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The dehydrogenation of cyclohexane and the dehydrocycliaation of n-heptane were investi- 
gat,ed at low hydrocarbon pressure ( ~10-5 Torr) on two single crystal surfaces of iridium. The 
surfaces studied were Ir(ll1) and Ir(755) or stepped [G(lll) X (100) J. The reaction rates were 
monitored by a quadrupole mass spectrometer, the surface structure and surface composition 
were determined by means of low-energy electron diffract,ion and Auger electron spectroscopy. 
The results are discussed and compared with similar studies on single crystal surfaces of 
platinum. The stepped iridium surface appeared to be a factor of 3 to 5 more active in dehydro- 
genation than t,he iridium (111) surface. The activity of iridium in dehydrocyclization was 
lower than that, for platinum srlrfaces of the same structure. 

INTRODUCTION 

A large number of adsorption studies 
performed on well-defined crystal surfaces 
in different laborat,ories and kth various 
cxptrimcntal techniques has established a 
large influence of the crystal surface struc- 
ture on the adsorption characteristics. 
This is exhibited by a pronounced crystal 
face specificity in heat of adsorption, stick- 
ing probability, ordering on the surfacr, 
dipole moment and decomposition of the 
adsorbed molecules. For platinum and 
iridium both metals being active catalysts 
for a large number of chemical rcac tions, 
a striking crystal face effect has been shown 
to exist in strong chemisorption (l-4), 
weak chemisorption (5) and physical ad- 
sorption (6, 7). 

1 This report was done with support from the 
Unit.ed States Energy Research and Development 
Administ.ration. Any conclusions or opinions ex- 
pressed in t)his report represent solely those of the 
allthor and not necessarily those of t.he Regents 
of the Universily of CaIifornia, (be Lawrence 
Berkeley Laborato1.y or the United States Knergy 
Research and Development Administ,ration. 

2 Permanent address : Gorlaeus Laboratories, P.O. 
Box 75, Leidert, The Netherlands. 

It may bc expected from these adsorption 
experimental results that the surface skuc- 
ture will also have a significant influence 
on catalysis. Available data of cat,alysis 
studies on various single crystal metal 
surfaces are, however, still very scarce and 
limit,ed to the simplest catalytic reactions, 
such as hydrogen-deuterium equilibrium 
on platinum, studied by Lu and Rye (8) 
and decomposition of ammonia, studied on 
platinum single crystal surfaces by Liiffler 
and Schmidt (9). These two st,udies point 
indeed to large influence of the surface 
structure on the activity of the catalyst 
in low pressure catalysis. Recently more 
complicated catalytic reactions such as 
dehydrogenation and hydrogenolysis of 
some selected hydrocarbons have been 
investigated on several platinum single 
crystal surfaces in this Iaboratory (IO, 11). 
It was found that the behavior of plati- 
num in t’hese reactions is very sensitive 
to the presence of imperfections such as 
steps 011 the surface. The react’ion prob- 
ability for the dehydrogenation of cyclo- 
hexane to benzene appeared to be an order 
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of magnitude higher at low reactant pres- 
sures (&lop5 Torr) on a stepped high 
Miller index surface than on the platinum 
(111) surface, a surface wit.h a very low 
concentration of atomic steps. 

In the present paper a similar study per- 
formed on iridium surfaces is described. 
Two different iridium surfaces have been 
investigated : the (111) face, that is the 
atomically most densely packed iridium 
surface and the high Miller index (755) or 
Ir(S)-[6(111) X (loo)] surface, consisting 
of terraces of the (111) type with a width 
of six atoms, separated by steps of the (100) 
type with monatomic height. The choice of 
these two surfaces permits a direct examina- 
tion of the influence of steps on the cata- 
lytic activity of iridium. Two reactions were 
examined, a dehydrogenation reaction, the 
formation of benzene from cyclohexane and 
a dehydrocyclization reaction, the forma- 
tion of toluene from n-heptane. 

Another purpose of this study was to 
compare the behavior of the iridium sur- 
faces in these reactions with the behavior 
of similar surfaces of platinum which have 
been studied previously (10-12). A recent 
study (4) has demonstrated the marked 
effect of steps on iridium surfaces on the 
adsorption of hydrocarbons. Further sig- 
nificant differences were found to exist 
between similar surfaces of iridium and 
platinum : differences in thermal desorption 
mass spectra and low-energy electron dif- 
fraction observations of the adsorbed 
species indicated that C-H and possibly 
also C-C bond breaking occurs more easily 
on iridium than on platinum. The present 
study enables a direct comparison of 
platinum and iridium in catalysis of the 
same hydrocarbon reactions. 

EXPERIMENTAL METHODS 

The two iridium samples were cut from a 
single crystal rod of 99.99y0 nominal purity, 
purchased from Materials Research Corp. 
The main impurities were ruthenium (100 

ppm), tungsten (40 ppm), platinum (30 
ppm), and iron (15 ppm). Other impurities 
were stated to have concentrations less 
than 10 ppm. After orient.at.ion of the rod 
with the aid of the Laue back-reflection 
X-ray technique the samples were cut from 
the rod by means of spark erosion to within 
1” of the desired angles. The surfaces of the 
two samples were polished fohowing stan- 
dard metallographic procedures. The sur- 
face area of the samples was approximately 
1.0 cm2. 

The samples spotwelded to Oantalum sup- 
ports were installed in a LEED-AES ultra- 
high vacuum apparatus. The pumping sys- 
tem consisted of a 140 liters/set Vat-Ion 
pump and a titanium sublimation pump 
which could be independently isolated 
from the chamber by gate valves. The 
system contained four-grid electron optics 
and was equipped with a quadrupole mass 
spectrometer and ion bombardment at- 
tachment. Typical residual pressures were 
in the lo-lo Torr range (mainly Hz, H20, 
CO, Ar, and CH,). The samples were re- 
sistively heated using alternating currents 
through the tantalum supports. Sample 
temperatures were determined by means 
of Pt-Pt 10% Rh thermocouples spot- 
welded near the edges of the samples. 
Measurements made with infrared and 
optical pyrometers indicated that the tem- 
perature gradient across the surface of the 
samples was not more than 5%. 

The samples were heated for several days 
at a temperature of 1200°C for outgassing 
and surface annealing. After this heating 
process a small calcium AES peak was 
detected, which could be removed from the 
surface by argon ion bombardment and a 
subsequent flash to 1200°C in order to re- 
store the surface perfection. This bombard- 
ment heating procedure was repeated 
several times in order to obtain a surface 
that was free of calcium within the limits 
of detection of Auger electron spectroscopy. 
The main surface contaminant was found 
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to be carbon which could easily be removed 
by heating the sample to 500-600°C in an 
oxygen ambient of 5 X 10e7 Torr followed 
by flashing to 1200°C in order to desorb 
oxygen from the surface. The surfaces pro- 
duced in this way were clean within the 
limits detectable by Auger electron spec- 
troscopy. The sensitivity of the AES 
analysis was about 27, of a monolayer. 

The procedure employed during t’he reac- 
tion experiments will be described nom. 
After cleaning, the iridium sample was 
cooled to about 40°C. The vacuum chamber 
was then isolated from the pumps and 
hydrogen was admitted into the chamber 
to the desired pressure, followed by intro- 
duction of the hydrocarbon by the use of 
two variable leak valves. Pressures of the 
reactant and hydrogen were measured by 
means of the quadrupolc mass spectrometer 
which was equipped with a thoriated- 
iridium filament to minimize interaction 
with the hydrocarbons. The mass spcctrom- 
eter was calibrated for hydrogen, the 
reactant and the expected reaction products 
using an ionization gauge. The ionizat’ion 
gauge was never used during admission of 
the reactant and during t#hc reaction. The 
sample was heated to the desired reaction 
temperature and the partial pressure of 
reactant and reaction products were con- 
tinuously monitored with the mass spec- 
trometer. When the experiment was com- 
pleted, the gases were pumped out and 
Auger electron spectra were taken and Iow- 
energy electron diffraction observat8ions 
were made in order t.o investigate the 
amount and the nature of adsorbates on 
the surface. 

The dchydrogenation of cyclohcxane to 
benzene could easily be followed by using 
the increase of the parent m/e = 78 peak. 
The dehydrocyclization reaction of n-hep- 
tane to toluene was recorded by means of 
the changes in the In/e = 91 and m./e = 92 

peaks corrected for a small component 
present in the TL-hcptanc cracking pattern. 

RESULTS AND DISCUSSION 

First we shall describe the dehydrogena- 
tion of cyclohexane. The st,andard condi- 
tions for these measurements were a cyclo- 
hexane pressure of 1 X 10-j Torr and a 
hydrogen pressure of 20 X 10e5 Torr. 
Aft,er cleaning the sample it was cooled to 
room temperature and hydrogen \vas in- 
troduced into the system and subsequently 
the hydrocarbon t’o the desired pressures. 
The composition of the gas phase was de- 
termined by means of the mass spectrom- 
eter. Ko dehydrogenation activity could 
be detected at this temperature. Then the 
crystal was heated to the desired tempcra- 
ture and the gas composition was monitored 
as a funct,ion of time. Usually the reaction 
rate was const,ant after approximately 5 
min and remained constant for at lrast 
30 min. This reaction rate was considered 
to be characteristic of the surface under 
t.he experimental conditions used. Separate 
blank experiments carried out, under exactly 
identical experimental conditions but with 
the iridium sample rcplaccd by a sheet of 
tantalum showed no detectable formation 
of benzene and cyclohcxenc. However, the 
rate of hydrogenolysis, as indicated by t’he 
increase of m/e = 15, 16, 29, and 41 in- 
tensities was of the same order of magnitude 
as in the presence of an iridium sample. It 
was, therefore, not possible to measure 
react’ion products other than dchydrogena- 
tion products. 

The main dehydrogenation product was 
benzene, only minor amounts of cyclo- 
hcxene, an intermediate in t,he reaction to 
benzene, were detected. The dehydrogena- 
tion rates measured were reproducible to 
within 80% on both iridium surfaces under 
t.he conditions used. The results are shown 
in Table 1 expressed as turnover numbers 
for the reactions (the number of benzene 
or cyclohexene molecules formed per metal 
atom per second), for two different tempera- 
tures viz, 150 and 250°C. The vaIues in 
Table 1 are values averaged for three values 
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measured experimentally at the tempera- 
ture indicated. The stepped iridium surface 
appears to be more active in dehydrogena- 
tion than the (111) surface, the difference 
is a factor of 3 at 150°C and a factor of 
5 at 250°C. 

An actual metal catalyst in hydrocarbon 
reactions is always covered with a carbo- 
naceous deposit. The presence of carbon on 
the surface may drastically change the 
chemical properties of the metal surface. 
It was found in our laboratory that carbon 
monoxide is molecularly adsorbed at room 
temperature on a clean iridium (110) sur- 
face while it is for a large part dissociatively 
adsorbed at room temperature on an 
iridium (110) surface covered with carbon 
(13). In the present study the amount of 
carbon on the surface was measured by 
means of Auger electron spectroscopy. It 
appeared that the amount of carbon de- 
posited on the surface after a reaction ex- 
periment at 250°C is about twice the 
amount of carbon after an experiment per- 
formed at 150°C. This trend of increasing 
amount of carbonaceous deposit with in- 
creasing temperature has also been observed 
for platinum (10). The carbonaceous de- 
posit on the iridium surface is not ordered 
as judged by LEED. The only effect of the 

carbon deposit on the LEED pattern is a 
large increase in the background intensit,y. 

In order to investigate the effect of an 
ordered carbon layer on the dehydrogena- 
tion activity of iridium, the iridium (111) 
sample was heated for 30 min in a cyclo- 
hexane ambient of lo-’ Torr at a tempera- 
ture of 900°C. As reported in a previous 
study (4) carbon on an iridium (111) surface 
gives, under these experimental conditions, 
a LEED pattern corresponding to a (9 X 9) 
surface structure. This surface strut ture 
may be interpreted as a hexagonal over- 
layer of carbon similar to t’he structure of 
the basal plane of graphite (4). Turnover 
numbers for the dehydrogenation reaction 
performed on this surface are included in 
Table 1. The activity for benzene format’ion 
is not different from that of the initially 
clean iridium (111) surface within the ex- 
perimental accuracy. An interesting effect 
is that the amount of cyclohexene formed 
is larger than with the initially clean 
iridium surface. The LEED patterns ob- 
served after the reaction reveal that the 
surface still has a (9 X 9) structure. 

Values of the turnover number for de- 
hydrogenation of cyclohexane on platinum 
single crystal surfaces have been inserted 
in Table 1. The values were reported by 

TABLE 1 

Values of the Turnover Number ~(molecules product/set metal atom) for Low Pressure Dehydrogenation 
of Cyclohexane on Single Crystal Surfaces of Iridium (this study) and Platinum [from Ref. (lo)] for a 
Hydrogen/Cylohexane ratio of 20 

Surface Temp. (“C) u-Benzene o-Cyclohexene 

Ir(ll1) 150 0.3 x 10-S <0.2 x 10-s 
250 0.5 x 10-C <0.2 x 10-h 

Ir(S)-[6(111) X (loo)] 150 0.9 x 10-h <0.2 x 10-5 
250 2.3 X lo-” <0.2 x 10-5 

Ir(lll)-C(9 X 9) 150 0.3 x 10-s 0.4 x 10-6 
250 0.6 X 1O-6 0.3 x 10-G 

Pt(ll1) 
Pt(S)-[6(111) X (loo)] 

150 
150 

0.1 x 10-E 
1.1 X 10-b 
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TABLE 2 

Values of the Turnover Number o(molecules toluene/sec metal atom) for Dehydrocyclization 
of n-Heptane to Toluene on Iridium and Platinum Surface@ 

Surface 1’ (“C) c 

Ir(lll) 400 1.8 x 10-e 

Ir(S)-[6(111) X (loo)] 400 1.2 x 10-s 

Ir(lll)-C(9 X 9) 400 1.6 X lo+ 
Pt(ll1) 350 6 x IO-6 

Pt(S)-[n(lll) X (loo)] (72 from 5-9) 350 2-11 x 10-s 

Polycrystalline Pt foil 350 1 X 10-s 
400 2 x 10-e 

Polycrystalline Ir foil 400 1 X 10-s 

u Pressure of n-heptane and hydrogen are 5 X 10-S and 2.5 X 10M4 Torr, respectively. 

Ref. 

This work 
This work 
This work 

wf) 
uf4 

(1% 
(14) 

(14) 

Blakely and Somorjai (10). The turnover 
number for the reaction was reported to be 
an order of magnitude larger on the plati- 
num (S)-[6(111) X (loo)] surface than on 
the platinum (111) surface. 

In Table 2 values of turnover number 
are given for t.he dehydrocyclizat’ion of 
wheptane to toluene on the iridium surface 
combined with corresponding values of the 
reaction on single crystal surfaces of plat,i- 
num as found by Baron et al. (If?) and 
values on polycrystalline iridium and plati- 
num foils as measured by Hagen and 
Somorjai (14). The standard conditions of 
t.hcse expwiments were : first hydrogen was 
admitted to a pressure of 2.5 X low4 Torr 
and then wheptane was introduced into the 
chamber to a pressure of 5 X lo-” Torr. 
The crystal temperature was below 40°C 
during admission of the n-heptane--hydro- 
gen mixture. The temperature was then in- 
creased to the desired temperature and the 
composition of the gas phase was analyzed 
continuously. No t.oluene formation was 
detected in separat,e blank runs. The ac- 
tivity of both iridium surfaces was low. 
,4 temperature of 400°C was required in 
order to observe any dehydrocyclization 
react.iott. After approximat,ely 5 tnitt at this 
temperat’ure the reaction rate became con- 

stant and remained constant for at least 20 
min. A turnover number of 1 X 1OW 
(toluene molecules/see metal atom) was 
calculated from this rate. 

No significant differences in dehydro- 
cyclization activit.y were detected on the 
originally clean iridium (111)) the originally 
clean iridium (S)-[S(lll) X (loo)] and 
an iridium (ill)-(9 X 9)-C surface. This is 
different, from platinum single crystal sur- 
facts where reported values on the turnover 
number are a factor of 4 t’o 11 larger on 
stepped t’han on (111) surfaces (12). After 
the experiments a large amount of carbon 
was deposited on the surfaces, close to a 
monolayer as judged by AES. LEED ob- 
servations showed that the carbon deposit 
was disordered on the iridium surfaces. 
However, when the cxperimcnt was carried 
out on the Ir(lll)-C(9 X 9) surface, t,he 
carbon remained ordered on the surface 
with the (9 X 9) surface structure. 

The activity of the two iridium surfaces 
in dehydrocyclization is much lower than 
that of similar surfaces of plat’inum. This is 
consistent with studies by Carter et al. (16) 

who reporkd that at, atmospheric pressure 
iridium powder has a much lower activity 
in dchydrocyclization of n-hcptanc than 
plat,inum powder. However, Hagen and 
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Somorjai (14) found t.hat a polycrystalline 
iridium foil is more active in low pressure 
dehydrocyclization studies than a platinum 
foil. More studies will be required in order 
to understand these different results. It is 
possible that one type of stepped iridium 
surface which is absent on our iridium 
single crystal surfaces, but is well-repre- 
sented on the polycrystalline surface, may 
be very active in the dehydrocyclization 
reaction. 

It is of interest to compare the present 
results with those of our previous study (4) 
on the adsorption of several hydrocarbons 
(ethylene, acetylene, benzene and cyclo- 
hexane) on the same iridium surfaces. It was 
found that ordering of the hydrocarbon 
species is poor on both iridium surfaces. By 
adsorbing the hydrocarbon at 40°C and 
subsequently flashing the samples and 
analyzing the desorbing species it was 
found that the main desorbing species is 
hydrogen. After adsorption of acetylene and 
cyclohexane no desorption of any hydro- 
carbon could be detected. A few percent of 
the total amount of adsorbed ethylene 
could be desorbed by heating while the 
amount of desorbing benzene was of the 
same order of magnitude as the amount 
of desorbing hydrogen. The hydrogen 
thermal desorp tion spectra after adsorption 
of each of these hydrocarbons consists of 
two main peaks, one around 200°C and 
the second around 350°C. The relative con- 
tribution of these two peaks and the 
temperature where they appear depend 
slightly on the type of hydrocarbon and 
strongly on the structure of the iridium sur- 
face. From these observations and from 
the differences in the LEED patterns it was 
concluded that C-H bond breaking will 
occur more easily on a stepped iridium 
surface than on an iridium (111) surface. 
The present dehydrogenation study cer- 
tainly supports this conclusion. 

Significant differences in adsorption be- 
havior of hydrocarbons were found to exist 

between similar surfaces of platinum and 

iridium (4). On Pt(ll1) the aromatic and 
unsaturated hydrocarbons are bound at 

room temperature for a large part undis- 
sociatively, as indicated by their thermal 
desorption and ordering, as found by means 
of the LEED patterns. On Ir(ll1) C-H 
(and possibly C-C) bond breaking occurs 
more easily than on Pt (111). On the stepped 
surfaces of platinum C-H bond breaking 
occurs easily just as on the stepped iridium 
surfaces. It is, therefore, not surprising that 
the differences in catalytic activity between 
a stepped iridium and an (111) iridium 
surface are smaller than the differences 
between similar platinum surfaces. The 
activity of the Ir (111) surface in dehydro- 
genation is larger than that of the Pt (111) 
surface. 

In conclusion it may be stated that the 
present study demonstrates the crystal face 
specificity in low pressure catalysis for 
iridium. It also shows that the effect of the 
surface structure may be different for metals 
that are neighbors in the periodic table of 
elements in Group VIII. 
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