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A series of Pt-M (M= Cr, V, Zr) on carbon catalysts have been
prepared using organometallic precursors. The catalysts were sub-
jected to high temperature heat treatment to yield a supported alloy.
The catalysts were characterized by XRD, ESR, chemisorption of
CO, H2, O2, and NH3 and BET surface area. The catalysts were eval-
uated for vapor phase hydrogenation of phenol and benzene. The
thioresistance level of these alloy catalysts was studied for benzene
hydrogenation reaction. Alloy formation was confirmed by X-ray
diffraction analysis. The characterization shows that the catalysts
used here were alloys, with some platinum exposed, covered by MOx

(M= Cr, V, Zr) species. The addition of the second metal suppresses
chemisorption, but that oxygen and ammonia adsorption increased
with the addition of the second metal. It was also observed that
hydrogenation activity is increased when compared with Pt/C cata-
lyst. The catalysts were highly selective either for cyclohexanone
or cyclohexanol in phenol hydrogenation reaction. The alloy cata-
lysts exhibited high thiotolerance level when compared to a Pt/C
catalyst. c© 1998 Academic Press

INTRODUCTION

Addition and alloying of platinum with a second metal
has become a common practice in order to synthesize a
catalyst with characteristics superior to those of the respec-
tive monometallic catalysts (1–7). Many state of the art in-
dustrial catalysts are a complicated mixture of at least two
metals plus one or several dopants. Platinum alloy catalysts
are not only commercially important but are also attractive
objects for scientific studies. Recently studies have been
performed on the preparation, characterization, and cata-
lytic activity of supported alloy catalysts in which platinum
is alloyed with d-block elements such as titanium, zirco-
nium, etc. (8,9). These types of supported alloy catalysts
have been investigated primarily in the form of electrocata-
lysts for phosphoric acid fuel cells (10,11).

1 To whom correspondence should be addressed. Present address: Fuel
Science Program and Laboratory for Hydrocarbon Process Chemistry, The
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The nature and composition of the supported alloy cata-
lyst strongly depends on the way by which it is prepared.
A general method of preparation employed is the co-
impregnation or step impregnation of metallic salt pre-
cursors on the support (12,13). The catalyst can also be
prepared by exchange of carrier surface with solutions of
metallic salts. Recently a new route is receiving atten-
tion that involves the addition of the second metal as an
organometallic compound to a prereduced monometallic
catalyst (14,15). This can proceed via gas phase or liquid
phase, depending on the nature of constituent elements. A
unique feature of this method is the very selective metal
organometallic interaction. This can be achieved because
of controlled surface reaction (CSR) taking place between
the carrier surface (i.e., monometallic catalyst) and the
organometallic precursor.

Selective chemisorption of gases on a supported bimetal-
lic system, where one bimetallic component strongly ad-
sorbs the gas while the other adsorbs either weakly or not
at all, is a good way to either obtain individual metal dis-
persions or assess the effect of one metal on the strength
of adsorption of a gas on the other metal. The advantages
of using multiple adsorbates to probe the catalytic surface
has been reported (16). In bimetallic platinum catalysts one
can determine platinum dispersion by selective chemisorp-
tion of gases. This is facilitated because platinum selectively
adsorbs significant amounts of H2, CO, or O2 at room tem-
perature with well-known chemisorption stochiometries,
whereas that is not the case with most of the addition met-
als. From these considerations it appeared of great interest
to extend the relevance of these concepts to our work.

The catalytic hydrogenation of aromatic hydrocarbons is
a subject of continuous interest from both industrial and
academic standpoints (17). The selective hydrogenation of
substituted benzenes is a key step in the preparation of var-
ious industrially important intermediates (17). Addition of
metallic salts to the reaction medium has been known for
a long time to increase the selectivity of platinum catalysts.
Alternatively, platinum catalysts must be promoted by the
addition of metallic salts or by alloying (18,19). Bimetallic
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or alloy catalysts possesses much longer lifetimes and a
higher activity than platinum-only catalysts; however, the
mode of action of these additives remains obscure. It is still
not established whether they are fixed on the base metal
or act as ensemble sites (20). The nature and texture of
the support and the morphology of the metal particles also
influence the selectivity of the catalyst. Phenol hydrogena-
tion is an important reaction. Cyclohexanone, one of the
products in this reaction is an important intermediate in
the production of caprolactam for nylon-6 and adipic acid
for nylon-66 (21). Cyclohexanone is manufactured by de-
hydrogenation of cyclohexanol using Cu-based catalysts or
air oxidation of cyclohexane or by phenol hydrogenation
(22). Usually phenol hydrogenation is carried out in liquid
phase and is a two-step reaction. Hydrogenation of phe-
nol over a Ni catalyst gives cyclohexanol selectively which
on dehydrogenation over a Cu or Zn catalyst yields cyclo-
hexanone. Recently Montedipe and Johnson-Matthey (23)
developed a process based on promoted Pd/Al2O3 catalyst
for single step vapor phase hydrogenation of phenol to give
cyclohexanone, which is advantageous, where endothermic
step of cyclohexanol dehydrogenation can be avoided.

In this paper the effect of alloying of Pt to Cr, V, or Zr on
the adsorptive and activity behavior of carbon-supported
platinum is explored for a series of platinum–alloy catalysts
prepared by using organo metallic compounds. The cata-
lysts were characterized by CO, H2, O2, and NH3 chemisorp-
tion, X-ray diffraction, and electron spin resonance spec-
troscopy. The platinum alloy catalysts were evaluated for
their activity in vapor phase hydrogenation of phenol. A
complementary study of their reaction behavior in benzene
hydrogenation was also made. Correlations between the
physicochemical characteristics of platinum–alloy catalysts
and activity data were made wherever possible.

EXPERIMENTAL

Catalyst Preparation

The base catalyst, 5 wt% Pt/carbon was prepared by in-
cipient wetting of VULCAN XC-72 carbon (sulfur and iron
free) with aqueous solution of hexachloro platinic acid,
H2PtCl6 · 6H2O (Fluka). The detailed preparation proce-
dure is given elsewhere (24). The alloy catalysts (PtCr,
PtV, and PtZr) were prepared by using the organometallic
precursors namely chromium acetyl acetonate, vanadium
acetyl acetonate, and zirconium isopropoxide (all Fluka)
to deposit Cr, V, and Zr respectively on 5 wt% Pt/carbon.
The base catalyst (5 wt% Pt/C) was prereduced at 400◦C,
cooled in flowing H2 to room temperature and then purged
with N2. It was then maintained in contact for 24 h at 25◦C
with calculated amounts of Cr (C5H7O2)3, or V (C5H7O2)3,
or (C12H28O24) Zr in methanol to yield 0.5–4 wt% Cr, V,
and Zr, as the case may be. The samples were then dried
at 120◦C for 6 h and were annealed at different tempera-

tures (for PtCr, 760◦C; Pt-V, 960◦C; and PtZr, 1200◦C) in
flowing H2 : N2 (1 : 1) gas mixture (rate= 40 ml ·min−1) for
6 h. The annealing temperature for Pt-Cr/C (760◦C), Pt-V/C
(960◦C), and Pt-Zr/C (1200◦C) were selected on the basis
of the phase diagrams showing the solubility of individual
metal constituents, i.e., Pt-Cr, Pt-V, and Pt-Zr, to obtain
ordered alloy phases in the prepared catalysts. After com-
pletion of heat treatment H2 : N2 mixture was replaced by
N2 and the sample was left to cool to room temperature. The
base catalyst, Pt/C was also reduced at 760, 960, and 1200◦C
in flowing H2 : N2 (1 : 1) gas mixture (rate= 40 ml ·min−1)
for 6 h for comparison with Pt-alloy catalysts. All the cata-
lyst samples after heat treatment were collected in sample
bottles and kept in a desiccator until used.

Chemical Analysis

The platinum content in the monometallic catalyst and
Pt, Cr, V, and Zr contents in alloy catalysts were deter-
mined by inductively coupled plasma analysis (ICP) (Lab-
tam Instruments, Australia). For ICP analysis about 0.5 g of
catalyst sample was dissolved in a 3 : 1 mixture of concen-
trated HCl and HNO3 (aquaregia) and digested for 1 h on
a hot plate. The resulting slurry was filtered, washed with
deionised water, and made up to a definite volume. From the
ICP analysis the active components (Pt and Cr, V, and Zr,
respectively) loading fell within the range of =0.005 wt%
variation of the theoretical value.

X-Ray Diffraction (XRD)

X-ray diffraction was used to confirm alloying between
constituent elements in the catalysts. XRD patterns of Pt/C
catalyst reduced at different temperatures were also ob-
tained. A Phillips X-ray diffractometer (PW-1051) with
nickel filtered CuKα radiation was used for X-ray diffrac-
tion studies of the samples. The tube voltage was 40 KV,
current was 45 mA, and the scanning rate was 20◦/min. Ev-
ery sample was carefully ground and fully packed into the
XRD cell. The crystallite sizes of various samples were cal-
culated from maximum intensity peak by using the scherrer
relationship:

Dhkl = K − λ
Bhkl cos θ

.

Bhkl is the width of the peak at half the peak maximum
corrected for both the effect of K1-K2 separation and in-
strumental broadening (K1 an K2 are constants) was ob-
tained directly from the pattern-fitting procedure applied;
as a consequence the instrumental broadening accounted
for assuming a Cauchy relationship (25).

Electron Spin Resonance (ESR)

ESR spectra of these samples were recorded on a
Bruker ER 200 D-SRC X-band spectrometer with 100 KHz
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modulation at room temperature. The catalyst sample to be
studied was placed in a U tube attached with a graded seal
which was then connected to a high vacuum system and was
degassed to 10−6 torr pressure at 200◦C for 6 h. The sample
was cooled to room temperature under vacuum and then
detached from the high vacuum apparatus. Only the Pt-V/C
catalysts had an ESR signal.

Chemisorption Studies

A conventional Pyrex glass high vacuum system hav-
ing a stationary background vacuum of 10−6 torr (1 torr =
133.3 Pa), with a facility to reduce the sample in situ
by flowing hydrogen, was used in all chemisorption ex-
periments. In a typical experiment the catalyst sample
(ca 0.5 g) was placed in a U-shaped glass adsorption cell
and was reduced by flowing hydrogen (40 ml/min) at 500◦C
for 4 h for platinum–alloy catalysts and 250◦C for 6 h for
a monometallic catalyst. The Pt/C catalyst reduced at 760,
960, and 1200◦C was also pretreated at 250◦C before car-
rying out chemisorption experiments. Reduction at 250◦C
in the case of platinum–alloy catalysts was found to be in-
sufficient in our preliminary investigations. After evacuat-
ing the sample at the pretreatment temperature the sample
was cooled under dynamic vacuum to room tempera-
ture (25◦C), where the chemisorption measurements were
made. The chemisorption isotherms were generated by us-
ing the following gases: H2, O2, CO, and NH3 (Matheson,
USA). The amount of chemisorbed gas on the catalyst sam-
ple was determined after discounting the physisorption. The
experimental details of these adsorption methods are well
established and reported and the same were adopted in this
study (26). The BET surface areas of the samples before and
after alloying, i.e., for impregnated samples and heat treated
ones, were measured by adsorption of N2 at−196◦C, assum-
ing 0.162 nm2 as the area of cross section of the N2 molecule.
In case of BET surface areas measured after alloying the
sample was saved after chemisorption experiments and was
evacuated for several hours before the N2 adsorption.

Activity Studies

A fixed-bed microcatalytic reactor was employed to carry
out the phenol hydrogenation reaction. About 0.3 g of the
catalyst sample was taken in the reactor (length= 20 cm,
diameter= 12 mm) and kept between two quartz wool
plugs. The sample was pretreated at 500◦C for 2 h in hy-
drogen (40 ml/min) and then cooled to reaction tempera-
ture (200◦C). In case of Pt/C catalyst reduced at different
temperatures, the samples were pretreated at 250◦C for 2 h
in hydrogen (40 ml/min) and then cooled to 200◦C. The re-
actant feed consisting of phenol dissolved in cyclohexane
(1 : 4 wt/wt) with a hydrogen to phenol mole ratio of 4.7,
was fed into the reactor using a microprocessor controlled
Secura (B. Braun, Germany) syringe pump. The reaction
products were condensed in cold traps after steady state

conditions were attained (2 h) and were analyzed by GLC
using 30% SE-30 on chromosorb W column and flame ion-
ization detecter.

A vertical flow microreactor (length= 20 cm, diameter=
8 mm) operating under normal atmospheric pressure and
interfaced with GC by a six-way gas sampling valve was
used to study the catalytic properties of the catalysts in
benzene hydrogenation. For each run about 0.2 g of the
catalyst was prereduced in H2 (40 ml/min) at 500◦C for
2 h and then benzene+ hydrogen feed was introduced to
the reactor by means of bubblers kept at 30◦C. In case of
Pt/C catalyst reduced at different temperatures, the sam-
ples were pretreated at 250◦C in H2 (40 ml/min) for 2 h.
The reaction product obtained was only cyclohexane and
was analyzed by GC using a 10% carbowax 20 M on a chro-
mosorb W column and flame ionization detector. Sulfur
resistance behaviour of platinum alloy catalysts was also
carried out in benzene hydrogenation. For the sulfur resis-
tance study benzene was contaminated by carbon disulfide
(14 ppm). Throughout this reaction benzene (Baker AR
grade, thiophene free) with 99.9 purity was used.

RESULTS AND DISCUSSION

X-ray Diffraction (XRD)

In X-ray diffractograms of Pt/C catalyst reduced at dif-
ferent temperatures showed no characteristic peaks due to
platinum at 250 and 400◦C, indicating that at these reduc-
tion temperatures platinum is in an X-ray amorphous state.
Peaks due to Pt (111) and Pt (200) (27) were observed at 760,
960, and 1200◦C and peak intensities increased with the in-
crease in reduction temperature. This observation showed
that significant sintering of Pt/C catalyst has occurred, re-
sulting in an increase in platinum crystallinity with the in-
creasing temperature.

X-ray diffraction was used to detect alloying between
platinum and the second metal in the catalysts. The X-ray
patterns of Pt-Cr/C catalysts are presented in Fig. 1. It can
be seen from the figure that peaks due to Pt(111) and Cr3Pt
ordered alloy phase are present in the X-ray patterns of
Pt-Cr/C alloy catalysts (28). Sample PR-1 with a low Cr
loading of 0.5 wt% is X-ray amorphous. Above 0.5 wt%
Cr loading the peak intensity increases with the increase in
Cr loading, although the peaks are broad in nature. A small
but observable shift can be seen with respect to Pt(111)
plane. This can perhaps be explained only as a conse-
quence of a partial substitution of the platinum atoms by the
chormium atoms, which are about 10% smaller, i.e. by the
formation of a fcc Pt-Cr solid solution phase. In our opin-
ion an essential reason for the possible reduction of (CrO)x

species to metal in the presence of platinum which occurs
at comparably low temperatures is that much more favor-
able thermodynamic conditions prevail at the heat treat-
ment temperature. By mutual promotion and co-reduction
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FIG. 1. X-ray diffraction patterns of Pt-Cr/C catalysts reduced at 760◦C: Pt (m), Cr3Pt (4).

under the formation of a solid platinum–chromium solu-
tion no intermediate stabilization of low-grade oxidation
states takes place. Engels and co-workers (29) from TPR
experiments found evidence for such a co-reduction of Pt
and chromium. They also found that the attainment of Cr◦

is linked to the stabilization of the Pt (FCC) metal phase
achieved with the alloy formation and cannot be attributed
to a H2 spillover of the platinum during reduction step. Un-
like in Pt-Cr/Al2O3 we did not observe any phases due to
α -Cr2O3 in Pt-Cr/C catalysts. Joyner et al. (4,30) proposed
a model for Pt-Cr metal alloy in zeolites in which the outer
most monolayer consists entirely of platinum and the sec-
ond shell, is enriched in the additive metal, chromium. Both
XPS and XANES indicated a two-step reduction of Cr (VI)
to Cr (111) and Cr (O) states, while analysis of EXAFS data
demonstrates the formation of Pt-Cr alloy particles at a re-
duction temperature of 550◦C.

X-ray patterns of Pt-V/C alloy catalysts are depicted in
Fig. 2. In the pattern of PV-1 (wt%, V= 0.5) a broad band

FIG. 2. X-ray diffraction patterns of 5 wt% Pt/C and Pt-V/C catalysts reduced at 960◦C: PtV (.), PtV3 (r).

due to Pt3V can be seen (31). In other samples strong re-
flections due to PtV3 and PtV-ordered alloy phases could
be seen (31). The reflection due to PtV3 and PtV increased
with the increase in vanadium loading. The formation of
superstructures can be seen in PV-2 (wt%, V= 1.0) and
PV-3 (wt%, V= 2.0) patterns. The existence of ordered in-
termetallic compound demonstrate that Pt-V bonding is
stronger than V-V bonding so vanadium aggregation will
not be favored at equilibrium. This is possible because of
the relatively high temperatures used for reduction, which
should allow efficient mixing of Pt and V in the catalyst.
XRD patterns of Pt-V catalysts show that Pt(111) planes
exhibited a shift with respect to a 5% Pt/C catalysts re-
duced at 800◦C. From Fig. 2 it can be seen that the shift
is in the increasing diffraction angle, that is smaller lattice
spacings. A contraction in the lattice spacing indicates that
vanadium is dissolving in platinum. It appears that the lat-
tice spacing decreases with increasing vanadium content in
the catalysts. The lattice spacings are consistent with a solid
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solution Pt-V alloy with an indication that the vanadium
concentration in the alloy may be less than that expected
from the vanadium content of the catalysts. It is possible
that even if intermetallic phase Pt3V is formed it may be
X-ray amorphous in nature. However, the intensity ratio of
the strongest reflections from the catalysts is in good agre-
ement with that for PtV3 and PtV, rather than Pt3V. Small
peaks due to carbon vanadium oxides were also observed,
indicating that some of the VOx species in the sample are
partially reduced, despite the promotion of reduction by
platinum. Cambins and Chadwick (32) found from XPS
analysis of Pt-V/C alloy catalysts that substantial quantities
of vanadium oxide exist in the catalysts. It was suggested
that the promotion of vanadium is associated with alloying
while the formation of excessive surface vanadium oxide is
tentatively seen as responsible for the fall in activity at high
vanadium loadings.

In the case of Pt-Zr alloying the driving force for al-
loy formation could be the high free energy of formation
for the well-defined intermetallic compound Pt3Zr. Ott and
Raub (33), who studied this reaction with reference to cor-
rosion phenomena, found that alloying started at about
820◦C via the formation of a fcc solid solution Pt1−x-Zrx,
up to a limiting value of 25 wt% zirconium at high tem-
peratures, where there was evidence of the intermetallic
compound Pt3Zr being formed. In the catalysts of present
study (Fig. 3) alloy phases due to Pt11Zr9 and PtZr were
observed (34) in PZ-1 (wt% of Zr= 0.5) and in PZ-2 (wt%
of Zr= 1.0) and in PZ-3 (wt% of Zr= 2.0) and in PZ-4
(wt% of Zr= 4.0) these phases became X-ray amorphous
and peaks due to ZrO2 were observed (34). These strong
reflections, other than those of Pt3Zr, may be because of
the excess amount of zirconia present in the catalyst mass.

FIG. 3. X-ray diffraction patterns of Pt-Zr/C catalysts reduced at 1200◦C: PtZr (d), Pt11Zr9 (h), ZrO2 (❍).

Szymanski and Charcosset (9) have shown from ESCA and
AES studies that the catalysts, even after exposing to air
after preparation, indicated the presence of both zero-
valent zirconium and platinum. At least in the metallic par-
ticles the zirconium is present in the metallic state and not
as a platinum–zirconium–oxygen solid solution phase. The
reaction (reoxidation) which may take place in air under at-
mospheric conditions is confined to the surface of the alloy
particles.

The crystallite sizes calculated from XRD and H2

chemisorption are presented in Table 1. For the samples
for which it has been possible to calculate crystallite sizes
from XRD, they are in good agreement with those calcu-
lated from H2 chemisorption. An increase in crystallite size
can be observed when compared between Pt/C and Pt-M/C
alloy catalysts. Among alloy catalysts the crystallite size is
increasing with the increase in second metal loading. This
may be attributed to an increase in the apparent Pt particle
size or Pt-M alloy or segregated second metal phases.

Electron Spin Resonance (ESR)

The ESR spectra of Pt-V/C alloy catalysts recorded at
ambient temperature are shown in Fig. 4. The samples were
evacuated (10−6 torr) at 200◦C and then cooled to room
temperature before recording the ESR spectra. The sam-
ples were reduced in flowing hydrogen and subsequently
evacuated at 500◦C did not reveal any ESR signal. More-
over, it may be mentioned that the support carbon and
5 wt% Pt/C did not exhibit any ESR signal at the same
pretreatment (evacuation to 10−6 torr for 6 h at 200◦C) and
recording (at 25◦C) the conditions employed in this study. A
broad resonance absorption corresponding to vanadium+4
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TABLE 1

Preparation and Chemisorption Data along with BET Surface Areas and Crystallite Sizes of Pt/C and Pt-M/C Alloy Catalysts

BET S A m2g−1-cat
Active site

Ha
Composition Treatment H2 uptake - - - Before After densityb DHOc Dx

d

Catalyst (wt%) history µ mol · g−1cat Pt alloying alloying (nm−2) nm nm

PC-1 5 Pt 250, H2 81.7 0.64 228 — 0.432 0.13 —

PR-1 5 Pt 0.5 Cr 760, H2 26.7 0.21 225 192 0.134 4.1 —
PR-2 5 Pt 1.0 Cr 760, H2 22.3 0.17 219 178 0.129 4.9 4.8
PR-3 5 Pt 2.0 Cr 760, H2 17.8 0.14 184 131 0.136 6.0 5.2
PR-4 5 Pt 4.0 Cr 760, H2 15.2 0.12 160 111 0.101 7.1 6.5

PV-1 5 Pt 0.5 V 960, H2-N2 23.2 0.18 220 211 0.141 5.0 —
PV-2 5 Pt 1.0 V 960, H2-N2 19.6 0.15 214 183 0.134 5.5 5.1
PV-3 5 Pt 2.0 V 960, H2-N2 17.9 0.14 209 159 0.112 6.0 5.8
PV-4 5 Pt 4.0 V 960, H2-N2 9.8 0.08 170 118 0.081 11.0 9.9

PZ-1 5 Pt 0.5 Zr 1200, H2-N2 20.1 0.16 223 178 0.168 5.4 —
PZ-2 5 Pt 1.0 Zr 1200, H2-N2 17.9 0.14 210 160 0.151 3.5 4.5
PZ-3 5 Pt 2.0 Zr 1200, H2-N2 13.4 0.10 199 147 0.163 4.7 —
PZ-4 5 Pt 4.0 Zr 1200, H2-N2 8.9 0.07 184 129 0.165 6.1 —

a Number of hydrogen atoms chemisorbed to total number of Pt atoms.
b This is equal to the number of hydrogen atoms chemisorbed per unit area of the catalyst.
c DH = crystallite size calculated from H2 chemisorption.
d DX = Crystallite size determined from XRD.

oxidation state can be seen in Fig. 4. The intensity is maxi-
mum in case of PV-2 (wt% of V= 1.0). The spectrum in case
of PV-1 (V wt%= 0.5) is broad. This may be because most
of the vanadium appears to be consumed in alloy formation
and the available free vanadyl species may be less, thus giv-
ing rise to a weak ESR signal. It can also be seen from Fig. 4
that the spectrum becomes diffused at higher vanadium
loading (PV-3= 2 wt% V and PV-4= 4 wt% V). The hyper-

FIG. 4. Electron spin resonance spectra of Pt-V/C catalysts obtained
at 25◦C.

fine splitting corresponding to V4+ (S= 1/2,I= 7/2) are not
observable in the spectra due to the possible spin–spin in-
teraction between adjacent V4+ species in V2O5 spectrum.
The line shape was nearly lorentzian. The g tensor of PV-2
(g= 1.9727) and the line width expressed by maximum
slope separation Hmsl (79 G) are close to those of pure V2O5
(g= 1.98), (Hmsl= 85 G). The leftover vanadyl species after
alloying in the PV-2 sample may be in a highly dispersed
form, giving rise to this spectrum which has been attributed
by various researchers to a V4+ ion, which exists in the non-
stochiometric compound V2O5 formed by partial reduction
(35). The absence of ESR signal for reduced sample shows
that the vanadyl species in the presence of platinum are
being reduced completely to V0 and perhaps to V+3 and
V+2. This observation in ESR study shows that apart from
alloy ensemble sites Pt0 as well as V0 sites may also sepa-
rately exist on the surface. Although it is not a definitive
proof for this model this is evidence for the promotional
effect of reduction of VOx species by platinum. However,
the absence of hfs at room temperature may be explained
as due to shorter relaxation times arising due to very closely
spaced ground and exited states (36,37).

The ESR parameters, namely axially symmetric g values
g⊥ and g‖ calculated from spectra, H representing the peak
to peak line width along with gav values are listed in Table 2
as a function of catalyst composition. The decrease in the
H at higher vanadium loading may be due to the possible
interaction or spin–spin pairing of the adjacent V4+ species.
The maximum H at 1.0 wt% V (PV-1) catalyst may be due to
V+4 species in highly dispersed form. Beyond this loading
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TABLE 2

ESR Parameters of V4+ Species in Pt-V/C Alloy Catalysts

Catalyst Composition (wt%) g⊥ g‖ gavg 1H

PV-1 5Pt 0.5 V 1.9578 2.0055 1.9896 115
PV-2 5Pt 1.0 V 1.9727 2.0142 2.0004 73
PV-3 5Pt 2.0 V 1.9395 2.0151 1.9899 135
PV-4 5Pt 4.0 V 1.9235 2.0215 1.9888 176

the decrease in H value may be due to the formation of
V2O5 agglomerates at the expense of V4+ species. It is also
possible that the lower oxidation states like V3+ which are
not observable at 25◦C may also be present on the catalyst
surface. It is known that the isolated vanadyl species exist
in tetrahedrally coordinated form, whereas the polymeric
vanadyl species (agglomerates) exist in octahedrally coor-
dinated form (35). The same coordinations can be ascribed
to the sites present in PV-1, PV-2 and PV-3, PV-4 samples,
respectively. The ESR observations show that, apart from
alloy sites, there exist VOx sites which may be present in dis-
persed, as well as agglomerated, forms. There is a chance
of VOx species encapsulating alloy sites.

Carbon Monoxide Chemisorption

Table 1 presents preparation and chemisorption data
along with crystallite size of 5 wt% Pt/C and Pt-M/C al-
loy catalysts. CO, H2 chemisorption, and phenol and ben-
zene hydrogenation activity data obtained from the control
experiments on 5 wt% Pt/C at 760, 960, and 1200◦C are pre-
sented in Table 3. It can be seen in Table 3 that at 250 and
400◦C, CO uptake was 54.8 and 58.4 µmol g−1cat., respec-
tively. On the otherhand, with increasing reduction tem-
peratures, i.e., at 760,960, and 1200◦C CO uptake contin-
uously decreased, which shows that considerable sintering
of Pt/C has occurred at these temperatures. The CO uptake
at 760◦C for Pt/C was 45 µmol g−1cat. Whereas for Pt-Cr/C
catalysts reduced at the same temperatures, it ranged be-
tween 46.1 to 20 µmol g−1cat., showing a decrease in CO

TABLE 3

CO and H2 Uptake, TOF Values in Phenol Hydrogenation and Benzene Hydrogenation of 5 wt% Pt/C
Reduced at Different Temperatures

TOF in phenol TOF in benzene
hydrogenation hydrogenation

Temperature CO uptake H2 uptake TOF× 10−2 @ 200◦C TOF× 10−3 @ 100◦C
(◦C) µ mol · g−1-cat. µ mol · g−1-cat. mol · s−1Pt-site−1 mol · s−1Pt-site−1

250 54.8 81.7 83 115
400 58.4 81.7 85 110
500 58.4 82.0 87 114
760 45.0 50.5 123 112
960 34.3 37.2 156 116

1200 22.4 24.5 214 109

uptake with increasing Cr loading. Similarly, CO uptake at
960 and 1200◦C was 34.3 and 22.4 µmol g1cat., respectively.
In case of Pt-V/C catalysts reduced at 960◦C, CO uptake was
between 49.1 to 9.8 µmol g−1cat. and it decreased with in-
creasing V loading. For Pt-Zr/C catalysts reduced at 1200◦C
CO uptake was between 43.7 and 9.8 µmol g−1cat. and it
decreased with increasing Zr loading. Similar observations
were made in case of H2 chemisorption. For a Pt/C catalyst
reduced at different temperatures H2 uptake was same at
250 and 400◦C (81.7µmol g−1cat.) and it decreased with in-
creasing reduction temperatures at 760 (50.5µmol g−1cat.),
960 (37.2 µmol g−1cat.), and 1200◦C (24.5 µmol g−1cat.).
In case of Pt-Cr/C catalysts reduced at 760◦C H2 uptakes
ranged between 26.7 to 15.2 µmol g−1cat. for 0.5 to 4 wt%
Cr loading. For Pt-V/C and Pt-Zr/C catalysts reduced at
960 and 1200◦C, H2 uptakes were between 23.2 to 9.8 and
20.1 to 8.9 µmol g−1cat., respectively, for 0.5 to 4 wt% V,
Zr loading. A close observation of these results shows that
the chemisorption behavior in Pt–alloy catalysts is not en-
tirely due to sintering at the high temperatures that are
used, but also it is the result of second metal addition. If the
chemisorption behavior in Pt–alloy catalysts is entirely due
to sintering, then the CO and H2 uptakes of Pt-Cr/C cata-
lysts should be equal to the CO and H2 uptakes obtained for
Pt/C reduced at 760◦C. Similarly, the CO and H2 uptakes of
Pt-V/C and Pt-Zr/C catalysts should be equal to the CO and
H2 uptakes obtained for Pt/C reduced at 960 and 1200◦C,
respectively. In case of Pt/C catalyst reduced at different
temperatures H2 and CO uptakes become almost equal at
these high temperatures (760–1200◦C). Interestingly, the H2

uptakes obtained in case of alloy catalysts is less when com-
pared to Pt/C catalyst reduced at the same temperatures
(760–1200◦C), which may be due to H2 spillover in case of
Pt/C catalyst (24,38). This observation in case of Pt–alloy
catalysts was attributed to a dilution effect caused with the
addition of the second metal, which may result in a decrease
in H2 spillover. Similarly, higher CO uptakes were obtained
in the case of Pt-alloy catalysts when compared with Pt/C
catalyst reduced at high temperatures (760–1200◦C). This
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FIG. 5. CO uptake as a function of Cr, V, and Zr loading in Pt/C
catalyst at 25◦C: Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (4).

shows that a considerable amount of CO is chemisorbed in a
bridged mode on Pt/C catalyst, where as CO is chemisorbed
predominantly in a linear mode in Pt–alloy catalysts be-
cause of the dilution of Pt sites by the second metal.

The trends in the CO uptake with increasing M (Cr, V,
or Zr wt%) are depicted in Fig. 5. A general trend is ob-
served where CO uptake decreases with the addition of M.
This implies that the number of exposed Pt sites has been
decreased. The decrease in CO uptake follows the order
Pt-Cr>Pt-V>Pt-Zr. An important consideration in in-
terpreting CO chemisorption behavior is that bridge-
bonded CO could be present on the monometallic catalyst.
Dorling and Moss (39) found that on Pt/silica catalysts CO
chemisorption data in conjunction with XRD and electron
microscopy showed that the ratio of Pt surface atoms/CO
molecules adsorbed varied from 1 to 2 with the increase
in the Pt loading of the catalysts, which modified the size
of the Pt particles. Hence, some bridge bonding could lead
to smaller CO/Pt values as compared to H/Pt values, as-
suming a H/Pt value of 1. We found that on monometallic
Pt/carbon catalyst some CO was adsorbed in bridged mode
of chemisorption (40). In Pt–alloy catalysts, bridge bonding
(or multiple bonding) sites for CO on Pt could be blocked by
the second metal, forcing CO to adsorb in a linear manner in
the alloy catalysts. Palazoo et al. (41) reported that the pres-
ence of the second metal M could prevent CO bonding to
multiple Pt sites due to a geometric effect, as observed from
infrared spectroscopic studies. CO seems to be less sensitive
to the Pt ensemble size and may represent a more suitable
probe molecule for measuring exposed Pt surface sites in al-
loy catalysts as long as there are no chemisorption-induced
surface segregation effects. Chemisorption-induced surface
segregation of one of the metals in a alloy system under
certain gaseous environments has been observed before.
Bouman (42), in his publication dealing with surface en-
richment in alloys, has discussed the environment of Pt in

Pt-Au alloys when exposed to CO. This enrichment would
lead to increased Pt-CO bond formation which would lead
to a lower surface energy, as Au or Sn does not chemisorb
CO to the extent that Pt does. But the extent of this kind
of phenomenon could exist in small bimetallic particles dis-
persed on a support is difficult to predict. De Jong et al. (43)
in their infrared investigation of Pt-Ag alloy particles sup-
ported on SiO2 found that after reduction of the alloy parti-
cles and subsequent adsorption of CO the IR band tended
to increase its intensity as a function of time up to 30%. This
could be due to enrichment of Pt induced by CO chemisorp-
tion. If this phenomenon of surface enrichment was present
it could change the nature of surface atoms in a bimetal-
lic/alloy system, depending on the type of gas adsorbed.
The nature of catalyst preparation, metal loading, and the
type of support could play a part in the kind of electronic
interactions possible between the two metallic components
of the catalyst. This could partially explain the results ob-
tained with various adsorbates.

Hydrogen Chemisorption

H2 uptake values are plotted as a function of the second
metal (M) loading in Fig. 6. It can be seen from the figure
that a big drop in H2 uptake values is taking place upon
the addition of M to platinum. However, on the continued
addition of second metal, though, H2 uptake values are de-
creasing; the variation among alloy catalysts is less, when
compared with the monometallic platinum catalyst. A gen-
eral decrease in H2 chemisorption capacities can be ascribed
to dilution of platinum surface sites, which makes some of
the platinum sites inaccessible to hydrogen to chemisorb.
Additionally the variation in H2 chemisorption among al-
loy catalysts may have been caused by enrichment of the
second metal to the surface of the catalyst because it may
tend to migrate over to the surface of Pt-M ensembles and

FIG. 6. H2 uptake as a function of Cr, V, and Zr loading in Pt/C cata-
lyst at 25◦C: Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (4).
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possibly cover the platinum surface, thereby decreasing
H2 chemisorption. It is well known that H2 dissociatively
chemisorbs on platinum at ambient temperature requiring
adjacent surface sites of platinum (44–46). With more and
more second metal being added, fewer Pt ensembles capa-
ble to dissociate H2 may be left and thereby rendered inac-
cessible for hydrogen to chemisorb. The difference in the
trends of the uptake of H2 and CO with increasing second
metal loading may be attributed to the following reasons.
CO adsorption on Pt is known to be associative and con-
sequently a single Pt site would suffice to accommodate an
adsorbed CO molecule. Alloying or addition of a second
metal could lower such adjacent Pt sites, and, therefore, hy-
drogen may not be able to adsorb to the same extent as CO
on bimetallic/alloy catalysts. Verbeek and Schatler made
similar observations on unsupported Pt-Sn alloys (47). They
found that a lesser amount of deuterium was adsorbed on
Pt-Sn alloys, compared to CO and that the alloys adsorbed
both the adsorbates to a lesser extent than pure platinum.
Alexeev et al. (48) reported that in case of MgO-supported
Pt-W catalysts prepared from organometallic precursors,
the addition of W to Pt resulted in a reduction of chemisorp-
tion of CO and H2, with the reduction in chemisorption
being greater for catalysts prepared from organometallic
precursors than those prepared from a combination of re-
spective monometallic precursors. Passos et al. (49) have
studied the effect of In and Sn on adsorption behavior and
hydrogenation activity of Pt/Al2O3 catalysts. The presence
of these two promoters decreased H2 and CO chemisorp-
tion. They ascribed the chemisorption behavior to a geo-
metric effect in which the number of contagious Pt atoms is
decreased by dilution with Sn or In; i.e., the ensemble size
decreases and any electronic properties play a minor role.

The overall trend in the H/Pt ratio seems to indicate that,
on alloying of Pt with M, a drop in H/Pt value takes place
and it continues to decrease although marginally with in-
creasing M (Cr, V, and Zr) loading as presented in Table 1. It
is interesting here to observe among Pt-M/C alloy catalysts
that although Pt dispersion did not change much, on adding
more M, site modification by the second metal becomes
significant. In their work on Pt-M/Al2O3 bimetallic cata-
lysts containing posttransition metals, viz. Te, Sb, Sn, Cheng
et al. (50) found that, on adding the second metal, there was
a dramatic decrease in H/Pt and CO/Pt ratio. Although at
low contents in the catalysts some electronic effects could be
detected, for posttransition metal/Pt ratio, larger than 0.1,
the main effect appeared to be geometric in nature, causing
the blocking of some of the Pt surface sites. Srinivasan and
Davis (51), in their studies on Pt-Sn/Al2O3 catalysts, showed
that one of the roles of tin in Pt-Sn bimetallic catalysts was to
aid in maintaining the dispersion of platinum. The extent of
the reduction of tin and the fraction of platinum in an alloy
form phase depends upon the Sn/Pt ratios, surface area, and
nature of the support material. From Table 1 it can be noted

that a decline in the BET surface areas is taking place after
heat treatment. This observation is expected, since upon the
addition of Pt to carbon and the addition of a second metal
to Pt/C will result in a decrease of total surface area because
of pore blocking. Active site densities are derived from H2

chemisorption and BET surface areas obtained after alloy-
ing. Active site densities (Table 1) are fairly constant in alloy
catalysts and this is expected as they are derived from H2

chemisorption data. The H2 chemisorption depends on sur-
face electronegativities, which are a measure of the ability
of a chemically bonded atom to attract electrons towards
itself (52,53). Charge transfer is an important component
in surface metal–metal bonds that involve dissimilar ele-
ments (54). The decrease in the electronegativity from Pt
towards the d-block elements used is the cause of decline in
H2 chemisorption. But it is clear from this study that the H2

chemisorption method can be used to estimate the number
of dispersed Pt surface sites in the alloy catalysts.

Oxygen Chemisorption

The O2 capacities showed a very different trend as com-
pared to that of CO and H2 (Fig. 7). The O2 uptake increased
with increasing Cr, V, and Zr wt% loading. In the case of Pt-
Au/SiO2 catalysts where the effect of gold on platinum has
been observed to be mainly geometric in nature, it was de-
termined that with increasing gold contents in the catalyst
the amount of O2 adsorbed tended to decrease in a fashion
similar to variations in the H2 and the CO gas uptakes (55).
The increase in the alloy catalysts with increments of the
second metal could be due to several factors. One reason is
that the chemisorption stoichiometry of O2 adsorption on
Pt surface atoms may be modified due to the addition of the
second metal. This change in chemisorption stoichiometry
could be due to the electronic modification of Pt atoms in

FIG. 7. O2 uptake as a function of Cr, V, Zr loading in Pt/C catalyst
at 25◦C: Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (1).
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close vicinity of the second metal ions with various oxida-
tion states. Another reason could be that the second metal
may be present in lower valancy states or metallic form ei-
ther independently or as Pt-M alloy. Metallic V and Cr and
Zr or reduced species could chemisorb O2 at room temper-
ature. These above factors lead to larger O2 uptakes, com-
pared to a monometallic platinum catalyst. As the amount
of second metal increased one could argue that more and
more second metal could go into the reduced state. But
specifically in case of Pt-V/C catalysts ESR results revealed
surface VOx species. Hence, there is an overall possibility
of the second metal getting oxidized and attaining higher
stable oxidation states when coming into contact with ad-
sorbed O2. On the other hand, considering the fact that
Pt-M alloys are formed, the individual components in the
alloy could conceivably chemisorb O2 differently, compared
to the chemisorption on the individual metal components if
they were present in an unalloyed form. The individual O2

chemisorption capacities of the alloy system prepared by
us shows the trend Pt-Cr>Pt-V>Pt-Zr. This is due to in-
creasing reducing capability of Cr and V and also depends
on the order of their respective atomic size. The increas-
ing uptake of O2 with increasing M wt% loading of the
alloy catalysts as observed in our study could also be a re-
sult of spillover of O2 from platinum to the second metal.
Nishiyama et al. (56) found that bimetallic Rh-Sn/Al2O3

showed a greater O2 uptake at room temperature than the
combined uptakes on the monometallic catalysts. This was
attributed to the formation of Rh-Sn alloys, where the tin
atoms may behave like an O2 reservoir. It was proposed
that such a close interaction between the two metals pos-
sibly leads to the spillover of oxygen from the Rh to the
Sn sites and increases the oxygen uptake. The monometal-
lic 5% Pt/carbon catalyst gave an O/H ratio of 0.6. This
shows that the extent of O2 uptake at saturation is lower
than that of H2 at saturation. Boudart and co-workers (44)
have made a detailed study of H2 and O2 adsorption on
unsupported Pt powder and found that the O/H ratio was
0.65. Hence, an O/H ratio in this range appears to apply
for both supported and unsupported samples. One reason
given for lower oxygen uptake on monometallic catalyst is
the relative immobility of the oxygen layer as compared to
hydrogen (57). The amount of weakly adsorbed oxygen is
very small and this shows that oxygen is much more strongly
held than hydrogen at room temperature. The complexities
involved in CO chemisorption (determination of linear and
bridged CO) and O2 chemisorption (bulk oxide formation,
possibility of O2 chemisorption on the second metal) make
H2 chemisorption method more relevant to estimate ap-
parent Pt dispersion and particle size in the alloy catalysts.
This is because of the standard stoichiometry of H/Pt as
unity and the blocking of migration of H2 on alloy catalysts
will also restrict the complications usually arising from H2

spillover.

Ammonia Chemisorption

NH3 has been widely employed as a basic adsorbate to
count the number and strength of acid sites on various solid
surfaces (58,59). NH3 has been selectively used because all
types of acid sites on the catalyst surface are easily acces-
sible to NH3 (diameter 0.26 nm) and it selectively adsorbs
on sites of different strengths. It has been shown that the
values of acidity obtained by ammonia adsorption (for ex-
ample, the amount of NH3 irreversibly adsorbed at a pres-
sure of 300 mm Hg at 25◦C) agree well with those obtained
by other techniques such as n-heptane/n-butyl amine titra-
tions and also with potentiometric titrations (60–62). The
NH3 chemisorption method was also used for carbon sys-
tem and metal surfaces (61,62). The nature and strength of
various acidic sites can directly influence and may be related
to the activity and selectivity of the catalyst (63). The NH3

uptake increased with the addition of M to monometallic
platinum catalyst (Fig. 8). Carbon alone showed 491 µmol
of NH3 uptake, whereas monometallic 5 wt% Pt/C showed
288 µmol per gram of catalyst. This decrease can be at-
tributed to the blocking of acidic sites containing pores by
platinum. The NH3 adsorption capacities of alloy catalysts
is increasing in the order Pt-Cr>Pt-V>Pt-Zr. The NH3

uptake increased with increasing in Cr, V, and Zr loading,
respectively. The total acidic nature of the alloy catalysts
may be contributed by MOx and PtOx species as well as
carbon surface functional groups. Comparatively the low
acidic character of Pt-Zr/C corresponds to the basic char-
acter of zirconium and ZrOx species which are existing on
the surface as shown from X-ray analysis. The observa-
tions show that, upon addition and alloying of Pt/carbon
with Cr, V, and Zr, the acidic strength of the catalyst in-
creases. This shows significant influence of Cr, V, and Zr and
their corresponding MOx species on the chemisorption and

FIG. 8. NH3 uptake as a function of Cr, V, and Zr loading in Pt/C
catalyst at 25◦C: Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (4).
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catalytic behaviour of Pt/carbon upon alloying. On the
other hand, carbon support presents more acidic surface
compared to Pt/C and Pt–alloy catalysts because the cata-
lysts, specifically the alloy catalysts, were subjected to high
temperature treatments in a reducing atmosphere. After
these treatments the support surface becomes clean and
the oxygen surface groups are removed.

Now we present a mechanism for Pt-M alloy formation
on the basis of characterization of Pt-M/C alloy catalysts
prepared in this study. It is possible that the organometallic
compounds which are impregnated on to 5 wt% Pt/C will
decompose to Cr, V, and Zr during calcination and a small
amount of Cr or V or Zr oxides cannot be discounted at
this stage. Of particular interest here is the implication of
strong metal support interaction (SMSI) occurring between
reducible oxides and group VIII metals. Tauster et al. (64)
suggested three different mechanisms for the SMSI effect:
Pt encapsulation by the support, poisioning by impurities,
and alloy formation. Alloy formation was shown by Tauster
et al. (64) to be at least thermodynamically possible under
the high temperature reduction treatment used in the cata-
lyst preparation which produced the SMSI state. As shown
from XRD analysis metallic (alloy) phase was present after
heat treatment, even with some air exposure of the catalyst
prior to XRD analysis. It is interesting to note the absence
of carbide and any intermediate phase during reduction.
Other possible reduction products would be suboxides of
M. However, compared to the thermodynamics for the for-
mation of the intermetallics the reduction of MOx to a sub-
oxide is much less favourable (64). It is quite likely that the
partial reduction of MOx will create small concentrations of
various suboxides as intermediates; however, the energet-
ics favor complete reduction and alloying, given sufficient
temperature and time. The results of this study provide def-
inite evidence that alloy formation occurs when the Pt-M
impregnates are heated in a reducing atmosphere. The tem-
perature we employed in this study for alloying were at least
200◦C higher than the usual SMSI reduction temperature
(500◦C). It is suggested that high temperatures are required
due to the fact that impregnation of M in Pt/C does not nec-
essarily result in a physical contact between all the Pt and
MOx and the high temperatures will promote Pt migrating
to find MOx. It seems reasonable to consider the possible
role of alloy formation in SMSI chemistry, given that al-
loy formation is thermodynamically favoured at 500◦C and
that alloy formation has been observed directly at 700◦C
and higher temperatures in case of Pt-Cr/C, Pt-V/C, and
Pt-Zr/C, respectively. It can be envisioned that MOx reduc-
tion occcurs locally around Pt crystallite with simultaneous
alloy formation; the alloy phase becomes partially embed-
ded in a MOx matrix as a consequence of the counterdiffu-
sion of Pt and M atoms that occur with this simultanious pro-
cess. The embedding of alloy phase causes the Pt/M surface
ratio to decrease and MO character to appear at the surface

which is indicated from ESR and XRD analysis. The extent
to which the alloy is encapsulated depends on the temper-
ature and time of reduction. The metal surface that is left
exposed is the PtM alloy surface but not a pure Pt surface.
Many different approaches have been proposed to explain
alloying and the consequent effects, the ensemble effect be-
ing most popular and clearly recognized. Monte-Carlo sim-
ulations and other theoretical approaches have been used
to show selective segregation of additive/promoter to spe-
cific sites such as corners and edges on the alloy surface to
estimate the probability of forming ensembles with differ-
ent number of atoms. Coq et al. (65) applied a site segrega-
tion model to explain differential effects of Ga and Ge on
the properties of bimetallic Rh catalysts. Recently Joyner
and Shpiro (66,67) suggested a different model by surface
studies of various Pt alloys that revealed the formation of
sandwich structures in the surface layers, with the top layer
consisting entirely of platinum and the second layer en-
riched in the additive. The Joyner–Shpiro model explains Pt
promotion by additives as due to an electronic interaction
between Pt, which comprises exclusively the outer surface
layer, and the second component, which is enriched in the
immediate subsurface layer. Adsorption studies on Pt-Co
and Pt-Ti (8,68) alloy surfaces show that alloying will re-
duce the strength of chemisorption of CO on these surfaces
below that found on pure Pt. The reason for this may be a
SMSI effect as reasoned by Beard and Ross (69). Kuznetsov
et al. (70) reported in case of Pt-Sn/Al2O3 that the catalyst
is a multicomponent; i.e., it has dispersed species that are
the result of chemical interactions of Sn4+, Sn2+ , and Sn0

with the support and platinum. Srinivasan and Davis (51)
provided data to show that Sn is present in one or more of
the three chemical states: (1) combined with platinum to
form an alloy of predominantly Pt-Sn, (2) in an oxidized
state (Sn2+ and/orSn4+) that is amorphous to X-rays, and
(3) metallic tin. The distribution of tin among the three
chemical states depends upon the surface area of the sup-
port and Sn/Pt ratio. We feel that these observations are
true in case of Pt–alloy catalyst systems used in the present
study as indicated from chemisorption and XRD, and it
is expected that because of high temperatures used in the
preparation of Pt-M/C catalysts, a higher fraction of Pt-M
alloy phase, as well as the metallic phase of the second
metal, must be present in the catalysts. Also, Bradford and
Vannice (71) have investigated CO2 reforming of CH4 over
Pt supported on TiO2, Cr2O3, ZrO2, and SiO2 and found
from H2 and CO chemisorption, as well as diffuse reflec-
tion infrared Fourier transform spectroscopy (DRIFTS),
that metal support interactions in reducible supports (e.g.,
Pt-TiO2) create active sites in metal–support interfacial re-
gion (Pt-TiOx). However, Goodman et al. (54) also have
reported similar observations resulting from electronic in-
teractions in Pd-Ti and Pd-Mo monolayer alloys. Bonding
between Pt and the additive element appears to be stronger
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FIG. 9. Phenol hydrogenation conversion and cyclohexanone (S1) and cyclohexanol (S2) selectivities over Pt/C and Pt-M/C alloy catalysts on
various catalysts at 200◦C.

than that between Pt and Pt and this is an important driving
force in the sandwich surface segregation. The chemisorp-
tion results suggest that an approximate sum rule may apply
between (Pt-M) and (Pt-adsorbate) bond strength. The re-
duction of adsorption strength that is observed for CO is
equally expected to occur for other adsorbates.

Phenol Hydrogenation

Phenol hydrogenation data obtained on Pt/C and Pt-M
(Cr, V, Zr)/C catalysts is illustrated in a bar diagraph (Fig. 9).
It may be mentioned here that the activity of carbon support
alone in hydrogenation of phenol is practically nil under the
conditions employed in this study. The reaction conditions
were set on the basis of our preliminary investigations (40).
It is worth mentioning here that, before the reaction runs,
Pt/C catalyst was reduced at 250◦C and Pt–alloy catalysts
were reduced at 500◦C. No significant change in TOF was
observed in case of Pt/C catalyst reduced at 500◦C, when
compared with TOF values obtained for Pt/C catalyst re-
duced at 250 and 400◦C (Table 3). Moreover, the reduction
temperature of 250◦C was not sufficient to clean the cata-
lyst surface incase of Pt–alloy catalysts. Thus, it can also be
noted that once the Pt–alloy catalysts are annealed at high
temperatures during the catalyst preparation, they were re-
duced at low temperatures (corresponding to the Pt/C cata-
lyst) before chemisorption and activity experiments. Thus,
the Pt0 phase in Pt/C and Pt–alloy catalysts is maintained
throughout after catalyst preparation, chemisorption, and
activity studies. A close comparison of H2 chemisorption

capacities and phenol conversion for the various catalysts
shows that, even though a drastic decrease in H2 uptake is
taking place upon alloying of Pt/C, the variation in phenol
conversion is small. The specific activity of the catalysts in
terms of turnover frequency (TOF) is plotted as a function
of the second metal (M) loading in alloy catalysts (Fig. 10).
The TOF is found to increase continuously with the addition

FIG. 10. TOF of phenol hydrogenation reaction for Pt/C and for
Pt-M/C alloy catalysts as a function of Cr, V, and Zr loading at 200◦C:
Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (4), Pt/C (d).
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of the second metal loading. It can be seen that TOF of alloy
catalysts in phenol hydrogenation increased significantly,
compared to the monometallic platinum catalyst. On the
other hand, it can be seen in Table 3 that, in Pt/C catalyst
reduced at different temperatures, the TOF in phenol hy-
drogenation remains the same at 250 and 400◦C. Beyond
the reduction temperature of 400◦C, i.e., at 760, 960 1200◦C
the TOF increased significantly. This may be due to the
increase in crystallite size due to sintering of the Pt parti-
cle at these high temperatures as indicated by CO and H2

chemisorption. Interestingly, the maximum TOF on Pt/C
(obtained at 1200◦C reduction temperature) will put it in
the same range as the Pt-M/C alloy catalysts at 0.5 wt%
of second metal (M) loading. But a clear increase in TOF
values of Pt-alloy catalyst can be seen with increasing the
second metal loading. Thus, the increase in TOF in case
of Pt–alloy catalysts may be attributed to both crystallite
size effect and the promotional effect of alloy ensembles.
From these observations it appears that the intrinsic ac-
tivity of the phenol hydrogenation sites on Pt/C catalyst
may have increased significantly upon alloying with Cr, V,
and Zr. On the other hand, the alloy formation in the cata-
lysts may result in strong metal–metal interaction. In the
SMSI state additional active sites may be created at the
Pt and MOx interface region which may also contribute to
the higher activity, apart from alloy sites in the catalysts.
Bradford and Vannice (71) in their study on CO2 reform-
ing of CH4 found that in case of Pt supported on TiO2,
activities in terms of TOF were five times greater than Pt
supported on irreducible supports like SiO2, suggesting that
active sites are created at the metal–support interfacial re-
gion. These observations by Bradford and Vannice can be
applied as model to our activity results, where the SMSI-like
situation exists.

Selectivity in Phenol Hydrogenation

The selectivities of cyclohexanone and cyclohexanol for
various catalysts are presented in Fig. 9. In the case of 5 wt%
Pt/C about 84% selectivity to cyclohexanone was obtained.
Significantly on Pt-Cr/C alloy catalysts total selectivity to
cyclohexanone is obtained, i.e. phenol directly hydrogenat-
ing to cyclohexanone (72). It appears that further hydro-
genation of cyclohexanone to cyclohexanol is not occurring
on Pt-Cr/C catalysts, unlike on monometallic platinum cata-
lysts. Cyclohexane used as a solvent in this reaction was un-
affected after the reaction (formation of benzene was not
observed), confirming that dehydrogenation of cyclohex-
ane was not occurring on the catalysts under the experimen-
tal conditions employed in this study. On Pt-V/C catalysts
cyclohexanone selectivity increased from 79 to 96% with an
increase in V loading from 0.5 to 4 wt% and, correspond-
ingly, the cyclohexanol selectivity decreased. Alloying of
platinum with zirconium has an opposite effect. While the

selectivity decreased from 74% at 0.5 wt% Zr to 25% at
4 wt% Zr, the cyclohexanol selectivity increased from 26 to
75%, respectively. This shows that alloying of Zr to Pt has a
negative effect on the cyclohexanone selectivity. No other
side products were obtained along with cyclohexanone and
cyclohexanol. These contrasting trends in product selectiv-
ities can be attributed to the effect of the alloying element
(6). The alloy formation in the catalysts results in a strong
metal–metal interaction between platinum and alloying ele-
ments. The Joyner–Shpiro model (66,67) for Pt-Cr alloying
in HZSM-5 proposes a platinum enrichment at the surface
with a chromium enrichment in the subsurface layer. Con-
sequently the fraction of Pt (δ+) state decreases in Pt-Cr/
H-ZSM-5 with respect to Pt/H-ZSM-5. This platinum
chromium electronic interaction, rather than simple dilu-
tion, is said to be responsible for both hydrogenolysis and
aromatisation of lower alkanes. The platinum–chromium
interaction is assumed to reduce the bonding strength be-
tween the hydrocarbon and its fragments and the metal
surface with consequent activity and selectivity changes.
The different activity and selectivity behavior in the hy-
drogenation of phenol to cyclohexanone and cyclohexanol
on Pt-M/C may thus be explained as being due to different
extents of platinum-metal (Cr or V or Zr) interaction af-
fecting the Pt (δ+) state and strength of bonding between
the reactants and products. However, Aduriz et al. (73) at-
tributed the selectivity behavior in valyene and isoprene
hydrogenation to the dilution effect of palladium sites in
palladium alloyed with germanium, tin, lead, and/or anti-
mony. All alloy catalysts used in our study may oxidise in
air (upon drying, upon transfer in air, perhaps also by phe-
nol). Thus the catalysts used here are actually an alloy, with
some platinum exposed, covered by CrOx, VOx, and ZrOx

species. Specifically these oxides may activate the -C-OH
or -C==O group for hydrogenation. It is interesting to note
that the most Lewis acidic additive (which is apparently
present on the surface as Zr(IV) oxide) in Pt-Zr/C catalysts
gives the greatest conversion to cyclohexanol. Maybe the
Lewis acid activates the carbonyl towards hydride transfer
by coordination-induced polarization. It is also possible that
the Lewis acidic Zr(IV) promotes equilibrium reformation
of the enol (cyclohexene-1-01) form of cyclohexanone, in
turn promoting hydrogenation of the double bond (74).

Recently it has been reported that phenol converts to cy-
clohexanone, which further hydrogenates to cyclohexanol
on Pt and Pd supported on Al2O3 and zeolite LTL (75). To
understand the reaction mechanism we have carried out hy-
drogenation of cyclohexanone and cyclohexanol on 5 wt%
Pt/C at the same reaction conditions employed in this study.
In the case of cyclohexanone hydrogenation fairly good
conversion towards cyclohexanol was observed, whereas
in the reaction of cyclohexanol the catalyst was inactive.
When we used a reaction mixture of 1 : 1 cyclohexanol and
cyclohexanone more cyclohexanol formation was observed
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in the product. This observation shows that the reaction
passes through cyclohexanone formation. Thus, in our opin-
ion three probable routes exist for phenol hydrogenation.
First, hydrogenation of phenol to cyclohexanone and fur-
ther hydrogenation to cyclohexanol. Second, direct hydro-
genation of phenol to cyclohexanol and dehydrogenation
to cyclohexanone. A third possible route is the formation
of intermediate cyclohexene-1-ol and tautomerisation to
cyclohexanone, owing to its greater stability.

The catalysts having 1 wt% Cr, V, and Zr on 5 wt% Pt/C
were tested on stream for 16 h and the activity and product
selectivities monitored every hour were constant. It was also
observed that the catalyst deactivation follows the order
Pt-Cr<Pt-V<Pt-Zr<Pt/C. Thus, Pt–alloy catalysts were
found to possess longer catalyst life when compared to Pt/C
catalyst. This may be attributed to the deactivation of Pt
sites by coking or sintering during the reaction. Thus, it is
even possible to achieve comparable TOF with a Pt/C cata-
lyst by reducing it at 1200◦C; the sintering of Pt sites will af-
fect the catalyst life, which can be overcome by the addition
and alloying of a second metal. A possible explanation for
the superior performance of the Pt–alloy catalysts is that the
second metals, because of their bond strength with oxygen
and carbon, are localized on the surface of the crystallites,
become the centers of self-poisoning, and may block the
active Pt sites from poisoning. However, this is not a defini-
tive proof for a higher resistance to deactivation of alloyed
platinum with respect to pure platinum. More convincing
evidence for the high poisoning resistance of alloy catalysts,
compared to monometallic catalysts is the easier regenera-
tion of catalytic activity upon pretreatment at 500◦C in H2.
Thus the initial activities of alloy catalysts were regained
upon prereduction. Thus by changing the alloying element
(Cr, V, and Zr) and the composition of these alloy catalysts,
as well as the pretreatment conditions, it is possible to tai-
lor the structure of the metallic platinum phase. In this way
catalytic activities and selectivities in the hydrogenation of
phenol can be controlled in order to yield preferentially a
desired product.

Benzene Hydrogenation

The rate of benzene hydrogenation has been measured
on Pt/C and Pt-M/C catalysts at 100◦C and atmospheric
pressure. The activity of the catalysts is expressed in terms
of TOF and is calculated from surface platinum atoms de-
termined from H2 chemisorption measurements. It is worth
mentioning here that, before the reaction runs, Pt/C catalyst
was reduced at 250◦C and Pt-alloy catalysts were reduced
at 500◦C. No significant change in TOF for benzene hydro-
genation was observed in case of Pt/C catalyst reduced at
500◦C, when compared with TOF values obtained for Pt/C
catalyst reduced at 250 and 400◦C (Table 3). Moreover, the
reduction temperature of 250◦C was not sufficient to clean
the catalyst surface in case of Pt–alloy catalysts. TOFs for

FIG. 11. TOF of benzene hydrogenation reaction for Pt/C and for
Pt-M/C alloy catalysts as a function of Cr, V, and Zr loading at 100◦C:
Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (4), Pt/C (d).

benzene hydrogenation are given in Fig. 11 as a function of
the second metal (M) loading present in the alloy catalysts.
The TOF of Pt-M/C and Pt/C catalysts are fairly constant.
On the other hand, it can be seen from Table 3 that, in
case of Pt/C catalyst reduced at different temperatures, the
TOF in benzene hydrogenation remains the same and this
observation is expected, as it is well known that benzene
hydrogenation is a facile reaction. Engels and co-workers
(29) found a decrease in the hydrogenation function of Pt-
Cr/Al2O3 catalysts. In case of alloy catalysts reduction in the
benzene hydrogenation rate may be because of a significant
decrease in exposed platinum metal area, i.e. active plat-
inum surface sites, from sintering/alloying during the high
temperature treatment of the prepared catalysts which is
reflected in case of Pt/C catalyst reduced at different tem-
peratures. A small decrease in the benzene hydrogenation
activity of Pt after alloying with small amounts of a low-
activity metal, such as Zr (76), Au (77), or Cu (78), has
been interpreted as evidence of structure sensitivity, but
the observed changes were very small. Campbell et al. (79)
studied the effect of deposition of Bi on benzene adsorption
on a Pt(111) single crystal and concluded that reducing the
Pt ensemble size first inhibited the dehydrogenation reac-
tion and then lowered the benzene desorption temperature.
Lin and Vannice (80) reasoned that, as larger ensembles
exist on large Pt crystallites, particularly those associated
with Pt(111) plane will result in deactivation behavior of
the Pt powder, which they studied. Based on the results of
Campbell et al. (79), low Bi coverages would hinder ben-
zene dehydrogenation and decrease H-deficient species,
thus increasing the activity, whereas at high Bi coverage
benzene adsorption itself could be decreased, thus result-
ing in suppressed activity. This prediction is consistent with
two maxima in the activity versus the metal composition ob-
served with a series of Pt-Re/Al2O3 catalysts (81). Although
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structure sensitivity in the benzene hydrogenation reaction
has not been established, the possibility exists that the dehy-
drogenation/decomposition of benzene on Pt may be struc-
ture sensitive. Consequently, the final activity, based on the
remaining free metal surface area, could vary significantly.
The discrepancies in TOF among Pt/C, as well as Pt–alloy
catalysts, can be attributed to the above reasons.

Sulfur Resistance Behavior of Pt–Alloy Catalysts
in Benzene Hydrogenation

Benzene hydrogenation at 100◦C, a facile reaction, has
been employed to test the thiotolerance level of alloy cata-
lysts. For high temperature reactions the catalysts are able
to withstand sulfur concentrations but they are encoun-
tered by deactivation processes like coke deposition and
sintering. Bengel and Ku (82) have investigated the effect
of sulfur on the oxidation of CO on the (110) surface of
platinum. They found that the rate of CO2 formation was
affected by the presence of sulfur on the surface. Guenin
et al. (83) have studied resistance to sulfur poisoning of
Pt/Al2O3 catalysts in the dehydrogenation of cyclohexane.
The thiotolerance level was found to be affected by the
acidity of Al2O3, where the carrier has been modified by
K or Cl. The effect of second metal loading on the ratio of
benzene hydrogenation conversion after sulfur addition to
benzene and before sulfur addition to benzene is plotted
in Fig. 12. It can be seen in Fig. 12 that the activity ratio is
decreasing continuously with the increase in second metal
loading. The overall thiotolerance level follows the order
Pt-Cr>Pt-V>Pt-Zr. However, this is not a definite proof
for a high sulfur resistance of alloyed platinum with respect
to pure platinum because Cr or V or Zr atoms on the cata-
lyst surface can participate in H2S adsorption. Table 4 shows
the benzene hydrogenation activity before and after sulfid-

FIG. 12. Benzene hydrogenation activity ratio (activity before and
after sulfur poisoning) for Pt-M/C alloy catalysts as a function of Cr, V,
and Zr loading at 100◦C: Pt-Cr/C (s), Pt-V/C (h), Pt-Zr/C (4).

TABLE 4

Benzene Hydrogenation Rate for Pt/C and Pt-M/C Catalyst
before and after Sulfur Poisoning

Benzene hydrogenation rate×
10−2 mol · h−1 g−1 cat. @ 100◦C

Catalyst Before sulfiding After sulfiding Activity retained (%)

PC-1 22.27 2.8 12.6
PR-2 17.65 12.54 71.0
PV-2 18.69 9.16 49.0
PZ-2 14.56 5.2 35.7

ing for Pt/C and 1% Pt-M/C alloy catalysts. It can be clearly
seen from the table that while the activity of the Pt/C falls
after sulfiding, retaining only 12% activity, the Pt-M/C alloy
catalysts retain moderately higher activities in the order of
Pt-Cr>Pt-V>Pt-Zr. This observation confirms the overall
trends in the case of different metals alloyed with platinum.
This can be further explained by the fact that not all S atoms
fed with benzene are trapped during the deactivation pro-
cess by metallic phase and an adsorption desorption pro-
cess of S may exist before reaching the thiotolerance level.
On the other hand, part of the sulfur is adsorbed on the
support, besides adsorption on platinum. More convincing
evidence for the higher sulfur resistance of the Pt-M alloy
catalysts is the easier regeneration of their catalytic activ-
ity with respect to pure platinum. Treatment at 500◦C in H2

flow for 2 h could completely regenerate the activity of Pt-M
alloy catalysts, whereas that was not possible in the case of
Pt/C catalyst. Therefore, it can be concluded that Pt-S bond
strength is weaker when the Pt atoms are alloyed. And,
moreover, Pt-S in Pt/C is stronger than Zr-S>V-S>Cr-S
and that may be the reason why the alloy catalysts could
be easily regenerated. This behavior can be related to elec-
tron deficiency of Pt atoms which lower the binding energy
with electrophilic adsorbates like sulfur (84). However, the
intrinsic thioresistance of the active metal is not modified
and poisoning is only delayed, thus increasing the lifetime
of the catalyst. Similar observations were made in case of
Pt/ZrO2, Pt-ZrO2/C, and Pt-zeolite for their easier regen-
eration after sulfur poisoning (85).

CONCLUSIONS

1. X-ray diffraction study confirms the alloy formation in
the prepared catalyst. XRD, ESR, and chemisorption stud-
ies on Pt-M/C alloy catalysts show that the catalyst surface
actually consists of an alloy phase, metallic Pt, and M, along
with MOx (M=Cr, V, or Zr) phase.

2. Chemisorption studies show that the platinum cata-
lysts upon alloying with Cr, V, or Zr exhibited loss in the Pt
area; i.e. platinum dispersion, even though it is not reflected
in the activity of alloy catalysts.
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3. In phenol hydrogenation reaction Pt-Cr/C and Pt-V/C
are found to be highly selective towards the product cyclo-
hexanone, yielding almost total selectivity, whereas Pt-Zr/C
catalysts gave high selectivity to cyclohexanol. The TOF of
Pt/C catalysts was increased upon alloying. This study shows
that one can tailor the metallic phase in the catalyst in order
to get a desired product.

4. In benzene hydrogenation, even though a decrease in
rate is observed the specific activity of alloy catalysts re-
mains constant and at the same level as Pt/C. The sulfur
resistance studies of the alloy catalysts shows that the al-
loy catalysts exhibit significant thiotolerance level, retain-
ing their initial activity, unlike the monometallic catalyst.

5. The alloy catalysts exhibit their superior catalytic ac-
tivity, thiotolerance level, and longer catalyst life, when
compared to that of monometallic platinum catalysts.
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