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Abstract

Hydrogenation of cyclohexanone was studied over Pt(111) and two ordered, Pt—Sn alloy surfaces formed by vapor deposition of Sn on
the Pt(111) single crystal surface—thex2) Sn/Pt(111) and«(3 x +/3)R3C Sn/Pt(111) surface alloys. The influence of alloying Sn,
alloy structure, partial pressures of hydrogen and cyclohexanone, and temperature on the activity and selectivity of these model catalysts
toward formation of the corresponding alcohol was investigated. All surfaces were characterized before and after catalytic reaction by XPS
and LEED to ensure proper alloy formation and stability. The hydrogenation activity at low temperature (325 K) was substantially higher
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 layer. The
apparent activation energy for the hydrogenation of cyclohexanone at 325 Kwas 16.2, 13.4, and 1&d! koaPt(111), (2x 2) Sn/Pt(111)
alloy, and ¢/3 x +/3)R3C Sn/Pt(111) alloy, respectively, and the reaction order jrcHanged from & on Pt(111) to 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 function of
temperature on all three surfaces. Cyclohexanol was the only product detected below 400 K, but cyclohexene and cyclohexane were the sols
products at 425 and 500 K, and thes&oupling product cyclohexylcyclohexene was formed exclusively at 600 K over all catalysts.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Reflecting their commercial importance, there have been °=<:> ”°4<:>
a number of studies aimed at understanding and control-

ling catalytic reaction selectivity of carbonyl groups, in par-  cyclohexanone cyclohexanol carvone
ticular investigations comparing hydrogenation reactions of
olefin and carbonyl functional groups [1,2]. However, inves-
tigations of the hydrogenation of cyclic hydrocarbons con-
taining carbonyl groups over transition-metal catalysts are Pt/HZSM5 [6] in the gas phase. It was assumed that metal-
scarce despite their importance in catalysis. Cyclohexanonelic sites were responsible for hydrogenation reactions and
a monocyclic ketone (Scheme 1) is of great importance as afor dehydrogenation into aromatics. Results from the hy-
stable intermediate in hydrodeoxygenation (HDO) reaction drogenation of the unsaturated ketone carvone (Scheme 1)
sequences [3]. For instance, cyclohexanone is an interme-on Pt/ALO3 and Pt—Sn/AlOs indicate that increasing the
diate in the production from cyclohexanol (Scheme 1) of amount of Sn added to a Pt catalyst favors the formation of
e-caprolactam that is used in the manufacturing of nylon-6 unsaturated ketones [7]. Numerous investigations have been
and polyamide resins [4]. carried out to establish the hydrogenation mechanism of ke-
Catalytic hydrogenation of cyclohexanone has been stud-tones in the liquid phase over supported metal or metal sul-
ied over a Pt/SiQ catalyst [5] in the liquid phase and on fide catalysts [9], but to our knowledge, there are no kinetic
data available on such reactions over unsupported bimetallic

Scheme 1.
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ture range between 300 and 390K (e.g., no dehydrogenation, Results from our catalytic studies are described by selec-
cracking, or coupling products were observed). If the surface tivity (S;), conversion €), and turnover frequency (TOF).
temperature was increased beyond 390 K, the hydrogenatioriThe calculations done to obtain these values are the same as
rate decreased and the onset of a new reaction, dehydrogendhose in a previous report [13]. The selectivity was calcu-
tion, was also observed. lated for a conversion of less than 10 mol% (unless stated
In this report, we describe studies of cyclohexanone as otherwise) in order to reduce the influence of poisoning and
a model compound for understanding the gas-phase hydro-secondary products.
genation of cyclic ketones over metallic sites on bimetallic ~ Selectivity (S;) toward a given product can be defined by

Pt—-Sn catalysts as probed by experiments using the Pt(111) n;

surface and two ordered Sn—Pt(111) surface alloys as modelSi = Z— 1)
catalysts. i
wheren; is the number of moles of a given product. Conver-
sion (C) can be defined as
2. Experimental methods Nfinal

C=1-

: 2)

The experiments were performed in an ultrahigh vac- inital L .
uum (UHV) stainless-steel chamber with a base pressureWher€rinital andninal are the initial and final number of
of 1 x 10-1° Torr, pumped with an ion pump (240/k) moles.o_f thg cyclohexanone reactant.
and Cryo-Plex 8 cryogenic pump (15004), that is cou- Act|V|ty is expressed as a turnover frequency (TOF)
pled directly to a high-pressure reaction chamber via an at- which can be defined as the number of cyclohexanone.mole—
tendent sample-transfer rod [13]. The UHV chamber was CUleS transformed per surface atom per second. This was
equipped with a spherical capacitor analyzer (SCA) used Qetermlned from initial activities, calculated from the ini-
for Auger electron (AES) and X-ray photoelectron spec- tial slopg ofplotg of the amount of cyclohexanone converted
troscopy (XPS) [10], and low-energy ion scattering (LEIS), Versus time as given by
low-energy electron diffraction (LEED) optics, quadrupole Vk X Na X Pinitial Piinal
mass spectrometer (QMS), and several gas dosers and metdlOF < )
deposition sources. The gas from the reaction cell was ana-
lyzed by a HP Model 5890 Series Il gas chromatograph (GC) where VR is the reactor volume (84 x 10~* m®), Pinitial
with a capillary column. and Psing are the initial and final pressures of cyclohexanone

The Pt crystal was polished on both sides along the in the reaction mixtureNa is Avogadro’s numberR is the
(111) crystal plane. The sample was spot-welded betweengas constant] is the temperature of the reaction mixture
two tungsten wires (0.8-mm diameter) that connected to (325 K), @p is the Pt-atom density at the Pt(111) surface
Cu feedthrough posts and could be resistively heated from(1.505x 10'° atomg'cn?), ¢ is the reaction time (s), anlis
300 to 1200 K. A chromel-alumel thermocouple was spot- the total surface area of the crystal (1.7%nNo corrections
welded directly to the side of the crystal. The clean Pt(111) were done for decreasing the surface Pt-atom concentration
surface was prepared by Avion sputtering at room temper-  in the alloys. We note that Eq. (3) is the same as Eq. (3) in
ature for 1 h and annealing at 1000 K inx110~7 Torr O, Ref. [13], which is obtained by substituting the mole frac-
for 5 min. Sample cleanliness was checked with AES and tion of cyclohexanon& cHo for the cyclohexanone partial
LEED. pressures in the reaction mixtur® qo was misdefined in

The two Pt-Sn surface alloys were prepared following Ref. [13] as mole percent, however). Eq. (3) is only valid
the procedure described by Paffet and Windham [9]. Sn wasif the number of moles of product produced is equal to the
evaporated onto the Pt(111) surface at 300 K in UHV and number of moles of the cyclohexanone reactant consumed
then the sample was annealed at 1000 K for 10 s. LEED for each of the products formed in the reaction.
and XPS were employed to ensure that the proper alloy was
formed on both sides of the crystal. LEED showed the same
pattern and the Pt(4f)/Sn(3d) XPS ratio was within 10% on 3. Results
both sides in all cases.

Cyclohexanone (99.5% purity, Aldrich Corp.) was puri- Catalytic hydrogenation of cyclohexanone was carried
fied by fractional vacuum distillation. Hydrogen (Matheson, outover atemperature range of 325-600 K. The temperature
99.9999%) was used as purchased. The reaction mixture wa®f the reactor walls was kept at 325 K in order to minimize
analyzed by using the GC before being introduced into the possible condensation of reactant and product gases.
reaction cell. The analysis showed99.99 mass% cyclo- The conversion of cyclohexanone over Pt(111) and two
hexanone, with the res(0.01 mass%) as cyclohexane. We ordered Sn/Pt(111) surface alloys is shown in Figs. 1-3 as
also performed blank experiments before reactions to ensurea function of reaction time for different catalyst tempera-
zero catalytic activity in the absence of the single-crystal ca- tures. Over Pt(111) at the lowest temperature investigated of
talyst. 325K, ittook 500 s to reach 10% cyclohexanone conversion

3)
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Fig. 1. Catalytic hydrogenation of cyclohexanone over Pt(111).
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Fig. 2. Catalytic hydrogenation of cyclohexanone over & @ Sn/Pt(111) alloy with®g, = 0.25.

as shown in Fig. 1. This level of conversion was reached af- The (2x 2) Sn/Pt(111) alloy with®s, = 0.25 was much

ter only 100 s at catalyst temperatures of 350—400 K. The more active than Pt(111) at low temperatures, as shown in
conversion rapidly increased upon contact with the catalyst, Fig. 2. At 325 K, 10% conversion was reached in only 200 s.
and there was no indication of an induction or activation pe- Almost the same behavior was observed when using the
riod for the reaction at these temperatures. Conversion after(+/3 x +/3)R30 Sn/Pt(111) alloy as a catalyst, as shown
3600 s (60 min) reached 80, 85, and 55% for catalyst tem-in Fig. 3. At 350 and 370 K the initial rates were nearly the
peratures of 350, 370, and 400 K, respectively. The curvessame; however, the rate at 325 K was faster and the rate at
shown in Fig. 1 exhibit exponential shapes commonly ob- higher temperatures was slower than that on theZpalloy.
served in catalytic transformations for similar heterogeneous The selectivity data as a function of temperature were
systems using a batch reactor. similar for all three of these catalysts. Specifically, results for
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Fig. 3. Catalytic hydrogenation of cyclohexanone ovér/@ x +/3)R30° Sn/Pt(111) alloy with9g, = 0.33.

Pt(111) at low & 20%) conversion are presented in Fig. 4. 325 K) shown in Fig. 5. Values of 3(app) = 16.2, 13.4,
Temperature has a strong effect on the reaction selectivity.and 12.4 kcaimol at < 10% conversion were determined
The main product of the hydrogenation of cyclohexanone for Pt(111) and the (X 2) and (/3 x +/3)R30 surface
over all of the catalysts was cyclohexanol in the tempera- alloys, respectively. These values are provided in Table 1.
ture range of 325-400 K. At 425-500 K, the main products Arrhenius behavior of the hydrogenation rate from 325 to
were cyclohexene and cyclohexane, with only a trace of cy- 350 K over Pt(111) and the (R 2) alloy implies that the
clohexanol. At 600 K, the reaction was essentially 100% number of surface active sites does not change in any sig-
selective for cyclohexylcyclohexene. No benzene or phenol nificant manner over this range of temperature. This factor
was detected under any of these reaction conditions. may be influencing the data on the’g x +/3)R30 alloy,

The influence of temperature on the initial reaction rate, however. At these low temperatures, alloying and increasing
as monitored ak 10% conversion, was determined over a the amount of Sn at the Pt—Sn surface increases the catalytic
wide range of catalyst temperatures at a fixed pressure ra-activity and decreases the apparent activation energy. As a
tio of cyclohexanone (CHO) to Hof 1:100 with Pyiq =

5 Torr as shown in Fig. 5. Because only hydrogenation to 600 500 400 370 350 325
form cyclohexanol occurs in the low temperature range near j ' ' o '
325 K, an apparent activation enerdyz(app), for the hy- I 00 H, = Procucts
drogenation of the €0 functional group can be calculated or ’
by considering the lowest temperature data (350, 340, and . (3x13)R30" alloy
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Fig. 5. Arrhenius plots for Pt(111)l) and the (2x 2) (@) and
Fig. 4. Selectivities of cyclohexanone hydrogenatien20% conversion) (vV3 x VBR3P (O) Sn/Pi(111) surface alloysPy, = 5 Torr and
as a function of the reaction temperature. Peyclohexanoné= 9 X 102 Torr.
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6.0
Table 1 _
Hydrogenation of cyclohexanone over Pt and Sn/Pt cat&lysts 551 . T=370K
50k (¥3xV3)R30° alloy P, =100 torr
Catalyst Sn coverageEg (appf  Overall hydrogenation ' (2x2) alloy :
(ML)  (kcal/mol) activity, TOF (s'1) 45 n=-0.9 Qe
Pt(111) 0 16.2 0.064 40 1
(2% 2) Sn/Pt(111) alloy @5 13.4 0.085 = 35|
(V3 x /3)R30° 0.33 12.4 0.096 T 50
Sn/Pt(111) alloy '9 “r
— 25}
8 PH,:PcHo = 100, Piota = 5 Torr, andT gas= 325 K. o Pt(111) '\
b Evaluated by using data at 350, 340, and 325 K. The uncertainty is 5 2°[ n=-0.6 '\
estimated roughly to bg 1 kcal/mol. 1.5 - .
1.0 |
point of comparison, the apparent activation energy for eth- 05
ylene hydrogenation over Pt(111) at 300-370 K has been 0'040 3'5 3'0 2'5 2'0 1‘5 1o
reported to be 10.8 kcainol [21]. ' ' Clnp_ (torr) ‘ ' '
At 400 and 500 K, all of the catalysts favor dehydration cHo

of CyCtheX_ar‘.Ol to forr_n cyclohexene and cyclohexane. The Fig. 7. Effect of the cyclohexanone pressure on the catalytic hydrogenation
measured initial reaction rate drops sharply for both alloy of cyclohexanone over Pt(111) and Sn/Pt(111) surface alloys.
catalysts between 370 and 400 K. The dehydration reaction

rate decreases as the temperature s raised above 490 K, anﬁ{/ity of the catalyst at 325 to 370 K increased in proportion
at 600 K.’ anew comppt_md, cyclohexylcyclohexene, is pro- 4 the amount of Sn in the surface layer. The highest activ-
duced with high selectivity. , ity that we measured was for the/8 x +/3)R3C at 370 K.

The reaction kinetics were also measured as a function of 5, catalyst temperatures of 400 K or higher, all of the cata-
partial pressures of hydrogen and cyclohexanone. Data forIysts have a lower rate and increasing the amount of Sn in
the dependence of the rate of cyclohexanone conversion ory, alloy surface decreased the conversion rate. One imag-

hydrogen pressure over all three catalysts at 370 Kis givenin; .« that at some temperature between 370 and 400 K there
Fig. 6. The rate exhibits a reaction order of 0.5 in hydrogen o | o agtact of alloying Sn on the rate.

pressure for Pt(111) and 1.5 for both alloys. The rate for all
three catalysts shows a negative reaction order in the reactant
pressure. Over Pt(111), the reaction order in cyclohexanon
is —0.6 and is—0.9 over both alloys, as shown in Fig. 7.

Fig. mmariz me of our data, replotting to explic- . :
g. 8 summarizes some of our data, replotting to explic The selectivity is mainly to cyclohexanol in the 325-

itly show the influence of the Sn content on the activity for 400 K temperature ranae for all catalvsts in the hvdrogena-
cyclohexanone conversion over these catalysts at different P 9 y ydrog

reaction temperatures. When Sn was alloyed with Pt, the aC_t|on reaction of cyclohexanone. It was reported for cyclo-

. Discussion
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cyclohexanone over Pt(111) and Sn/Pt(111) surface alloys. centration.
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hexene hydrogenation on Pt(111) [8] that only cyclohexane decrease in activity and also the non-Arrhenius behavior
was formed in the reaction at the 300-400 K temperature already at 370 K on Pt(111) could be attributed to deacti-
range. Alloyed Sn does not appreciably modify the Pt(111) vation due to the buildup of hydrocarbon intermediates or
selectivity. It has an effect on the reaction rate where, at low carbonaceous deposits [14]. We observed larger amounts of
temperature, increasing the amount of tin increases the re-carbon on all three surfaces following high-pressure reaction
action rate. This increase in rate is attributed to a favorable at 400 K compared to that at lower temperatures.
modification of the nature of the active metallic sites. The reaction order in hydrogen of 0.5 found for Pt(111)

Our results on Pt(111) selectivity agree with those ob- is consistent with a proposal that i$ weakly and dissocia-
tained on Pt/Si@ catalysts (5% by weight Pt on silica of tively adsorbed on the surface in a Langmuir-Hinshelwood
grain size 0.05-0.125 mm) in the pressure range 0.1 tomechanism [15]. The negative reaction order in cyclohexa-
150 bar and room temperature [5], and also agree with thenone determined here is also consistent with strong ke-
results of Alvarez et al. [6]. They reported 6 groups of prod- tone adsorption on the surface of the metal catalyst. Cy-
ucts for cyclohexanone hydrogenation on PtHZSMS cata- clohexanone temperature-programmed desorption (TPD)
lysts (0.05 and 0.2 wt% Pt) at 473 K, under atmospheric studies reported elsewhere [16,17] show that cyclohexanone
pressure in a flow reactor with agHCHO molar ratio of 3. is strongly bound, and even partially irreversibly adsorbed
In our case, for the range 425 to 500 K, cyclohexanol, cyclo- at low coverages under UHV conditions, on Pt and Pt—Sn
hexene, cyclohexane, and cyclohexylcyclohexene are amongalloys.
those products reported by Alvarez et al., but we did not ob-  These reaction orders are comparable to those observed
serve the variety of products that they reported. We can sayfor liquid-phase hydrogenation of cyclohexanone over Pt/
that for 425-500 K dehydration proceeds prior to ring hydro- SiOs [5]. In the case of 2-cyclohexenone hydrogenation over
genation or dehydrogenation in the reaction mechanism. ThePt/SiQ, the order with respect to the ketone was.4 [18].
cyclohexylcyclohexene formed selectively at 600 K over our Negative orders with respect to the ketone were also re-
catalysts could result from the dimerization of cyclohex- ported for hydrogenation reactions of 1,4-cyclohexanedione
ene [6] or dehydration of cyclohexylcyclohexanone [11]. and acetophenone [19,20].

To our knowledge this is the first report of catalytic cy- According to a Langmuir—Hinshelwood mechanism, and
clohexanone hydrogenation on a clean Pt single crystal sur-assuming that hydrogen and the ketone are both adsorbed on
face or unsupported Pt-Sn alloys, specifically Pt(111) and (energetically) equivalent Pt sites, a simplified mechanism
two well-characterized Sn/Pt(111) alloys. Thus, a reaction can be proposed for hydrogenation of cyclohexanone to pro-
scheme can be presented that is not influenced by participa-duce cyclohexanol at 325-370 K as follows:
tion of an oxide support or oxidized Sn species. The products

of cyclohexanone hydrogenation result from the following 2Pt+Hz o 2Pt-H 4)
steps on metallic sites: 2Pt+ CHO < P—CHOQ, (5)
Pt-H+ Pt,—CHO— 2Pt+ Pt—-CHO-H (slow) (6)

325-400 K Hydrogenation of cyclohexanone;

400-500 K Dehydration of cyclohexanol followed by hy- Pt=H+ Pt-CHO—H— 2Pt H-CHO-H (fasf) (7
drogenation or dehydrogenation of the cyclo- where CHO denotes 4El100 (cyclohexanone) and H-—
hexyl ring; CHO-H denotes gH120 (cyclohexanol).

600 K Ring coupling and formation of bicyclic hydro- In Egs. (4) and (5), hydrogen and CHO compete for Pt
carbons. sites. In Eqg. (5), CHO is assumed to chemisorb in & di-

manner with a stoichiometry of 2 Pt sites per molecule. Hy-

In the prior literature, there are no values reported for drogenation in either Egs. (6) or (7) is assumed to be the
apparent activation energieBa(app), of gas-phase hydro- rate-determining step because we expect cyclohexanol des-
genation of cyclohexanone over platinum-based catalysts.orption to be fast at 300 K [16]. In our derivation, we assume
We found thatE(app) for cyclohexanone hydrogenation Eg. (6) to be the rate-determining step. An inhibiting effect
decreased as the @pt atomic ratio increased. This qual- often observed for CHO can be explained by a stronger in-
itatively accounts for the increase in the reaction rates. teraction of CHO than hydrogen with Pt.

A qualitatively similar trend was observed for crotonalde- The overall reaction rate is determined by Eqg. (6) and can
hyde (CH=CHCH,CHO) hydrogenation on supported and be expressed by
unsupported Pt—Sn bimetallic catalysts [12,13].

The steep decrease in the reaction rate over the aIonsrCHo:k@CHO@H’ (8)
from 370 to 400 K can be attributed to a change in reaction where,rcHo is the rate of disappearance of CHOjs an
mechanism and the rate-determining step that occurs whenArrhenious rate constant, al@cyo and ®y are the ad-
the product distribution changes from cyclohexanol to cy- sorbed cyclohexanone and hydrogen adatom coverages, re-
clohexane and cyclohexane. The C—O bond cleavage thatpectively, and CHO and H adsorb on neighboring sites
occurs in dehydration is expected to proceed only with a with a probability proportional to the product of coverages
large activation energy barrier on the alloys. However, this Ocpo - OH.
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An equilibrium constanky, for dissociative H chemi-
sorption as given in Eq. (4) can be written as
OH 1/2

=K 9)
1/2 Hz >
OptP) 2

where ®pt is the Pt surface available (unoccupied) for ad-

sorption, andPH, is the K partial pressure.
An equilibrium constantK cHo for chemisorption in
Eq. (5) can be written as

OcHo
= KcHo (10)
©&PcHo
Because
Opt=(1— OH — OcHo) (11)

in cases of fast desorption of products, we can write a system

of two simultaneous equations as

1/2 51/2

On = Ky, Py,"(1— On — OcHo),

OcHo = KchoPcHo(1 — Ox — Ocho)?

(12)
(13)

that must be solved simultaneously to fiegy and®@cho in

wherek’ = (kK,ﬁ/zz/Ké{fo). This expression, Eqg. (19), is

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

(20)

Experimentally, we tried to prevent excessive carbon
residue formation by using a high hydrogen/hydrocarbon
ratio. This condition also introduces the so-called “quasi-
zero” order with respect to hydrogen, because the hydrogen
concentration in the reaction mixture does not change signif-
icantly during the reaction run. However, varying the hydro-
gen pressure in the mixture must result in the correct order
of the reaction in H, independent of the above reasoning,
also, the order in cyclohexanone indicates that its inhibiting
effect diminishes in the experimental conditions used.

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

~06 p0.5
rcHo =k Pepo Ph -

(21)

This rate equation differs with respect to that for Pt(111) by a
decrease 0£0.3 in the reaction order in cyclohexanone and
an increase of 1.0 in the reaction order in. Hhe change

—-09 p15
rCHO = kPCHO PH2 .

terms of the measured partial pressures. Solving this set ofin hydrogen reaction order is consistent with previous UHV

equations by eliminatin@ cno using

(14)

KcHoPcHo
OcHo = (7) 64

Kn, Pr,
leads to a quadratic equationd¥. Only one solution to the

studies of H adsorption on the Pt—Sn alloys [22] where it
was shown that the barrier forHlissociative adsorption in-
creases on these surfaces compared to Pt(111). In addition
it is also known that hydrocarbon adsorption is also weaker
on the Pt—Sn surface alloys [23-25]. On the alloys, the over-

quadratic expression that results is physically meaningful to all reaction rate, instead of being determined mostly by the

allow for ®y > 0, and we obtain

O =
H=2

KcHoPcHo | KcHoPcHo
Ky Py k2 pl2 )

Hp "Hp

2 2
Kc?/(zan?zo
Ky PY)

KchoPcHo + KcroPcHo

(e )2 4K, P
+ .
% KcHoPcHo

Keiy Py

(15)

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

KCHOPCHO> 3

rcHo=k| ————— | Of. 16

< K, PH, 4 (16)

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

KcHoPcHo < K, P, (17)
to give
1/2
Kn, P
Op = <M> . (18)
KcHoPcHo

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

—12 172
rcHo = k/PCHé PHé . (19)

reaction in Eqg. (6), is distributed more equally among steps
in Egs. (4)-(6) making the rate more sensitive to the pres-
sures of the reactants. This would increase the importance
of the competition for adsorption sites in the overall reac-
tion rate compared to that on Pt(111) and induce a change in
the absolute values of the reaction orders from 0.5 to 1.5 for
hydrogen and from-0.6 to —0.9 for cyclohexanone.

As a final point of interest, the kinetic data for cyclo-
hexanone hydrogenation over the Sn/Pt(111) alloy catalysts
can be compared with extensive studies of ethylene hydro-
genation over Pt(111) [21] where the reaction orders were
1.31 and—0.6 in Hy and ethylene, respectively. These re-
sults more closely agree with our results on cyclohexanone
over the two Pt—Sn alloys than our results on Pt(111).

5. Conclusion

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