
t

of Sn on
n,
l catalysts
n by XPS

ly higher
yer. The

function of
ere the sole
Journal of Catalysis 222 (2004) 285–292
www.elsevier.com/locate/jca

Hydrogenation of cyclohexanone on Pt–Sn surface alloys

A. Olivas,1 Dmitri I. Jerdev, and Bruce E. Koel∗

University of Southern California, Department of Chemistry, Los Angeles, CA 90089-0482, USA

Received 21 March 2003; revised 28 July 2003; accepted 30 July 2003

Abstract

Hydrogenation of cyclohexanone was studied over Pt(111) and two ordered, Pt–Sn alloy surfaces formed by vapor deposition
the Pt(111) single crystal surface—the (2× 2) Sn/Pt(111) and (

√
3 × √

3)R30◦ Sn/Pt(111) surface alloys. The influence of alloying S
alloy structure, partial pressures of hydrogen and cyclohexanone, and temperature on the activity and selectivity of these mode
toward formation of the corresponding alcohol was investigated. All surfaces were characterized before and after catalytic reactio
and LEED to ensure proper alloy formation and stability. The hydrogenation activity at low temperature (325 K) was substantial
for both Pt–Sn alloy catalysts than that of the Pt(111) surface, with the activity proportional to the amount of Sn in the surface la
apparent activation energy for the hydrogenation of cyclohexanone at 325 K was 16.2, 13.4, and 12.4 kcal/mol for Pt(111), (2×2) Sn/Pt(111)
alloy, and (

√
3 × √

3)R30◦ Sn/Pt(111) alloy, respectively, and the reaction order in H2 changed from 0.5 on Pt(111) to 1.5 on both alloys.
The selectivity over the two Pt–Sn alloys was the same as for Pt(111), but large changes occurred in the products formed as a
temperature on all three surfaces. Cyclohexanol was the only product detected below 400 K, but cyclohexene and cyclohexane w
products at 425 and 500 K, and the C12-coupling product cyclohexylcyclohexene was formed exclusively at 600 K over all catalysts.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Reflecting their commercial importance, there have b
a number of studies aimed at understanding and con
ling catalytic reaction selectivity of carbonyl groups, in p
ticular investigations comparing hydrogenation reaction
olefin and carbonyl functional groups [1,2]. However, inv
tigations of the hydrogenation of cyclic hydrocarbons c
taining carbonyl groups over transition-metal catalysts
scarce despite their importance in catalysis. Cyclohexan
a monocyclic ketone (Scheme 1) is of great importance
stable intermediate in hydrodeoxygenation (HDO) reac
sequences [3]. For instance, cyclohexanone is an inte
diate in the production from cyclohexanol (Scheme 1)
ε-caprolactam that is used in the manufacturing of nylo
and polyamide resins [4].

Catalytic hydrogenation of cyclohexanone has been s
ied over a Pt/SiO2 catalyst [5] in the liquid phase and o
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,

Scheme 1.

Pt/HZSM5 [6] in the gas phase. It was assumed that me
lic sites were responsible for hydrogenation reactions
for dehydrogenation into aromatics. Results from the
drogenation of the unsaturated ketone carvone (Schem
on Pt/Al2O3 and Pt–Sn/Al2O3 indicate that increasing th
amount of Sn added to a Pt catalyst favors the formatio
unsaturated ketones [7]. Numerous investigations have
carried out to establish the hydrogenation mechanism o
tones in the liquid phase over supported metal or metal
fide catalysts [9], but to our knowledge, there are no kin
data available on such reactions over unsupported bime
catalysts.

In related catalytic studies of cyclohexene hydrogena
on a Pt(111) single-crystal model catalyst [8], hydrogena
was the only detectable reaction pathway over the temp
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ture range between 300 and 390 K (e.g., no dehydrogena
cracking, or coupling products were observed). If the sur
temperature was increased beyond 390 K, the hydrogen
rate decreased and the onset of a new reaction, dehydro
tion, was also observed.

In this report, we describe studies of cyclohexanon
a model compound for understanding the gas-phase hy
genation of cyclic ketones over metallic sites on bimeta
Pt–Sn catalysts as probed by experiments using the Pt
surface and two ordered Sn–Pt(111) surface alloys as m
catalysts.

2. Experimental methods

The experiments were performed in an ultrahigh v
uum (UHV) stainless-steel chamber with a base pres
of 1 × 10−10 Torr, pumped with an ion pump (240 L/s)
and Cryo-Plex 8 cryogenic pump (1500 L/s), that is cou-
pled directly to a high-pressure reaction chamber via an
tendent sample-transfer rod [13]. The UHV chamber w
equipped with a spherical capacitor analyzer (SCA) u
for Auger electron (AES) and X-ray photoelectron sp
troscopy (XPS) [10], and low-energy ion scattering (LEI
low-energy electron diffraction (LEED) optics, quadrup
mass spectrometer (QMS), and several gas dosers and
deposition sources. The gas from the reaction cell was
lyzed by a HP Model 5890 Series II gas chromatograph (
with a capillary column.

The Pt crystal was polished on both sides along
(111) crystal plane. The sample was spot-welded betw
two tungsten wires (0.8-mm diameter) that connected
Cu feedthrough posts and could be resistively heated
300 to 1200 K. A chromel–alumel thermocouple was sp
welded directly to the side of the crystal. The clean Pt(1
surface was prepared by Ar+-ion sputtering at room tempe
ature for 1 h and annealing at 1000 K in 1× 10−7 Torr O2
for 5 min. Sample cleanliness was checked with AES
LEED.

The two Pt–Sn surface alloys were prepared follow
the procedure described by Paffet and Windham [9]. Sn
evaporated onto the Pt(111) surface at 300 K in UHV
then the sample was annealed at 1000 K for 10 s. LE
and XPS were employed to ensure that the proper alloy
formed on both sides of the crystal. LEED showed the s
pattern and the Pt(4f)/Sn(3d) XPS ratio was within 10%
both sides in all cases.

Cyclohexanone (99.5% purity, Aldrich Corp.) was pu
fied by fractional vacuum distillation. Hydrogen (Mathes
99.9999%) was used as purchased. The reaction mixture
analyzed by using the GC before being introduced into
reaction cell. The analysis showed> 99.99 mass% cyclo
hexanone, with the rest (< 0.01 mass%) as cyclohexane. W
also performed blank experiments before reactions to en
zero catalytic activity in the absence of the single-crystal
talyst.
,

n
a-

-

)
l

al
-

s

Results from our catalytic studies are described by se
tivity (Si ), conversion (C), and turnover frequency (TOF
The calculations done to obtain these values are the sam
those in a previous report [13]. The selectivity was cal
lated for a conversion of less than 10 mol% (unless st
otherwise) in order to reduce the influence of poisoning
secondary products.

Selectivity (Si ) toward a given product can be defined

(1)Si = ni∑
i ni

,

whereni is the number of moles of a given product. Conv
sion (C) can be defined as

(2)C = 1− nfinal

ninitial
,

whereninitial and nfinal are the initial and final number o
moles of the cyclohexanone reactant.

Activity is expressed as a turnover frequency (TO
which can be defined as the number of cyclohexanone m
cules transformed per surface atom per second. This
determined from initial activities, calculated from the in
tial slope of plots of the amount of cyclohexanone conve
versus time as given by

(3)TOF= VR × NA × Pinitial

R × T × t × ΘPt × SPt

(
1− Pfinal

Pinitial

)
,

whereV R is the reactor volume (3.84× 10−4 m3), Pinitial
andPfinal are the initial and final pressures of cyclohexan
in the reaction mixture,NA is Avogadro’s number,R is the
gas constant,T is the temperature of the reaction mixtu
(325 K), ΘPt is the Pt-atom density at the Pt(111) surfa
(1.505×1015 atoms/cm2), t is the reaction time (s), andS is
the total surface area of the crystal (1.7 cm2). No corrections
were done for decreasing the surface Pt-atom concentr
in the alloys. We note that Eq. (3) is the same as Eq. (3
Ref. [13], which is obtained by substituting the mole fra
tion of cyclohexanoneXCHO for the cyclohexanone partia
pressures in the reaction mixture (XCHO was misdefined in
Ref. [13] as mole percent, however). Eq. (3) is only va
if the number of moles of product produced is equal to
number of moles of the cyclohexanone reactant consu
for each of the products formed in the reaction.

3. Results

Catalytic hydrogenation of cyclohexanone was car
out over a temperature range of 325–600 K. The tempera
of the reactor walls was kept at 325 K in order to minim
possible condensation of reactant and product gases.

The conversion of cyclohexanone over Pt(111) and
ordered Sn/Pt(111) surface alloys is shown in Figs. 1–
a function of reaction time for different catalyst tempe
tures. Over Pt(111) at the lowest temperature investigate
325 K, it took 500 s to reach 10% cyclohexanone conver
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Fig. 1. Catalytic hydrogenation of cyclohexanone over Pt(111).

Fig. 2. Catalytic hydrogenation of cyclohexanone over a (2× 2) Sn/Pt(111) alloy withΘSn= 0.25.
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as shown in Fig. 1. This level of conversion was reached
ter only 100 s at catalyst temperatures of 350–400 K.
conversion rapidly increased upon contact with the cata
and there was no indication of an induction or activation
riod for the reaction at these temperatures. Conversion
3600 s (60 min) reached 80, 85, and 55% for catalyst t
peratures of 350, 370, and 400 K, respectively. The cu
shown in Fig. 1 exhibit exponential shapes commonly
served in catalytic transformations for similar heterogene
systems using a batch reactor.
The (2× 2) Sn/Pt(111) alloy withΘSn = 0.25 was much
more active than Pt(111) at low temperatures, as show
Fig. 2. At 325 K, 10% conversion was reached in only 20
Almost the same behavior was observed when using
(
√

3 × √
3)R30◦ Sn/Pt(111) alloy as a catalyst, as sho

in Fig. 3. At 350 and 370 K the initial rates were nearly t
same; however, the rate at 325 K was faster and the ra
higher temperatures was slower than that on the (2×2) alloy.

The selectivity data as a function of temperature w
similar for all three of these catalysts. Specifically, results
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Fig. 3. Catalytic hydrogenation of cyclohexanone over a(
√

3× √
3)R30◦ Sn/Pt(111) alloy withΘSn= 0.33.
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Pt(111) at low (< 20%) conversion are presented in Fig.
Temperature has a strong effect on the reaction select
The main product of the hydrogenation of cyclohexan
over all of the catalysts was cyclohexanol in the temp
ture range of 325–400 K. At 425–500 K, the main produ
were cyclohexene and cyclohexane, with only a trace of
clohexanol. At 600 K, the reaction was essentially 10
selective for cyclohexylcyclohexene. No benzene or ph
was detected under any of these reaction conditions.

The influence of temperature on the initial reaction ra
as monitored at< 10% conversion, was determined ove
wide range of catalyst temperatures at a fixed pressur
tio of cyclohexanone (CHO) to H2 of 1:100 with Ptotal =
5 Torr as shown in Fig. 5. Because only hydrogenatio
form cyclohexanol occurs in the low temperature range n
325 K, an apparent activation energy,Ea(app), for the hy-
drogenation of the C=O functional group can be calculate
by considering the lowest temperature data (350, 340,

Fig. 4. Selectivities of cyclohexanone hydrogenation (< 20% conversion)
as a function of the reaction temperature.
-

325 K) shown in Fig. 5. Values ofEa(app)= 16.2, 13.4,
and 12.4 kcal/mol at < 10% conversion were determine
for Pt(111) and the (2× 2) and (

√
3 × √

3)R30◦ surface
alloys, respectively. These values are provided in Tabl
Arrhenius behavior of the hydrogenation rate from 325
350 K over Pt(111) and the (2× 2) alloy implies that the
number of surface active sites does not change in any
nificant manner over this range of temperature. This fa
may be influencing the data on the (

√
3 × √

3)R30◦ alloy,
however. At these low temperatures, alloying and increa
the amount of Sn at the Pt–Sn surface increases the cat
activity and decreases the apparent activation energy.

Fig. 5. Arrhenius plots for Pt(111) (2) and the (2× 2) (") and
(
√

3 × √
3)R30◦ (!) Sn/Pt(111) surface alloys.PH2 = 5 Torr and

Pcyclohexanone= 5× 10−2 Torr.
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Table 1
Hydrogenation of cyclohexanone over Pt and Sn/Pt catalystsa

Catalyst Sn coverageEa (app)b Overall hydrogenation
(ML) (kcal/mol) activity, TOF (s−1)

Pt(111) 0 16.2 0.064
(2× 2) Sn/Pt(111) alloy 0.25 13.4 0.085
(
√

3× √
3)R30◦ 0.33 12.4 0.096

Sn/Pt(111) alloy

a P H2:P CHO = 100,P total = 5 Torr, andT gas= 325 K.
b Evaluated by using data at 350, 340, and 325 K. The uncertain

estimated roughly to be� 1 kcal/mol.

point of comparison, the apparent activation energy for
ylene hydrogenation over Pt(111) at 300–370 K has b
reported to be 10.8 kcal/mol [21].

At 400 and 500 K, all of the catalysts favor dehydrat
of cyclohexanol to form cyclohexene and cyclohexane.
measured initial reaction rate drops sharply for both a
catalysts between 370 and 400 K. The dehydration reac
rate decreases as the temperature is raised above 400 K
at 600 K, a new compound, cyclohexylcyclohexene, is p
duced with high selectivity.

The reaction kinetics were also measured as a functio
partial pressures of hydrogen and cyclohexanone. Data
the dependence of the rate of cyclohexanone conversio
hydrogen pressure over all three catalysts at 370 K is give
Fig. 6. The rate exhibits a reaction order of 0.5 in hydro
pressure for Pt(111) and 1.5 for both alloys. The rate fo
three catalysts shows a negative reaction order in the rea
pressure. Over Pt(111), the reaction order in cyclohexan
is −0.6 and is−0.9 over both alloys, as shown in Fig. 7.

Fig. 8 summarizes some of our data, replotting to exp
itly show the influence of the Sn content on the activity
cyclohexanone conversion over these catalysts at diffe
reaction temperatures. When Sn was alloyed with Pt, the

Fig. 6. Effect of the hydrogen pressure on the catalytic hydrogenatio
cyclohexanone over Pt(111) and Sn/Pt(111) surface alloys.
d

t

t

Fig. 7. Effect of the cyclohexanone pressure on the catalytic hydrogen
of cyclohexanone over Pt(111) and Sn/Pt(111) surface alloys.

tivity of the catalyst at 325 to 370 K increased in proport
to the amount of Sn in the surface layer. The highest ac
ity that we measured was for the (

√
3× √

3)R30◦ at 370 K.
At catalyst temperatures of 400 K or higher, all of the ca
lysts have a lower rate and increasing the amount of S
the alloy surface decreased the conversion rate. One im
ines that at some temperature between 370 and 400 K
is no effect of alloying Sn on the rate.

4. Discussion

The selectivity is mainly to cyclohexanol in the 32
400 K temperature range for all catalysts in the hydroge
tion reaction of cyclohexanone. It was reported for cyc

Fig. 8. Reaction rate for catalytic hydrogenation of cyclohexanone
Pt(111) and Sn/Pt(111) surface alloys as a function of the surface Sn
centration.
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hexene hydrogenation on Pt(111) [8] that only cyclohex
was formed in the reaction at the 300–400 K tempera
range. Alloyed Sn does not appreciably modify the Pt(1
selectivity. It has an effect on the reaction rate where, at
temperature, increasing the amount of tin increases th
action rate. This increase in rate is attributed to a favor
modification of the nature of the active metallic sites.

Our results on Pt(111) selectivity agree with those
tained on Pt/SiO2 catalysts (5% by weight Pt on silica
grain size 0.05–0.125 mm) in the pressure range 0.
150 bar and room temperature [5], and also agree with
results of Alvarez et al. [6]. They reported 6 groups of pr
ucts for cyclohexanone hydrogenation on PtHZSMS c
lysts (0.05 and 0.2 wt% Pt) at 473 K, under atmosph
pressure in a flow reactor with a H2/CHO molar ratio of 3.
In our case, for the range 425 to 500 K, cyclohexanol, cy
hexene, cyclohexane, and cyclohexylcyclohexeneare am
those products reported by Alvarez et al., but we did not
serve the variety of products that they reported. We can
that for 425–500 K dehydration proceeds prior to ring hyd
genation or dehydrogenation in the reaction mechanism.
cyclohexylcyclohexene formed selectively at 600 K over
catalysts could result from the dimerization of cycloh
ene [6] or dehydration of cyclohexylcyclohexanone [11].

To our knowledge this is the first report of catalytic c
clohexanone hydrogenation on a clean Pt single crystal
face or unsupported Pt–Sn alloys, specifically Pt(111)
two well-characterized Sn/Pt(111) alloys. Thus, a reac
scheme can be presented that is not influenced by parti
tion of an oxide support or oxidized Sn species. The prod
of cyclohexanone hydrogenation result from the follow
steps on metallic sites:

325–400 K Hydrogenation of cyclohexanone;
400–500 K Dehydration of cyclohexanol followed by h

drogenation or dehydrogenation of the cyc
hexyl ring;

600 K Ring coupling and formation of bicyclic hydro
carbons.

In the prior literature, there are no values reported
apparent activation energies,Ea(app), of gas-phase hydr
genation of cyclohexanone over platinum-based catal
We found thatEa(app) for cyclohexanone hydrogenati
decreased as the Sn/Pt atomic ratio increased. This qua
itatively accounts for the increase in the reaction ra
A qualitatively similar trend was observed for crotonald
hyde (CH2=CHCH2CHO) hydrogenation on supported a
unsupported Pt–Sn bimetallic catalysts [12,13].

The steep decrease in the reaction rate over the a
from 370 to 400 K can be attributed to a change in reac
mechanism and the rate-determining step that occurs w
the product distribution changes from cyclohexanol to
clohexane and cyclohexane. The C–O bond cleavage
occurs in dehydration is expected to proceed only wit
large activation energy barrier on the alloys. However,
-

g

-

.

t

decrease in activity and also the non-Arrhenius beha
already at 370 K on Pt(111) could be attributed to dea
vation due to the buildup of hydrocarbon intermediates
carbonaceous deposits [14]. We observed larger amoun
carbon on all three surfaces following high-pressure reac
at 400 K compared to that at lower temperatures.

The reaction order in hydrogen of 0.5 found for Pt(1
is consistent with a proposal that H2 is weakly and dissocia
tively adsorbed on the surface in a Langmuir–Hinshelw
mechanism [15]. The negative reaction order in cyclohe
none determined here is also consistent with strong
tone adsorption on the surface of the metal catalyst.
clohexanone temperature-programmed desorption (T
studies reported elsewhere [16,17] show that cyclohexa
is strongly bound, and even partially irreversibly adsor
at low coverages under UHV conditions, on Pt and Pt
alloys.

These reaction orders are comparable to those obse
for liquid-phase hydrogenation of cyclohexanone over
SiO2 [5]. In the case of 2-cyclohexenonehydrogenation o
Pt/SiO2, the order with respect to the ketone was−1.4 [18].
Negative orders with respect to the ketone were also
ported for hydrogenation reactions of 1,4-cyclohexaned
and acetophenone [19,20].

According to a Langmuir–Hinshelwood mechanism, a
assuming that hydrogen and the ketone are both adsorb
(energetically) equivalent Pt sites, a simplified mechan
can be proposed for hydrogenation of cyclohexanone to
duce cyclohexanol at 325–370 K as follows:

(4)2Pt+ H2 ↔ 2Pt–H,

(5)2Pt+ CHO↔ Pt2–CHO,

(6)Pt–H+ Pt2–CHO→ 2Pt+ Pt–CHO–H (slow),

(7)Pt–H+ Pt–CHO–H→ 2Pt+ H–CHO–H (fast),

where CHO denotes C6H10O (cyclohexanone) and H
CHO–H denotes C6H12O (cyclohexanol).

In Eqs. (4) and (5), hydrogen and CHO compete fo
sites. In Eq. (5), CHO is assumed to chemisorb in a dσ

manner with a stoichiometry of 2 Pt sites per molecule.
drogenation in either Eqs. (6) or (7) is assumed to be
rate-determining step because we expect cyclohexanol
orption to be fast at 300 K [16]. In our derivation, we assu
Eq. (6) to be the rate-determining step. An inhibiting eff
often observed for CHO can be explained by a stronge
teraction of CHO than hydrogen with Pt.

The overall reaction rate is determined by Eq. (6) and
be expressed by

(8)rCHO = kΘCHOΘH,

where,rCHO is the rate of disappearance of CHO,k is an
Arrhenious rate constant, andΘCHO and ΘH are the ad-
sorbed cyclohexanone and hydrogen adatom coverage
spectively, and CHO and H adsorb on neighboring s
with a probability proportional to the product of coverag
ΘCHO · ΘH.
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An equilibrium constantKH2 for dissociative H2 chemi-
sorption as given in Eq. (4) can be written as

(9)
ΘH

ΘPtP
1/2
H2

= K
1/2
H2

,

whereΘPt is the Pt surface available (unoccupied) for a
sorption, andPH2 is the H2 partial pressure.

An equilibrium constantKCHO for chemisorption in
Eq. (5) can be written as

(10)
ΘCHO

Θ2
PtPCHO

= KCHO.

Because

(11)ΘPt = (1− ΘH − ΘCHO)

in cases of fast desorption of products, we can write a sys
of two simultaneous equations as

(12)ΘH = K
1/2
H2

P
1/2
H2

(1− ΘH − ΘCHO),

(13)ΘCHO = KCHOPCHO(1− ΘH − ΘCHO)2

that must be solved simultaneously to findΘH andΘCHO in
terms of the measured partial pressures. Solving this s
equations by eliminatingΘCHO using

(14)ΘCHO =
(

KCHOPCHO

KH2PH2

)
Θ2

H

leads to a quadratic equation inΘH. Only one solution to the
quadratic expression that results is physically meaningfu
allow for ΘH > 0, and we obtain

ΘH = 1

2

[
−

( KCHOPCHO
KH2PH2

+ KCHOPCHO

K
1/2
H2

P
1/2
H2

K2
CHOP 2

CHO

K
3/2
H2

P
3/2
H2

)

(15)

+

√√√√√√√
( KCHOPCHO

KH2PH2
+ KCHOPCHO

K
1/2
H2

P
1/2
H2

K2
CHOP 2

CHO

K
3/2
H2

P
3/2
H2

)2

+ 4KH2PH2

KCHOPCHO

]
.

Eq. (14) can be used to rewrite Eq. (8) in terms of onlyΘH

(16)rCHO = k

(
KCHOPCHO

KH2PH2

)
Θ3

H.

The complicated expression that givesΘH in Eq. (15) can
be simplified for our reaction conditions assuming that

(17)KCHOPCHO � KH2PH2

to give

(18)ΘH =
(

KH2PH2

KCHOPCHO

)1/2

.

This expression can be substituted into Eq. (16) to give

(19)rCHO = k′P−1/2
P

1/2
H ,
CHO 2
f

where k′ = (kK
1/2
H2

/K
1/2
CHO). This expression, Eq. (19), i

in good agreement with our experimental results for
Pt(111) surface given by

(20)rCHO = kP−0.6
CHOP 0.5

H2
.

Experimentally, we tried to prevent excessive carb
residue formation by using a high hydrogen/hydrocar
ratio. This condition also introduces the so-called “qua
zero” order with respect to hydrogen, because the hydro
concentration in the reaction mixture does not change sig
icantly during the reaction run. However, varying the hyd
gen pressure in the mixture must result in the correct o
of the reaction in H2, independent of the above reasonin
also, the order in cyclohexanone indicates that its inhibi
effect diminishes in the experimental conditions used.

In the case of the two Sn/Pt(111) alloy catalysts, our
perimental results give

(21)rCHO = kP−0.9
CHOP 1.5

H2
.

This rate equation differs with respect to that for Pt(111) b
decrease of−0.3 in the reaction order in cyclohexanone a
an increase of 1.0 in the reaction order in H2. The change
in hydrogen reaction order is consistent with previous U
studies of H2 adsorption on the Pt–Sn alloys [22] where
was shown that the barrier for H2 dissociative adsorption in
creases on these surfaces compared to Pt(111). In add
it is also known that hydrocarbon adsorption is also wea
on the Pt–Sn surface alloys [23–25]. On the alloys, the o
all reaction rate, instead of being determined mostly by
reaction in Eq. (6), is distributed more equally among st
in Eqs. (4)–(6) making the rate more sensitive to the p
sures of the reactants. This would increase the import
of the competition for adsorption sites in the overall re
tion rate compared to that on Pt(111) and induce a chan
the absolute values of the reaction orders from 0.5 to 1.5
hydrogen and from−0.6 to−0.9 for cyclohexanone.

As a final point of interest, the kinetic data for cycl
hexanone hydrogenation over the Sn/Pt(111) alloy cata
can be compared with extensive studies of ethylene hy
genation over Pt(111) [21] where the reaction orders w
1.31 and−0.6 in H2 and ethylene, respectively. These
sults more closely agree with our results on cyclohexan
over the two Pt–Sn alloys than our results on Pt(111).

5. Conclusion

Using two unsupported, well-defined Sn/Pt(111) mo
catalysts for the gas-phase hydrogenation of cyclohexan
we report activities and selectivities compared to uns
ported Pt(111) catalysts. Alloying tin to platinum and
creasing the amount of alloyed tin enhances the ove
catalytic activity toward the corresponding alcohol, cyc
hexanol, at low temperatures, specifically 325 K. Ther
no appreciably change in selectivity between Pt(111) and
two Sn/Pt(111) alloys.
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