Re,Pt(CO);,] and [Re,(CO);,] in THF
and their respective solid-state spectra can
be explained by a vibrational analysis of the
C-0 stretching frequencies in each car-
bonyl cluster on the basis of symmetry argu-
ments. Flitcroft et al. (16) performed a vi-
brational analysis and showed that
[Re,(CO),,] has three IR-active C-O
stretching modes, 2B, and E|, with the ener-
gies being B, > E, > Bj;. Although the point
groups of [Re,(CO),,] and [Re,Pt(CO),,] be-
long to D,, and D,,, respectively, the local
symmetry coordinates for the carbonyl
stretching modes of the two [Re(CO)] moie-

TABLE 1

Infrared Carbonyl Stretching Frequencies of Re and Re~Pt Carbonyl Complexes

Sample peo tem™h) Reference
[Re,PH{CO)5} in THF 2084 (ms), 2021 (s), 2004 (s, sh), 1975 (m) This work
[Re:(CO)y] in THF 2070 (m), 2012 (s), 1967 (m) This work
[Re;PHCO);5] adsorbed on y-Al,04 2128 (vw), 2091 (w), 2073 (m), 2026 (sh), 2015 (s), 1997 This work
{sh), 1907 {m br)

[Re(CO)yy] adsorbed on y-Al,O4¢ 2128 (w), 2095 (w), 2074 (s), 2027 (sh), 2015 (s). 1994 This work
(sh), 1916 (vw, br)

[Re,(CO)yy] adsorbed on y-Al,O, 2127, 2073, 2015, 2009, 1967 (12)

[ReACO),o) adsorbed on Y zeolite

2132, 2080, 2025, 2014

(13)

“ The three Raman-active CO stretching modes have absorptions at 2128, 2029, and 1993 cm ™' (14).
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Fig. 2. IR spectra in the v¢ region of (A) sample
prepared by adsorption of [Re,Pt(CO),»] from THF so-
lution onto y-Al,O; under N, . (B) after 0.5 h of exposure
to H, at | atm and 150°C. (C) after 2 h of exposure to
H, at 1 atm and 400°C, and (D) after subsequent CO
adsorption at 1 atm and 50°C. followed by evacuation.

ties in each complex can be described by a
C,, point group. With this simplification, the
{Re(CO)] moiety in each complex should
have three IR-active C—-O stretching modes,
24, and E. This is consistent with the v¢q
pattern observed for metal complexes
{M(CO);] with square pyramidal structures
and {M(CO);L] (where L = ligand).

A similar approximate vibrational analy-
sis has been applied to the [Pt(CO),] moiety
in [Re,Pt(CO),,]. There is only one IR-ac-
tive CO stretching mode, B,,. in the D5,
local symmetry coordinates for the carbonyl
stretching modes of the [Pt(CO},] moiety.
Therefore, on the basis of the relative inten-
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sities and positions of the IR absorptions
observed in other [Re(CO);L] complexes
(Table 1), the bands at 2084, 2021, and {975
cm ! are assigned to the three C-0 stretch-
ing modes of the [Re(CO);] moiety. The re-
maining band at 2004 cm ! is assigned to
the C-0 stretching mode of the [Pt(CO),]
moiety.

The similarities of the relative intensities
and positions of the IR absorptions of the
[Re(CO);] moiety characteristic of [Re,Pt-
(CO),»] and [Re,s(CO) ] in THF extend to
the respective spectra of the adsorbed spe-
cies on alumina. The spectrum of the sample
formed from [Re,Pt(CO}),,] adsorbed on y-
Al;O, is similar to that of the sample formed
from [Re,(CO),y] adsorbed on y-Al,O,, ex-
cept for the additional band at 1907 cm™!
(Table 1). New but weak absorptions at
2128, 2095, and 2027 cm™ ' appeared in both
spectra. These bands in the sample made
from [Re,(CO),,] are Raman active, and
their presence is explained by the slight dis-
ruption of the symmetry due to the lateral
interaction of the dirhenium complex with
the support surface. The surface dirhenium
complex derived from {Re,(CO),,] adsorbed
on y-Al,O; could be washed off the support
with THF, in agreement with the weak inter-
action of this compound with the support
surface. Therefore, the close agreement of
the IR spectrum of the [Re(CO)<] moiety in
[Re,(CO),y] and that in [Re,PU(CO),,] im-
plies that the [Re(CO);] moiety interacts
weakly with the alumina surface in the
Re-Pt carbonyl complex.

Attempts to extract the mixed-metal car-
bonyl cluster from the surface with THF
were not successful. The failure to remove
the Re—Pt organometallic from the alumina
surface suggests that it had been chemi-
sorbed onto the support surface.

The additional band at 1907 cm™! is now
tentatively assigned to the CO stretching
frequency of the [Pt(CO),] moiety. The ob-
served downshift from 2004 to 1907 ¢cm™!
suggests that a strong interaction between
the [P{CQ),] moiety and the support sur-
face leads to an increase in the 7r-back dona-
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tion from Pt to the 7* antibonding orbital of
the CO ligand. Since the [Re{CO);] moiety
in the Re-Pt carbonyl cluster interacted
weakly with the alumina surface, the car-
bonyl cluster probably interacted strongly
with the surface via the [Pt(CO),] moiety,
but the exact nature of the interaction is not
known.

In summary, the surface species derived
from the adsorption of [Re,Pt{CO),,] on par-
tially dehydroxylated y-Al,O, was chemi-
sorbed. Simple contacting with THF, in
which the cluster is soluble, did not remove
the organometallic from the alumina sur-
face. This evidence implies that the Re-Pt
organometallic cluster interacts strongly
with the surface, probably through the
[Pt{CO),] moiety.

Reactivity of the Surface Species
Derived from v-AlLOs-Supported
[R(’sz(CO)lz] in H2

Characterization by IR spectroscopy.
After exposure of the supported mixed-
metal cluster to flowing H, at 150°C for 0.5
h, the initial IR absorptions disappeared,
and bands appeared at 2032 (s), 1925 (s), and
1903 (sh) cm ™' (Fig. 2B). The band pattern
is shifted to higher energy by 10 cm ™! but
otherwise is in close agreement with the pat-
tern characteristic of a mononuclear Re
subcarbonyl species having C, symmetry,
as observed by Kirlin ¢ af. (17). Kirlin's
sample was prepared from alumina-sup-
ported [H;Re;(CO),,] treated at 225°C in H,
for 4 h. This Re subcarbonyl was formulated
as [Re(CO),{0O-Al} {HO-AI},] (/7). Similar
Re subcarbonyls on MgO have been formed
from [HRe(CO):] and characterized by vi-
brational (/8) and X-ray absorption (/9)
spectroscopies.

To test our assignment and the formation
of the mononuclear Re subcarbonyl sur-
face species from the supported mixed-
metal cluster, a sample prepared from
[H;Re;(CO),,] adsorbed on y-Al,O, was re-
duced in H, at 150°C for 0.5 h. Nearly the
same IR absorption band pattern as that of
the sample derived from the supported
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mixed-metal cluster was observed [2037 (s),
1925 (s), and 1895 (sh) cm™ '], consistent
with the suggestion that the mixed-metal
cluster had been fragmented upon heating,
resulting in the formation of the partially
oxidized Re in the form of a subcarbonyl.

The observed surface reaction between
the organometallic clusters and the support
surface can be understood on the basis of
the reactivity of the carbonyl clusters with
nucleophiles such as surface hydroxyl and
p-oxo groups (20). The spectrum of the Re
subcarbonyl surface species persisted with
decreasing intensity at higher temperatures.

After reduction at 400°C for 2 h, no car-
bonyl absorptions were observed for the
sample prepared from [Re,Pt(CO),,] on alu-
mina (Fig. 2C). Subsequent CO chemisorp-
tion at 50°C resulted in carbonyl bands at
2122 (w, bryand 2068 (s) cm ! (Fig. 2D). The
2068 ¢cm~! absorption is assigned to linear
CO adsorbed on metallic Pt (/4). The weak
absorption at 2122 cm ™! is assigned to CO
adsorbed on unknown surface cationic spe-
cies. As the metal species become more
electropositive, there is a decreased ten-
dency for electrons to be transferred to the
7* antibonding orbital of CO from the d-=-
bonding orbital of the metal, leading to a
shift to higher energy in the CO stretching
frequency relative to that of linear CO ad-
sorbed on metallic Pt. No carbonyl bands
corresponding to bridging carbonyls on Pt
or CO adsorbed on metallic Re (2044 cm™")
were observed. The lack of bridging car-
bonyl absorptions of CO on metallic Pt sug-
gests that the Pt particle or cluster size was
small (27).

To determine the structure of the Re spe-
cies in the reduced cluster-derived Re-Pt
catalyst, NO was also used as a probe mole-
cule to detect the presence of cationic Re
species after CO chemisorption. However,
no adsorption was observed in the
1900—1700 cm ' region where stretching fre-
quencies corresponding to NO adsorbed on
surface Re species were expected (22).

In  contrast, after treatment of
[H;Re;(CO),,] on y-AlLO; in H, at 400°C for
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4 h, only a very weak broad absorption in
the v region with a peak at 2044 cm ™! was
observed. This band is assigned to linear
CO adsorbed on metallic Re (27, 22) and
suggests that only a small fraction of the
Re had been reduced to metal under these
conditions. This result is consistent with the
strong interaction between Re and y-AlL O,
in samples with low Re contents, leading
to the low reducibility of y-Al,O,-supported
Re catalysts (10).

Another experiment was carried out to
investigate the IR band position of CO chem-
isorbed on metallic Pt. A sample prepared
by adsorbing [(CH,),Pt(COD)] on alumina
(0.88 wt% Pt) was treated in H, at 400°C for
4 h followed by CO adsorption at 50°C. A
carbonyl band was observed at 2068 cm ™!,

XPS. XPS was used to examine the oxida-
tion state of Re after reduction in both Re
and Re-Pt samples derived from organo-
metallic precursors. The binding energies of
the Re foil, [Re(CO),0H],, ReO,, and Re, 0,
were measured to characterize the oxidation
states of Re(0), Re(l), Re(IV), and Re(VII),
which are 40.0, 40.2, 42.5, and 46.4 eV, re-
spectively. Details are given elsewhere (23).

Binding energies corresponding to Re
(VI[) were detected in the sample of
ReQ., which were probably caused by air
oxidation leading to the formation of a sur-
face oxide layer of Re,0,. The Re 4f;,, bind-
ing energy characterizing Re(IV) in ReO,
was found to be 42.5 eV, which is in close
agreement with values reported (Table 2).

The binding energies characteristic of me-
tallic Re and Re(VII) range from 40.0 to 46.4
eV. This wide range allows a clear distinc-
tion between Re(0) and Re(VII), but the dis-
tinction between Re(0) and Re(l) is not
clear. The intense Al,, line strongly inter-
fered with the Pt 4f;, binding energy

[Pt(0) = 70.9 eV]. Therefore, only the 4f

binding energies of Re were examined.
Reduction of the sample formed from
[Re,PHCO),») adsorbed on y-Al,O,. Par-
tially oxidized Re surface species were ob-
served after the sample prepared from
[Re,PHCO),,] adsorbed on y-Al,O, had
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TABLE 2

XP Binding Energies of Alumina-Supported Re and
Re-Pt Samples (24)

B. E. (eV)
Sample Re 4f7, C (¢
Sample prepared by adsorption 46.7 284.6
of [HiRe(CO)p] on y-ALOY
Sample prepared by adsorption 41.3 284.0
of [Re-Pt(CO)5] on y-AlLO;
treated in H, at 250°C
Sample prepared by adsorption 40.5 284.3
of [Re;PI(CO)y1] on y-ALO;
A physical mixture of equal 47.7 284.4

masses of sample prepared by
adsorption of [H;Re;(CO),5] on
v-ALO; and sample prepared
by adsorption of
J{CH):PUCOD)) on y-AlLO,"

“ Al 2p = 74.5 eV is used as the reference binding
energy, and the reported C ls binding energy is re-
ported only as a consistency check.

b Sample was heated in H, at 400°C for 2 h.

been treated in H, at 250°C for 2 h (Fig. 3C).
The observed Re 4f5,, binding energy of 41.3
eV characterizes Re oxidation states be-
tween + [ and +4. Tysoe et al. (25) observed
Re species with an approximately | eV shift
in the binding energy relative to that charac-
teristic of metallic Re (39.7 eV) in their in-
vestigation of the oxidation and reduction of
Re~Pt thin films. They assigned the binding
energy to Re(ll). Nguyen er al. (26) also
reported a Re 4f;,. binding energy of 41.6
eV for ReO. Therefore, the binding energy
measured in the present work for Re surface
species derived from [Re,Pt(CO),,] after
treatment in H, at 250°C is inferred to be
consistent with a +2 oxidation state for Re.

After treatment in H, at 400°C for 2 h, the
Re in the sample was reduced to a lower
oxidation state than that which resulted
after treatment at 250°C (with a Re 4f;,, bind-
ing energy of 40.5 eV, Fig. 3D). As the bind-
ing energies characterizing Re(0) and Re(l)
were 40.0 and 40.2 eV, respectively, and the
limit of the experimental accuracy in the
measured blinding energy was approxi-
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Fic. 3. XP spectra of (A) sample prepared by adsorp-
tion of [H;Re;(CO);5] on y-ALO; after treatment in H,
at 400°C for 2 h, (B) sample prepared as a physical
mixture of equal masses of a sample prepared from
[H;Re{(CO);,) adsorbed on y-ALO; and a sample pre-
pared from [(CH,),Pt(COD)] adsorbed on y-Al,O, after
treatment in H, at 400°C for 2 h, (C) sample prepared
by adsorption of [Re,P{CO),] on y-Al,O; after treat-
ment in H, at 250°C for 2 h, and (D) sample prepared
by adsorption of [Re,Pt(CO) | on y-AlLO, after treat-
ment in H, at 400°C for 2 h.

mately 0.3 eV, the assignment of the formal
oxidation state of the Re surface species is
difficult. For comparison, Re binding ener-
gies for conventionally prepared Re—Pt cat-
alysts treated in H, (27) and those reported
for a Re-Pt alloy are also inciuded in Ta-
ble 3.

There are several candidates for the Re
surface species having a binding energy of
about 40.5 eV in the sample prepared from
the mixed-metal cluster:

(1) Re may be in the metallic state. Shifts
of ca. 0.5 eV have been observed for other
highly dispersed metal catalysts and were
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explained in terms of the final state effect
(31, 32). The upshift in the binding energy
relative to that characteristic of bulk Re
metal (B.E. = 40.0 eV) is caused by the
ineffectiveness of small supported metal
crystallites in screening the core-hole after
the photoelectrons are ejected. This slightly
positively charged core-hole gives an up-
shift in the observed binding energy.

(2) Re exists as low-valent cationic
species.  The  reference  compound
[Re(OH)(CO),],, with Re in a formal oxida-
tion state of + 1, was found to have a binding
energy of 40.2 eV. The observed binding
energy of 40.5 eV for the surface species
derived from reducing the sample formed
from [Re,Pt(CO);.] is equal to this value
within the experimental error. The strong

TABLE 3
XP Binding Energies of Re and Re—Pt Samples

B. E. (eV)
Sample Re 4f;, Cls Ref.
Re-Pt alloy (60% Re. 40.6 — (28)
409 P)”
Ten monolayers of Re 40.4 — (29)
on P11
Ten monolayers of Re 40.8 — 29)
on Pt (111) followed
by annealing to 877°C*
Sample of Re-Pt 42,5  284.6" 27
catalyst (2.79% Re,
2.4% Pt) prepared
from salt precursors'
Sample of Re-Pt 422 285.6f (30

catalyst (0.9% Re,
0.9% Pt) prepared
from salt precursors®

“ Au 4f;, = 84 eV is used as the reference binding
energy.

? Pt 4f;,, = 70.9 eV is used as the reference binding
energy.

* Sample heated in H, at 500°C for 4 h.

4 Cls = 284.6 eV is used as the reference binding
energy.

¢ Sample heated in H, at 485°C.

"Al 2p = 74.5 eV is used as the reference binding
energy, and the reported C 1s binding energy is stated
only as a consistency check.
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interaction between Re and the oxide sup-
port might prevent the complete reduction
of Re in the presence of H, at 400°C. In most
XPS investigations of alumina-supported
Re—Pt catalysts, the Re binding energy has
been found to be greater than 40.5 eV after
reduction at 500°C (27, 30, 33). Further-
more, Re is an oxophilic metal and may be-
come cationic as a result of polar interac-
tions. These polar interactions may be
analogous to the interactions of Re with oxy-
gen induced by O, adsorption on Re-Pt
alloy, which leads to partial oxidation of Re
(31, 40).

(3) Re and Pt form a bimetallic surface
alloy. XP spectra characterizing a Re-Pt
alloy (60% Re, 40% Pt) showed a Re 4f5,
binding energy of 40.6 eV (28, 29). The up-
shift in the binding energy may be attributed
to the electronic interaction between the
two metals. The XP binding energy of Re
in a reduced SiO,-supported Re-Pt sample
was also found to be 40.7 = 0.1 eV, which
is 0.2 eV higher than that measured for re-
duced SiO,-supported Re (35). Therefore,
it is inferred that the electronic interaction
between Re and Pt would result in a higher
Re binding energy than that characteristic
of metallic Re.

These possibilities can be evaluated on
the basis of the IR results. Case (3) can be
rejected because the frequency of linearly
adsorbed CO on Pt was the same for the
sample prepared from [Re,Pt{CO),,] and
that prepared from [(CH,),Pt(COD)] on -
Al,O, after reduction. If there had been elec-
tronic interactions between Re and Pt, there
would have been a difference in these fre-
quencies (35). Furthermore, we did not ob-
serve any linearly adsorbed carbonyls that
would indicate the presence of metallic Re.
Although the extinction coefficient of CO
adsorbed on metallic Re might be less than
that of CO on Pt, the high Re to Pt ratio
in the cluster-derived catalyst suggests that
linearly adsorbed CO on metallic Re would
have been observed if it had been present in
substantial concentrations (27, 22). On the
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other hand, no cationic species were ob-
served by NO adsorption. Therefore, it is
suggested that the Re adsorption sites may
have been modified after reduction, and it is
not possible to exclude the existence of ei-
ther metallic Re [Case (1)] or cationic Re
[Case (2)] after reduction.

The facilitation of the reduction of Re by
Pt in the cluster-derived catalyst suggests
that the two metals were in close proximity.
The interaction between them might indi-
cate the presence of Re—Pt ensembles or of
hydrogen spillover. To assess the possibility
that the two metals must be in close proxim-
ity for the ease of reduction of Re, a sample
in which the Re and Pt were widely sepa-
rated (consisting of a physical mixture of
equal masses of a sample of y-Al,O,-sup-
ported [H;Re,(CO)\»] and a sample of -
Al,O;-supported [(CH,),Pt(COD)]) was pre-
pared and reduced under the conditions
stated above for the sample prepared from
{Re,Pt(CO),,]1. The average Re binding en-
ergy was found to be 47.7 eV, indicating a
mixture of species with Re oxidation states
between +4 and +7 (Fig. 3B). The average
oxidation state of Re in this mixture was
almost the same as that of the Re surface
species derived from [H;Re;(COj,] on -
Al O, after treatment in H,. but it was mark-
edly higher than that in the sample prepared
from [Re,Pt(CO),,]. Since the y-Al,O; used
in all three samples had been predried at the
same temperature, they all had the same
degree of hydroxylation and presumably the
same resistance to transport of surface spe-
cies. Thus we infer that the Pt-facilitated
reduction of Re does depend on the proxim-
ity of Re and Pt.

In summary, it is concluded from the XP
spectra that the sample prepared from
{Re,Pt(CO),51/v-AlL O, after H, treatment
incorporated Re in a low-valent form. How-
ever, it is unclear whether Re existed in the
+1 or the zerovalent state. Pt facilitates the
reduction of Re, and it is inferred that Pt
was likely near Re in the sample derived
from [Re,Pt(CO),,]. When combined with
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the IR results, the XP spectra lead to the
speculation that Pt may lie atop the Re and
block adsorption on it.

TPR. To confirm the ease of reduction
of Re and the homogeneity of the surface
species, TPR experiments were carried out
with the samples derived from [Re,
Pt(CO),,] and from [H,Re,(CO),,] adsorbed
on alumina after controlled oxidation. TPR
has been applied frequently to characterize
interactions between metals in supported bi-
metallic catalysts (36). The method is sensi-
tive to differences in the reducibility among
samples, helping to differentiate the struc-
tures in supported metal catalysts (such as
metal crystallites and metal oxides) and to
characterize the metal-O bond strengths in
samples with very low metal contents. Sev-
eral investigators have attempted to use
TPR to elucidate the structure and the inter-
actions of Re and Pt in supported catalysts
(37-41). The interaction between the two
metals has been found to be influenced by
the Re loading (42—44), the ratio of the two
metals (37), the chloride content (45), the
water partial pressure in the H, used for
reduction (38, 42—4), and, especially, the
temperature of the drying or calcination pre-
ceding reduction (37-39, 44). When an alu-
mina-supported Re-Pt sample prepared
from salt precursors was dried at tempera-
tures below 200°C, TPR showed that the
coreduction of the two metals occurred at
a temperature intermediate between those
characteristic of the two monometallic
counterparts (37-39). In contrast, when the
catalyst was dried or preoxidized at 500°C,
two separate reduction peaks were ob-
served. The reduction profile was similar
to the sum of the individual profiles of the
alumina-supported Re and the alumina-sup-
ported Pt. The results were explained by the
interaction of Re and Pt caused by the high
mobility of the Re oxide on the hydroxylated
alumina surface, leading to the formation of
Re-Pt aggregates during reduction (37, 38).
In contrast, dehydroxylation at high temper-
ature suppressed the mobility of Re oxide,
and consequently the Re could be reduced

FUNG ET AL.

only at high temperatures; the reduction
profile is similar to that of monometallic Re
on alumina (37, 39).

The catalytic nature of the reduction was
demonstrated by Ziemecki et al. (46) with
Re, 0, on palladium black; the reduction of
Re,O, occurred at temperatures well below
200°C, resulting in the formation of Re-Pd
alloy. Mieville (47) also demonstrated a cat-
alyzed reduction of Re oxide, but in a physi-
cal mixture of Pt on alumina and Re on alu-
mina. He therefore proposed that Pt acts as
an initial site for hydrogen spillover. The
activated hydrogen was inferred to facilitate
the reduction of the neighboring Re oxide to
give metallic Re, which then could act as a
catalyst for the reduction of the remaining
oxide. The rate is influenced by the hydro-
gen transfer on the alumina surface, which
is controlled by the degree of hydroxylation.
Mieville argued that a Re—Pt “*alloy™’ is not
a necessary requirement for the observed
coreduction.

The observed catalyzed reduction of Re
1s a manifestation of hydrogen spillover. A
reference frequently quoted to argue against
the spillover phenomenon is that of Isaacs
and Petersen (39). They showed that hydro-
gen spillover from Pt alone could not pro-
duce enough active hydrogen under their
conditions to account for the reduction of
Re, but they did not account for the autocat-
alytic effect once Re oxide is converted to
metallic Re to become a new reduction cat-
alyst.

In the present work, TPR of samples pre-
pared from the mixed-metal cluster and
samples prepared from salt precursors was
used in attempts to understand the reducibil-
ity of Re and Pt, the homogeneity of the
resulting surface species, and the possible
interactions between the two metals after
reduction. Experiments were carried out
with the catalysts derived from [Re,Pt-
(CO) ] (0.56 wi% Pt, 1.0 wt% Re) adsorbed
on y-Al,O; and [H;Re;(CO),5] (1.2 wt% Re)
adsorbed on y-AlLO;, which had been pre-
viously reduced at 500°C for 4 h followed by
controlled oxidation (passivation) at room
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temperature. The reduction profiles were
compared with those obtained for the pas-
sivated samples prepared from salt precur-
sors, Re on y-ALO; (0.8 wi% Re), Pt on
v-Al,O, (0.8 wt% Pt), and Re-Pt on y-Al,0,
(0.56 wt% Pt, 1.0 wt% Re). The salt-derived
samples had been prereduced at 500°C and
oxidized carefully at room temperature
(passivated). Previous TPR investigations
of Re-Pt catalysts have shown that by oxi-
dizing a reduced, conventionally prepared
Re-Pt sample at approximately 100°C, the
intimacy of the two metals can be main-
tained (37). Precautions were taken to dry
each sample at 120°C in He before the sec-
ond reduction to maintain a comparable sur-
face hydroxyl group content from one
sample to another. This approach of investi-
gating the passivated, prereduced cluster-
derived samples alleviated the complica-
tions caused by the evolution of CO, CO,,
and/or CH, resulting from the reaction of
the carbonyl ligands with the support and
the gas atmosphere during the initial reduc-
tion step. Otherwise, with the TCD it would
not be possible to distinguish the H, con-
sumption from the evolution of other gases,
making the actual rate of H, consumption
difficult to determine.

The interpretation of reduction profiles
measured in the TPR of passivated noble
metals is usually based on the assumptions
that, during the room-temperature passiv-
ation, oxygen is adsorbed dissociatively,
but that full oxidation does not occur (/7).
The surface of a noble metal particle is usu-
ally assumed to be covered, with an O/M
surface ratio of 1. In the second reduction
after passivation, H, can diffuse through the
oxide layer to the metal core at low tempera-
ture. H, is activated by the inner metal core
and causes the reduction of the surface ox-
ide layer. The temperature corresponding to
the maximum rate of H, consumption be-
comes lower than that characteristic of the
sample prior to passivation. The amount of
H, needed to titrate off the adsorbed surface
oxvgen is correlated with the dispersion of
the metal, since a highly dispersed sample
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is expected to chemisorb more O, than a
sample with low dispersion during passiv-
ation. Information about the particle or clus-
ter size distribution could be inferred from
the broadness of the peak.

The H, consumption in each reduction
experiment was calculated by integration to
determine the area under the reduction pro-
file. The oxidation states of Re and Pt have
been estimated from the calculated amount
of H, needed to reduce Re and Pt in various
oxidation states. The stoichiometric amount
of H, needed to convert each species to the
zerovalent form was then calculated from
the metal loading of each sample. Since the
initial metal oxidation states were not
known exactly, the results stated in this
form should be judged with caution; the data
represent only the apparent H, consump-
tion/emission (47). Other contributions,
such as adsorption, spillover, desorption of
chemisorbed hydrogen, and desorption of
spillover hydrogen have not been consid-
ered, and thus the H, consumption data
may not provide a direct measure of the
true extent of the reduction of the
metals.

The reduction behavior of y-AlLOs-sup-
ported Pr. The reduction profile of the cal-
cined 0.8 wt% Pt on y-Al,O; sample shows a
maximum at 230°C with a shoulder at 380°C
(Fig. 4A). The temperature corresponding
to the maximum rate of reduction is consis-
tent with those reported (11, 37, 39). Hui-
zinga et al. (/1) observed a similar reduction
profile for a 5 wt% Pt on y-Al,O, sample
after it had been oxidized at 200°C, assigning
the low-temperature peak to the easily re-
duced PtO, particles and the high-tempera-
ture peak to isolated Pt cations. The H, con-
sumption of the 0.8 wt% Pt sample was
determined to be 82 umol of H,/g of catalyst
and corresponds to a complete reduction
from Pt(IV) to Pt(0) (Table 4). In the second
reduction after passivation, H, consumption
had already been observed and completed at
room temperature. The amount of H, uptake
was 45 umol of H,/g of catalyst and is in
agreement with a complete reduction of all
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FiG. 4. TPR profiles for (A) calcined Pt on y-AlLO;
prepared from Pt(NH.)4(NO.),. (B) calcined Re on
v-AlLO; prepared from NH ReQ,, (C) passivated sam-
ple of Re on y-Al,O; prepared from NH ReQ,, and
(D) passivated sample of Re on y-Al,0, prepared from
[HiRey(CO)yy] after H, treatment.

the Pt in the sample from Pt(I) to Pt(0) (Ta-
ble 4).

Since the consumption of H, was com-
plete at room temperature, the amount of
H, uptake might instead be interpreted as
the sum of that consumed by titration with
adsorbed oxygen and that chemisorbed by
Pt after the oxygen is desorbed. Interpreta-
tion of the TPR data is not straightforward;
some of the complexities have been summa-
rized by Huizinga et al. (11).

The results of this experiment are consis-
tent with the inference that Pt existed as
Pt(1V) in the calcined Pt sample. Pt was
completely reduced to the metallic state in
the first temperature-programmed reduc-
tion. The results are consistent with the in-
ference that during passivation, oxygen
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chemisorption occurred on the reduced
sample at room temperature. These results
are consistent with those reported by Hui-
zinga et al. (11).

Reduction behavior of y-ALOs-supported
Re samples prepared from salt precursors
and from organometallics. The sample of
Re on y-AlLO, derived from NH,ReO, was
first dried at 500°C in He for 1 h to partially
remove surface hydroxyl groups before the
first reduction profile was obtained. A com-
parison could then be made with the sample
prepared from [H;Re;(CO),,] adsorbed on
v-Al,O4 that had been predried at 500°C.

The temperature corresponding to the
maximum rate of reduction of the y-Al,O;-
supported calcined sample formed from
NH,ReO, was 438°C, but the H, consump-
tion persisted even at 500°C, indicating that
the reduction was incomplete (Fig. 4B).
From the H, consumption, it is concluded
that 69% of the Re was reduced to Re(0),
whereby it has been assumed that all the Re
existed as Re(VII) before reduction (Table
4). Moreover, the broadness of the reduc-
tion profile suggests that a spectrum of sur-
face species might have existed.

The reduction profile of the passivated
sample formed from the salt precursor ex-
hibited a maximum at 390°C with a full width
at half of the maximum height (FWHM) of
110°C (Fig. 4C). The H, consumption was
determined to be 135 umol of H./g of cata-
lyst (Table 4), which is in close agreement
with the amount of H, consumed in the cal-
cined sample (129 umol of H,/g of catalyst).
This result suggests that passivation had led
to a complete oxidation of Re(0) to Re(VII)
instead of a partial oxidation to Re(1I). The
complete oxidation of Re can be accounted
for by the high affinity of Re for O; the oxo-
philic Re is known for its capacity for oxy-
gen storage (48).

Although Re was present as high-valent
oxides both after calcination and after pas-
sivation, the temperatures corresponding to
the maximum rate of reduction were differ-
ent for the two samples. The downshift of
the reduction peak after passivation can be
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TABLE 4

H, Consumption in TPR of Alumina-Supported Re-Pt Catalysts

H, Consumption

Calculated H, consumption®
(umol of H,/g of catalyst)

Sampie (uwmol of H./g of catalyst) Re’* Re'* Re® Re’*
Re on y-Al,O, derived from salt pre- 129 S4 108 161 188
cursor®
Re on y-Al,O; derived from salt precur- 135 54 108 161 188
sor (passivated)”
Re on y-Al,0, derived from 206 64 129 193 225
{H:Re(CO),y] (passivated)
P+ Pté-
Pt on y-Al,O; denved from salt pre- 82 41 82
cursor
Pt on y-Al;0; derived from salt precur- 45 4] 82

sor (passivated)

“ The calculated H, consumption is an estimated value of what would be needed to reduce the stated cationic

species to the zerovalent state.

# Sample was dried at 500°C in He for 1 h prior to TPR.

explained by a weak interaction of the Re
oxide with the alumina surface in the passiv-
ated sample. A TPR experiment with unsup-
ported Re,O; (heating rate = 10°C/min)
gave a reduction peak at only 292°C (49).
Thus the reduction behavior of Re in the
calcined and in the passivated sample im-
plies that Re cations strongly interact with
alumina in the calcined sample and lead to
a higher reduction temperature.

The reduction behavior of the passivated
sample prepared from [H;Re,(CO),,] ad-
sorbed on y-AlLO; was similar to that of the
supported Re sample prepared from the salt
precursor. The reduction began at 193°C and
reached a maximum in rate at 335°C (Fig.
4D). The total H, consumption was equiva-
lent to a reduction of Re(VI) to Re(0) or a
92% reduction from Re (VII) to Re(0) (Table
4). The peak temperature was 55°C lower
than that characteristic of the sample pre-
pared from the salt precursor, but a second
reduction peak appeared at 375°C. The peak
heights are in the ratio 3 : 2 (low-temperature
peak : high-temperature peak).

The origin of the reduction peaks might be

suggested to be associated with the stepwise
reduction of Re(VII) to Re(lV) to Re(0).
However, the relative ratio of the H, con-
sumption based on the stoichiometry of Eq.
(1) and Eq. (2) is expected to be 1.5:2 and
does not agree with the reduction data:

0.5 Re,0, + 1.5 H, — ReO, + 1.5 H,0

or

[ReO,]” + 1.5 H, —
ReO, + H,0 + OH~ (1)

ReO, + 2 H, > Re + 2 H.0. (2)

This result implies that the two reduction
peaks may be produced by two (or more)
types of Re-O interactions in the sample
after passivation. There is not enough infor-
mation to allow an identification of the pos-
sible origins of the interactions. Similar
types of Re—-O interactions may exist in the
v-Al,O;-supported Re sample prepared
from the salt precursor, but the heterogene-
ity of the surface species formed from the
salt precursor resulted in a broad reduction
peak.
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In summary, complete oxidation of all the
Re to Re(VII) took place during passivation
as indicated by the H, consumption in the
second reduction of the passivated samples.
The passivated sample of Re on y-Al,O,,
prepared either from the salt precursor or
the carbonyl cluster, was reduced at approx-
imately 360°C in the absence of Pt. Since Re
is easily oxidized by exposure to O, at room
temperature, its oxophilic character may
pose a problem when O, is used as an ad-
sorbate to determine the exposed Re surface
area in supported Re and Re—-Pt catalysts.

The reduction profiles of calcined
7-ALOs-supported Re-Pt samples prepared
from salt precursors under two distinct sets
of drying conditions were investigated.
After the first temperature-programmed re-
duction experiment, the two samples were
passivated at room temperature followed by
a second reduction experiment to examine
the influence of surface hydroxylation on
their reduction behavior. The reducibility
of a passivated Re-Pt sample formed from
[Re,Pt(CO),,] was also investigated to pro-
vide indirect structural information and
compared with that of the two passivated
Re-Pt samples prepared from the salt pre-
Cursors.

The influence of the degree of hydroxyla-
tion on the reduction behavior of the cal-
cined y-ALO;-supported Re—Pt sample pre-
pared from the salt precursors was
investigated. Prior to reduction, a sample
was dried at 500°C in He for I h. Its reduc-
tion profile exhibited a broad peak with two
maxima, at 308 and 405°C (Fig. 5A). The
amount of H, consumed is only 46% of that
required to reduce all the Pt from Pt(I1V) to
Pt(0) and the Re from Re(VII) to Re(0) (Ta-
ble 5). In contrast, when the sample was
dried at 120°C before reduction, a sharp re-
duction peak with a maximum at 263°C was
observed (Fig. 5C). The FWHM was 60°C,
but the peak tailed at high temperature. The
H, consumption indicates that both the Re
and Pt were reduced fully,

There are reports of the dependence of
the reduction behavior of the alumina-
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FiG. 5. TPR profiles for (A) calcined y-AlLO:-
supported Re-Pt sample prepared from the salt precur-
sors after He treatment at 500°C. (B) passivated form
of this sample, (C) calcined y-Al,Os-supported sample
formed from salt precursors after He treatment at
120°C, (D) passivated form of sample C, and (E)
passivated y-Al,O;-supported sample formed from
|[Re,PHCO) ],

supported samples on the drying tempera-
ture. The degree of surface hydroxylation
has been proposed to affect the mobility of
surface perrhenates, which migrate toward
Pt (39). Alternatively, it may influence the
rate of the hydrogen transfer from Pt to oxi-
dized Re species via surface hydroxyl
groups (417), resulting in the observed facili-
tated reduction of Re.

A downshift in the temperature for the
maximum rate of reduction with respect to
that obtained from the first reduction experi-
ment was observed for the two passivated
Re-Pt samples prepared from salt precur-
sors. The sample that had been dried at
500°C exhibited a maximum reduction rate
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TABLE §

H, Consumption in TPR of Alumina-Supported Re~Pt Samples

H, Consumption (umol of Ha/g of catalysty

Calculated value*

Experimental

Sample result Pt Re? PiPT-Re*t Pttt -Re't PU-Re® P -Re’t P!t -Re® Ptit-Re’!

Re—Pt on y-AlO, derived from 133 82 136 164 190 216 208 245
salt precursors”

Re-Pt on y-Al0; derived from 157 82 136 164 190 216 218 245
salt precursors {passivated)

Re—Pr on y-AlLO; derived from 13 82 136 164 190 216 218 245
salt precursors’

Re-Pt on y-Al0, derived from 93 82 136 164 190 2i6 218 248
salt precursars’ (passivated)

Re—Pt on y-AlLO; derived trom 12 82 137 164 192 219 2i9 246

{Re,PUCOI]P (passivated)

¢ The calculated Hx consumption is an estimate of what would be needed o reduce the stated pair of cationic species (o the zerovalent state.

" The sample was dried at 120°C in He for 1 h prior to TPR.
* The sample was dried at S300°C for 1 h prior to TPR.

at 213°C with a FWHM of 95°C (Fig. 5B).
In contrast, the sample that had been dried
at 120°C exhibited a maximum reduc-
tion rate at 185°C with a FWHM of 75°C
(Fig. SD).

A tentative interpretation of the data can
be made on the basis of the assumption that
during the passivation Re is oxidized to Re
(V1) and Pt is oxidized to Pt(11); these are
the results observed with the monometallic
samples.

The H, consumption of the sample that
had been dried at 500°C is consistent with
the inference that the Pt was oxidized to
Pt(11) during the passivation and the Re that
had not been reduced in the first reduction
was still not reduced, but that the Re that
had been reduced after the first reduction
(and was reoxidized in the passivation) was
(re-)reduced in the second reduction. The
H, consumption of the sample dried at [20°C
was less than that expected on the basis of
assumptions stated in the preceding para-
graph.

The reduction profile of the passivated
v-ALO;-supported Re-Pt sample prepared
from [Re,Pt(CO),,] adsorbed on y-Al,O, was
different from those of passivated monome-
tallic Re samples. The maximum rate of re-
duction occurred at 165°C with a FWHM of

60°C (Fig. SE). Reduction commenced at
65°C and was completed at 330°C. H, con-
sumption was observed at room tempera-
ture, indicating the titration of adsorbed ox-
ygen with hydrogen on Pt. From the H,
consumption data, it follows that Re was
oxidized at least to Re(VI) and the Pt oxi-
dation state was +2 after passivation
{Table 5).

In summary, the TPR results lead to the
following conclusions: The results of the
first reduction experiments show that the
drying temperature influenced the ease of
reduction of Re in the salt-derived Re-Pt
catalysts. This observation agrees with liter-
ature reports (37, 49, 50). After passivation,
the catalyst dried at the low temperature
was easily reduced at a low temperature,
but the amount of H, consumption was less
than that expected on the basis of the as-
sumptions that (1) Re was totally oxidized
to Re(VII), and (2) Pt was oxidized to Pt(1]).
Similarly, the catalyst dried at the high tem-
perature (after passivation) was also easily
reduced at a low temperature. The H, con-
sumption indicated that the Re that had not
been reduced in the first reduction was still
not reduced in the second reduction, but
the Re that had been reduced in the first
reduction (and was reoxidized in the passiv-
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ation), was (re-)reduced in the second re-
duction. The passivated Re—Pt sample de-
rived from the metal carbonyl cluster was
most easily reduced of all the samples
tested. The reduction data (for the passiv-
ated sample) are consistent with the full re-
duction [to Pt(0) and Re(0)] of a sample that
had been oxidized in the passivation step to
give Re(VI) and Pt(1]).

Re—Pt alloy formation? Several pertinent
points presented in the literature regarding
the facilitated reduction of Re in the pres-
ence of Pt supported on Al,O; are the fol-
lowing:

(1) Issacs and Petersen (39) interpreted
their data as an indication that the mobility
of Re (formed from perrhenate) on the Al,O,
surface depends on the degree of hydroxyla-
tion of the surface.

(2) Isaacs and Petersen (39) hypothesized
that Re-Pt alloy formation occurred at the
temperature corresponding to the maximum
rate of reduction indicated by the TPR.

(3) Mieville (41) suggested that surface
hydroxylation influences the rate of hydro-
gen spillover and that the rate of reduction is
controlled by the rate of hydrogen spillover.

Since the oxides of Re and Pt present on
the surface of the salt-derived sample after
calcination are immiscible, it is inferred that
the two metals were segregated at this stage
of the preparation.

Wagstaff and Prins (37), on the basis of
TPR results, concluded that oxidative treat-
ments led to segregation of Re and Pt, but
under mild conditions (e.g., at ca. 100°C)
(passivation) the rate of segregation was
low. Their results and interpretation do not
rule out the possibility that the alloy struc-
ture could be disrupted, with the resulting
metal oxides segregated but in the near
neighborhood of each other on the support.

This literature provides the basis for the
following interpretation of the TPR results
of the present work:

If Re-Pt alloy particles had been formed
at all, they would be expected to have
formed in the first reduction step, because
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the second reduction step is no more severe
than the first. It is also inferred, on the basis
of the assumption that the Wagstaff and
Prins (37) hypothesis is correct, that the inti-
macy of the two metals on the surface was
not altered in the passivation step since this
was carried out under the mild conditions
referred to by Prins and Wagstaff. Since the
samples, following passivation, were ex-
posed to the atmosphere to rehydroxylate
the surfaces to give the same degree of hy-
droxylation in each, it is suggested that any
differences between the samples should be
attributed to properties other than the de-
gree of surface hydroxylation.

Therefore, the relative ease of reduction
of the cluster-derived sample (the one most
easily reduced, i.e., having the lowest tem-
perature for the maximum rate of reduction)
is inferred to be an indication of the relative
intimacy of the two metals in that sample.
The metals were evidently most closely as-
sociated with each other in this sample. Fur-
thermore, the H, consumption of the second
reduction of the Re-Pt cluster-derived sam-
ple indicates that Re and Pt were present in
the form of highly dispersed clusters after
the first reduction and were converted to
oxide clusters of Re and Pt when the sample
was passivated (/3, 37). Re and Pt oxides
are immiscible so that the two metals were
segregated and probably remained close to
each other.

The unexpectedly low H, consumption
characterizing the passivated Re—Pt sample
formed from salts and dried at low tempera-
ture can be accounted for by the hypothesis
of the formation of relatively large Re-Pt
alloy particles. According to the hypothesis
of Isaacs and Petersen (39), the low reduc-
tion temperature of the sample indicates the
formation of Re~Pt alloy particles after the
first reduction. If large alloy particles had
been formed after the first reduction, the
oxidation step (passivation) would not have
disrupted the particles because oxygen-in-
duced segregation would have occurred
(34), because of the high affinity of Re for
0, leading to the formation of a layer of Re
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oxide encapsulating a metallic Pt core (a
cherry model). In this case, the extent of
oxidation of Pt would be limited. In the sec-
ond reduction, H, could diffuse easily
through this Re oxide coating and become
activated by the metallic Pt core at low tem-
perature. Re oxide would then be reduced
at a low temperature because of the ease of
H, activation by Pt. Thus the Re—Pt sample
derived from salt precursors should have
the closest proximity of the Re oxide to Pt
and would be expected to give the lowest
reduction temperature among all samples
tested. However, this speculation is in con-
trast to the conclusion that the cluster-
derived Re-Pt sample has the closest inter-
action between the two metals, as indicated
by the temperature of the reduction peak.

An alternative hypothetical structural
model to account for the low H, consump-
tion in the salt-derived Re-Pt sample is the
following: Re and Pt were segregated after
the first reduction. The Pt dispersion was
very low, with less Pt surface area than in a
highly dispersed Pt sample. Thus, only a
limited extent of oxidation would have taken
place on the surface of Pt during passivation
and little H, was needed to reduce the oxi-
dized Pt to the zerovalent state. To distin-
guish between these two hypothetical mod-
els, more structural information is needed
to determine whether direct Re-Pt interac-
tions existed in the salt-derived sample.

In summary, the degree of surface hy-
droxylation has a significant influence on the
reduction profile of supported Re-Pt cata-
lysts prepared from salt precursors. The
temperature corresponding to the maximum
rate of reduction of the sample after high-
temperature drying was observed to be
higher than that characteristic of the sample
dried at low temperature. By passivating the
sample after high-temperature drying fol-
lowed by exposure to air to rewet the sur-
face, a low-temperature reduction peak sim-
ilar to that characterizing the sample dried
at low temperature was observed. How-
ever, the reduction profiles of the samples
being examined cannot give much structural
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information. Since the Re-Pt interaction is
only a prerequisite for the observed cata-
lyzed reduction of Re, no conclusion can be
drawn about whether the Re and Pt existed
as a highly dispersed surface alloy.

X-ray absorption spectroscopy has been
used to characterize the surface structure of
the cluster-derived and salt-derived cata-
lysts after drying. The results are to be pre-
sented separately (4).
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