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Pt-black (Pt-473 and Pt-633) reduced in aqueous solution with HCHO was sintered at 473 and 633 
K in hydrogen. Electron micrographs show a considerable sintering, especially at 633 K. High- 
resolution EM indicates the presence of agglomerates of rounded crystals; lattice fringes are also 
seen. Samples sintered at different temperatures show identical catalytic activity in ring opening 
and aromatization of alkylcyclopentanes; their activity was also similar in bond-shift isomerization 
of heptane isomers. On the other hand, aromatization, hydrogenolysis, and C,-cyclic isomerization 
were more rapid on Pt-473, while C5-cyclization was more rapid on Pt-633. These effects are 
discussed in terms of various active sites for these skeletal reactions and their abundance on two 
samples which have different morphology, hence different hydrogen retention ability; also the 
chemical state of their carbon impurity may be different. o 1989 Academic PESS. 1~. 

INTRODUCTION 

There has been much debate over the ge- 
ometry of active sites of Pt catalysts at the 
atomic level. Skeletal reactions of various 
model hydrocarbons on well-defined single- 
crystal faces (Z-5) contributed much to the 
elucidation of this problem. Faces with 
hexagonal symmetry [flat, stepped, and 
kinked (111) type planes] definitely favor 
aromatization of n-hexane (2); no such 
structure-sensitivity was reported for 
methylcyclopentane reactions (3). Five-co- 
ordinated, so-called B5-sites were claimed 
to possess enhanced activity in hydrogeno- 
lysis and bond-shift isomerization reactions 
(5). 

Single-crystal faces may contain various 
amounts of impurities. Pt single crystals 
showed nonnegligible activities in n-alkane 
reactions in the presence of even two to 
three times as much (rather stable) surface 
carbon as surface Pt (2). Garin et al. (4) 
found that the carbonaceous overlayer 
could be removed relatively easily. 

In addition to the mere presence of such 
overlayers which create “Pt-C” active 
sites instead of (or in addition to) pure Pt 
sites, restructuring of Pt surfaces can be 
induced even by trace impurities, as 
discussed by Dauscher et al. (5). Of the 
additives inducing restructuring, the im- 
portance of hydrogen should be stressed. 
This was found to be able to induce step 
restructuring in Pt single crystals (6) as well 
as a dramatic sintering of high-surface 
freshly reduced Pt-black catalysts (7). 

There is much speculation as to how to 
correlate single-crystal results with those 
obtained over dispersed catalysts. Even un- 
supported metals such as Pt-black may con- 
tain considerable amounts of impurities like 
silicon (8), carbon, and oxygen (9-11). Sin- 
tering during the first heat treatment is facil- 
itated by penetration of hydrogen into sub- 
surface layers (7, 12); that this hydrogen 
may not be removed from Pt-black by cus- 
tomary treatment (such as regeneration 
with oxygen) has been shown by tritium la- 
beling experiments (13). This hydrogen, sit- 
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uated partly in subsurface layers, can inter- 
act with hydrocarbon reactants (13) as can 
hydrogen attached to carbonaceous over- 
layers (I). Thus, a sintered Pt-black cata- 
lyst can be regarded as a “Pt-C-H” sys- 
tem exposing clean surface fractions as well 
as surfaces covered with carbon of varying 
degree of polymerization. The model we 
proposed for this catalyst (II) was not far 
from that postulated by Davis et al. (I) for 
single crystals. 

A Pt-black sample (presintered in hydro- 
gen at 633 K) showed selectivities in n-hex- 
ane reactions similar to single-crystal faces 
with (Ill) type of symmetry (14) under sim- 
ilar hydrogen pressures. As a function of 
hydrogen pressure, maxima were found for 
yields of various skeletal reactions of al- 
kanes (14-Z7). Ring-opening yields of cy- 
cloalkanes increased very markedly with 
increasing hydrogen pressure, p(H2) (18), 
as did the selectivity of ring opening, i.e., 
the reactivity of bonds in positions more 
removed from the substituent (15). 

Presintering of Pt-black in hydrogen at 
different temperatures produced various 
crystallite sizes, as demonstrated by elec- 
tron microscopy, EM (7, 8), and XRD (12). 
The surface composition and also the 
chemical state of the surface impurity was 
influenced by the sintering temperature (9- 
II). Although even high-resolution electron 
microscopy is not yet able to distinguish 
surface structures at the atomic level, it 
may reveal crystal shapes and lattice fringe 
images of model or real catalysts under var- 
ious conditions (19-23). In this way, one 
may estimate the sizes of individual crystal- 
lites and the crystal faces likely to be ex- 
posed. For example, the lattice fringes indi- 
cated that a Pt particle on an alumina 
support represented a single crystal in spite 
of its complex shape (24); a low-resolution 
transmission electron micrograph could 
have indicated an agglomerate of smaller 
crystallites. The crystal shapes observed 
were compared with catalytic properties 
(19). 

In the present study, transmission elec- 
tron microscopy of samples presintered at 

473 and 633 K will be reported together 
with their activity in test reactions of sev- 
eral “archetypal” (25) C,-alkanes and 
cycloalkanes. Results concerning n-hexane 
and methylcyclopentane are reported else- 
where (26~). 

Preliminary data on surface analysis by 
XPS and AES of our catalysts after use will 
be used to decide whether visible morphol- 
ogy or different surface composition is the 
main reason why different catalytic proper- 
ties are observed. Detailed data will be pub- 
lished later (26b). 

EXPERIMENTAL 

Catalysts. Pt-black reduced in aqueous 
medium from H,PtCl, by HCHO in the 
presence of excess KOH between 273 and 
278 K (16) was presintered according to a 
“standard thermal cycle” (STC) as defined 
in Ref. (7). The temperatures were 473 and 
633 K; the samples are denoted by Pt-473 
and Pt-633, respectively. 

Electron microscopy. The Pt samples 
were suspended in bidistilled water by ul- 
trasonic treatment (1 MHz for 3 min) and 
dried onto holey carbon films supported on 
standard copper specimen grids. Electron 
micrographs were recorded by means of a 
transmission electron microscope JEM 200- 
CX (JEOL Ltd., Japan) equipped with a 
top-entry specimen stage and ultrahigh-res- 
olution objective pole piece, operated at 
200 kV, at maximum magnifications of 
550,000. Further enlargement was done 
photographically. Additional measure- 
ments were also carried out with a Zeiss EF 
instrument. 

Catalytic measurements. A static-circu- 
lation apparatus was used at T = 603 K’ 
under constant hydrocarbon pressure of 
1.23 kPa and hydrogen pressure varying be- 
tween 4 and 60 kPa (14, 16). Sampling was 
done after 5 min of reaction time. The mass’ 
of catalysts used was 100 mg; the number of 
surface Pt atoms on these lOO-mg samples 
was calculated from N*/BET specific sur- 
faces. The values per 100 mg are 4.92 x lOi 
for Pt-473 and 2.25 x 1018 for Pt-633. Cata- 
lytic activities were expressed as turnover 
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numbers (TON), molecules reacted (or pro- 
duced) per surface Pt atom per second. 

Materials: Hydrocarbons of 99 to 99.9% 
purity were used. n-Alkanes have been de- 
scribed in Ref. (Z4), cycloalkanes in Ref. 
(18). 

RESULTS 

Electron microscopy. Fresh Pt-black is a 
very finely dispersed material; its average 
crystallite size can be estimated to be be- 
tween 5 and 12 nm (Fig. 1A). Sintering at 
473 K produces a material with crystallite 
sizes of 20-50 nm (Fig. 1B) whereas the 
crystallite size of Pt-633 is around 100 nm, 
higher than that observed earlier (7, 8). 
Rounded crystals of sintered Pt are observ- 
able (Fig. 1C). 

The high-resolution electron micrograph 
of fresh, unsintered Pt-black shows agglom- 
erates of rounded crystals (Fig. 2A). Lat- 
tice fringes are clearly visible. Some moirC 
patterns indicate that one crystallite may be 
found above another; the presence of twins 
as seen in supported Pt samples (20, 22) is 
not excluded. The absence of angular crys- 
tal shapes without large flat planes exposed 
may indicate surface contamination, as sug- 
gested by Wang et al. (27). This is in agree- 
ment with surface analysis data. The elec- 
tron diffraction pattern corresponds to a 
very finely dispersed structure. Sintering at 
473 K produces crystals at the limit of 
transparency in the electron beam (Fig. 
2B). Lattice fringes indicate the presence of 
at least two single crystals in the picture 
and also two contact areas between individ- 
ual crystallites can be clearly distinguished. 
The amorphous patch at the extreme right 
of the figure may correspond to a three-di- 
mensional, probably amorphous, carbona- 
ceous deposit (28). The curved character of 
the crystal borderline indicates the appear- 
ance of various steps. The electron diffrac- 
tograms also suggest a distinct increase in 
crystallite size. Pt-633 was not transparent, 
thus no high-resolution micrographs could 
be taken. The curved character of the ex- 
posed surface can be judged from the low- 
magnification picture (Fig. IC). This sam- 

ple should contain more surface carbon 
(9-ZZ), which is probably polymeric but not 
graphitic (8, 9). 

Catalytic measurements. Formation of 
individual product classes has been plotted 
as a function of the hydrogen pressure. Fig- 
ures 3 to 6 show the turnover numbers of 
hydrogenolysis, C5-cyclization, and isom- 
erization from various alkanes. The two 
catalysts show dramatic differences in the 
yields of hydrogenolysis (Fig. 3), Pt-433 be- 
ing more active by up to one order of mag- 
nitude. Also the character of hydrogen 
pressure response is totally different. Pt- 
633 shows the expected (14-17) maximum 
curves whereas the increase of p(Hz) mono- 
tonically increases all yields over Pt-473. 
Also reactant hydrocarbon structure effects 
are present: while a smaller difference is 
seen for 3-methylhexane, dramatic varia- 
tion of yields appears with 3,3-dimeth- 
ylpentane with a quaternary carbon atom. 

The yields of Cj-cyclic products are com- 
parable on the two samples (Fig. 4). Here 
the activity order is reversed, Pt-473 being 
less active. The order of reactivities of indi- 
vidual reactant alkanes corresponds to that 
described previously (29). Both catalysts 
may produce maxima although Pt-473 pro- 
duces less pronounced ones and in fewer 
cases. 

Figure 5 depicts the formation of skeletal 
isomers that could be formed by a Cs-cyclic 
pathway (30). The shape of the hydrogen 
dependences is similar to those seen in C5- 
cyclization. Previously this similarity was 
taken as evidence for the relation between 
CT-cyclization and isomerization. The C5- 
cyclic pathway in skeletal isomerization 
prevails in most cases (Z5,30, 3Z), so we do 
not have reason to doubt its importance 
even over Pt-473 where the hydrogen de- 
pendences are profoundly dissimilar. The 
sequence of reactivities of different hydro- 
carbons is the same over both catalysts. 
Monotonically increasing yields of bond- 
shift isomerization were observed on Pt-633 
previously (14) and these occurred over 
both catalyst samples here, the activity of 
the samples being nearly the same (Fig. 6). 
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Hydrogenolysis 
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FIG. 3. Hydrogenolysis yields of five heptane iso- 
mers on Pt-633 and Pt-473 as a function of hydrogen 
pressure (expressed as turnover numbers, TON, 10e3 
molecule reacted per surface Pt per second). 

Aromatization of alkanes and cycloal- 
kanes are shown together in Figs. 7 and 8. 
Maximum curves for Pt-633 and monotonic 
increase or minimum curves are seen with 
Pt-473, the overall activity being in the 
same range. A dramatic increase manifests 
itself in aromatization of n-heptane under 
elevated p(H2) and also in the reaction of 
3,3-dimethylpentane. 

Hydrocarbon reactant structure sensitiv- 

TON, 

m  
6 

““P-EC? 

m  l-+@-12PucP 

P IUHx-ECP 
5 PI - 413 . 3YHx-1.2OKP 

0 2.4oMP-I.3ot4cP 
4 . UCUP-I.,ouCP 

l 3EP-ECP 

3 

50 50 
P(H2). kPa pW2),kPo 

FIG. 4. Turnover numbers of C5-cyclic products 
from various heptane isomers. 

TON. 
io-35-l lsomermlion 

3 

Pt-633 

2 

l 

Pi 

D *-SF- 

P1-473 . rJe-3~ 

t + *P--w” 

50 dH2).kPa 50 p(H2). kPa 

FIG. 5. Turnover numbers of individual isomers 
from various heptane isomers. 

ity is seen in the selectivities of three se- 
lected alkanes (Table I). The quaternary 
structure favors hydrogenolysis; the selec- 
tivity of this reaction is always higher on Pt- 
633 although absolute rates are higher on 
Pt-473 (Fig. 3). 

The pattern of hydrogenolysis, expressed 
as w-values as defined by Leclercq et al. 
(32), is different and shows different hydro- 
gen responses on Pt-473 and Pt-633. Data 
for n-heptane are shown as an example in 
Table 2. 

Cyclopentanes produced much higher ar- 
omatic yields than alkanes; here the two 

Bond shifl 

Pt-633 Pt-473 
T0.N. 

to-45 y$Ls-l 

I 
. twp-ZMHX 

2 
x 2,4m4P-ZPDW 

2 

p(H2). kPa pO-12), kPa 

FIG. 6. Turnover number of isomers which could 
only have formed via bond shift. 
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TON.. 
10-4 s-1 Pt -633 

Aromot. ,; 70-w 

KIN, 1 

3MHx 

1-4 s-1 
TON, 

x)-4s-1 

6 30 1.1 DMCP 

50 p(H2). kPa SO p(H2), kPa 2 

FIG. 7. Aromatization of CT-alkanes and -cyclopen- 
tanes over Pt-633. 

samples had nearly identical activities. FIG. 8. Aromatization of C,-alkanes and -cyclopen- 

Ring opening of cycloalkanes is usually 
tanes over Pt-473. 

their most important reaction (18, 30, 31) 
and this is the case over both of our sam- methylcyclopentane). The turnover num- 
pies, too. Figure 9 also compares cyclopen- ber of this type of reaction is highest and 
tane and methylcyclopentane, the reactiv- the TON difference between the two sam- 
ity of which is higher (18) than that of most ples is very small; where there are differ- 
Crcycloalkanes (except, again, for I,l-di- ences, Pt-633 is more active. 

TABLE 1 

Selectivity of Transformations of Selected Alkanes over Pt-473 and Pt-633 Catalysts 

Hydrocarbon 
reactant 

A. Pt-633 
n-Heptane 

3-Ethylpentane 

3,3-Dimethylpentane 

Selectivity (%) 

p(Hz) -=+ Iso. C+ycl. Olef. Arom. 
W’a) 

7.5 24.7 14.4 27.5 - 31.3 
32.0 15.6 19.1 54.3 - 9.2 
73.0 8.5 19.9 63.8 - 4.8 
6.6 52.3 7.8 13.3 17.1 9.4 

33.5 26.7 13.1 55.1 3.6 5.2 
70.0 17.0 14.5 62.7 5.2 0.6 
6.8 50.5 1.7 39.7 2.4 5.6 

34.0 35.6 12.0 47.3 - 5.2 
43.0 28.0 8.4 63.6 - - 
68.0 - - 100 - - 

Isomer 
Cj-cyclic 

0.52 
0.35 
0.31 
0.59 
0.24 
0.23 
0.04 
0.25 
0.13 
- 

B. Pt-473 
n-Heptane 

3-Ethylpentane 

3,3-Dimethylpentane 

7.0 2.0 30.7 32.0 2.6 32.7 0.96 
30.5 8.0 37.7 49.4 - 5.0 0.76 
70.0 11.0 34.0 34.2 - 20.4 0.99 
8.5 4.3 4.5 34.6 48.9 7.6 0.13 

30.5 6.8 27.0 55.0 9.3 1.8 0.49 
61.0 8.2 37.5 39.3 13.4 1.6 0.95 

9.2 35.7 4.8 46.3 2.3 11.5 0.10 
31.5 26.4 10.9 50.3 1.6 10.3 0.22 
45.0 31.5 17.0 34.3 1.0 16.1 0.50 
64.0 40.2 29.9 30.6 1.3 17.1 0.98 
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TABLE 2 TABLE 3 

Hydrogenolysis Pattern of n-Heptane” Ring Opening Selectivities over Various 
Pt-Black Samples 

Catalyst: 
P(K) &Pa) 

Pt-473 Pt-633b 

7 30.5 70 7.5 32 73 

WI G-C,) 0.4 0.9 1.1 0.2 0.7 0.8 
02 (C2-C3) 1.5 0.9 0.95 2.3 1.3 0.8 
03 (G-G) 1.1 1.2 0.95 0.5 0.9 1.4 

0 Defined as o = actual rate of rupture/random rate 
of rupture for each C-C bond (32). 

b Data taken from Ref. (33). 

It is worth mentioning the much disputed 
positional selectivity of G-ring opening. 
Here particle size effects were reported 
(30); the increase of hydrogen pressure ac- 
celerated ring opening in positions farther 
from the side alkyl group, this hydrogen ef- 
fect being superimposed on the particle size 
effect (15). Table 3 reveals that a less 
marked hydrogen dependence is seen with 
Pt-473. 

Surface analysis. Table 4 summarizes 
new XPS and AES data together with pre- 
vious XPS results (10) where the possible 

C5 mg opening 

TO.N, Pt - 633 Pt-473 
x)-25-1 

4- 4- ” CP ” CP 

A MCP A MCP 

l IIDMCP l IIDMCP 

0 l3oMcP 0 l3oMcP 

+ ECP + ECP 

50 dH$.kPa SO dH$,kPa 

FIG. 9. Ring-opening yields of cyclopentane and var- 
ious alkylcyclopentanes as a function of the hydrogen 
pressure over Pt-473 and Pt-633. 

Catalyst: Pt-473 Pt-633 
p(Hd NW’ 

7 32 70 7 32 70 

Reactant: methylcyclopentane” 
bla 3.6 4.0 4.3 
b/c 1.8 2.0 2.2 

Reactant: ethylcyclopentanec 
b/a 1.4 3.2 2.1 
b/c 5.0 3.9 2.5 

0.26 2.9 6.6 
1.5 1.3 2.1 

1.3 2.5 3.9 
3.6 2.7 2.2 

b Position a: n-hexane; 6: 2-methylpentane; c: 3- 
methylpentane. 

c Position a: n-heptane; b: 3-methylhexane; c: 3- 
ethylpentane. 

contamination of the surface with hydro- 
carbon residual gases was first mentioned. 
Experimental details are included. The new 

TABLE 4 

Surface Composition of Pt-Black Samples” 

Sample Method Surface composition 
(atom %) 

Pt 0 C K Si 

Pt-473 
STC” 

Usedb 

Pt-633 
STCb 
Usedb 

XPS” 19 22 59 - - 
XPS 38 26 34 2 - 
AES 76 416 3 1 
XPS 31 23 45 1 - 
AES 76 119 3 1 

XPS’ 13 24 63 - - 
XPS 29 21 49 1 - 
AES 71.5 3 22 3 0.5 

a Apparatus and conditions: Leybold LHS-12, 
MgKa radiation: XPS, 12 kV, 20 mA, pass energy 50 
eV; AES, 5000 V, EiAE = 4; hemispherical analyzer 
EA 11. Data processing: Leybold DS 100 software 
(background fit and integration for XPS, smoothing 
and differentiation for AES). 

b, STC signifies sintered sample (7). “Used” signifies 
sample removed from the reactor after lengthy use at T 
5 663 K. Samples were stored in air in both cases for 
several months. 

L XPS data from Ref. (10). 
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FIG. 10. Particle size distribution of Pt-473 (A) and Pt-633 (B). The arrows show the average particle 
size determined by X-ray line broadening. Another batch of catalysts was used for this measurement 
which was carried out bv a Zeiss EF instrument. Thanks are due to Dr. E. CzHn and Ms. G. Erdei for 
this determination. 

XPS data show more Pt and less C on the 
surface with almost identical amounts of 0, 
indicating that the surface C content was 
previously overestimated. The presence of 
minor amounts of K (II) and Si (8) has been 
confirmed. The more surface-sensitive 
AES shows a much cleaner Pt surface, indi- 
cating that many of the impurities are situ- 
ated below the surface, either dispersed 
along the imperfections of the bulk metal as 
indicated in the model in Ref. (12) or 
present on the internal surfaces of the mi- 
croscopic voids seen in Fig. 1, which are 
significant with a loose powder sample. Po- 
tassium from the preparation process, on 
the other hand, tends to accumulate on the 
surface. 

DISCUSSION 

The activity of the catalysts in question is 
determined by the abundance of active sites 
which, in turn, is determined by the original 
structure and purity of the catalysts. 

Different abundances of various surface 
arrangements arise with crystallites smaller 
than about 4-5 nm (34). The electron mi- 
crographs (Figs. 1 and 2) make it obvious 
that they are out of the question in our case: 
the smallest particle seen is about 5 x 10 
nm (Fig. 2A) and these particles coalesce 
into larger ones during sintering. Neverthe- 
less, it is worth checking this with particle 
statistics (considering also the difficulties 

mentioned in the Introduction). This indi- 
cates (Fig. 10) that, indeed, most particles 
have dimensions well above the range 
where particle size effects (30, 31) could be 
expected in catalytic properties. 

The high-resolution electron micrographs 
also show that the surface of our samples 
cannot be approximated by a single (low- or 
high-index) crystal plane. This must be true 
also for Pt-633 where no such micrograph 
was available. The reactions may “select” 
their optimum active sites, their availability 
depending on (i) surface morphology, (ii) 
surface blocking by impurities, and (iii) the 
composition of the site, such as free ensem- 
bles of Pt atoms, Pt-H, Pt-C-H, etc. (1, 
14,35-37). 

The purity of the two samples being simi- 
lar, we are inclined to explain the difference 
of catalytic properties in terms of catalyst 
morphology and one of its consequences, 
namely, a different hydrogen retention abil- 
ity for the two samples. The abundance of 
surface hydrogen is controlled by hydrogen 
pressure in the gas phase and by the facility 
of surface-subsurface hydrogen transfer 
(13, 35). The clearly visible grain bound- 
aries in Pt-473 as opposed to the almost 
molten character of Pt-633 may readily of- 
fer “gates” for hydrogen penetration inside 
the grains (7). This possibility would in- 
crease hydrogen availability whenever Pt- 
H ensembles are required for catalysis as 



158 PAAL ET AL. 

well as contribute to removal of excess hy- 
drogen from the surface whenever a com- 
petition between H and hydrocarbon spe- 
cies may hinder catalysis. 

Whereas the content of catalyst oxygen 
(which is in subsurface positions) does not 
change much during use, the catalyst sur- 
face becomes gradually covered with car- 
bon. Carbon accumulation may also be pos- 
sible in voids. This carbon may not be 
identical to individual C-atoms which can 
have an effect similar to that of inert alloy- 
ing metals (36) and which may gradually ac- 
cumulate from hydrocarbon reactants dur- 
ing catalytic runs (37). 

The role of K in facilitating n-bonded 
structure on Pt was recently pointed out 
(38~). K is claimed to block eight Pt atoms 
(38b); i.e., a considerable part of the avail- 
able surface could be under its influence 
(Table 4). However, the differences be- 
tween Pt-473 and Pt-633 may not be large 
enough to account for K-effects as the sole 
cause of the different catalytic properties. 
Specially designed experiments are re- 
quired to clarify the role of potassium. 

What can be deduced regarding the pos- 
sible active sites and likely surface interme- 
diates? Let us consider first the reactions 
which are similar over both samples. The 
McKervey-Rooney-Samman mechanism 
of bond-shift isomerization (39) requires 
single metal atom sites. In that case, sur- 
face-structure insensitivity could be ex- 
pected and, in fact, is found (Fig. 6). The 
same may be valid for the aromatization of 
cycloalkanes which is likely to proceed via 
a bond-shift type ring enlargement route 
without intermediate desorption (40, 41). 
Here the high reactivity of 1, I-dimethylcy- 
clopentane should be pointed out. The fa- 
cility of ring enlargement of quaternary 
structures is in agreement with predictions 
based upon earlier experiments (30, 42). 

We proposed two-atom sites for Cs-cyclic 
reactions, ring closure and ring opening 
(24, 18, 29). No surface-structure sensitiv- 
ity has been observed with methylcyclo- 
pentane reactions over Pt single-crystal 

surfaces (3). Obviously, ensembles of two 
contiguous metal atoms can be found with 
nearly equal probability over both samples 
(as well as on any single-crystal plane): ring 
opening takes place rapidly and with equal 
activity. The steeper increase of b/a selec- 
tivities with hydrogen pressure over Pt-633 
points to a stronger competition for free 
sites between hydrocarbon and hydrogen. 
The conspicuous b-preference of ring open- 
ing of ethylcyclopentane may indicate that 
this molecule is too large for two-atom 
sites, especially since the ethyl side group 
may be attached as a 3C-complex to the 
surface. 

Under higher p(H2), hydrogen can dis- 
place the intermediates of C5-cyclic reac- 
tions from the surface of Pt-633; yields of 
both C5-cyclics and isomers drop. On Pt- 
473 even abundant hydrogen does not pre- 
vent the formation of surface 5C species. 
The drop of C5-cyclic yields on Pt-473 un- 
der higher p(HJ is due to their rapid trans- 
formation into isomers. Hence, the “hydro- 
gen utilization” of this catalyst (last 
column, Table 1) (35) is much better. This 
may be partly due to the higher amount of 
subsurface hydrogen which, with the given 
catalyst morphology, can be more easily 
mobilized under hydrogen-rich conditions 
(23). The higher reactivity of cyclopentane 
in ring opening and of substituted pentanes 
(with five C-atoms in the main chain) in ring 
closure/isomerization may be in accor- 
dance with the assumption that such mole- 
cules may also react more easily on single 
metal atoms (14, 18), as proposed earlier by 
Finlayson et al. (42). The above picture for 
3C and 5C isomerization, assuming one- 
and two-atom sites, respectively, is a some- 
what simplified picture of that deduced 
from alloy studies (43) but is certainly not in 
contradiction with those conclusions. 

The Anderson-Avery mechanism for hy- 
drogenolysis presupposed rather large en- 
sembles (44). The higher activity of Pt-473 
has to be pointed out: here “H-Pt-C” en- 
sembles seem also to possess fragmentation 
activity. Indeed, the presence of C-atoms in 
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“valley” positions was suggested for termi- 
nal C-C bond rupture (43). The increase of 
the yields together with q as a function of 
p(H2) over Pt-473 may point to the presence 
of such surface species (Table 2). At the 
same time, internal splitting ~3, called 
“frustrated isomerization” by Gault [see 
Ref. (43), p. 1761, is higher under low p(HJ 
over Pt-473 which has a marked isomeriz- 
ing activity. Under highest p(Hz) isomeriza- 
tion is not frustrated any more (cf. Table 2 
and Fig. 5). The higher 03 over Pt-633 under 
this p(H2) may be related to the suppression 
of isomerization (Table 2, Fig. 5). The vari- 
ation of w2 may be related to the (&unit 
splitting (14). 

Carbonized catalysts showed higher frag- 
mentation selectivities at lower overall ac- 
tivity (1,26,45). The same tendency seems 
to be effective here, too (Table 1); although 
the yields are low over Pt-633 under high 
p(H2), hydrogenolysis selectivity is higher 
than on Pt-473. Sarkany (46) argues that 
clean Pt surfaces should favor hydrogeno- 
lysis over nondestructive reactions; also 
the structure sensitivity of Pt carbonization 
(47) points to the same end. In fact, it is not 
excluded that two hydrogenolysis mecha- 
nisms may operate as a function of the hy- 
drogen pressure, as found by Gudkov et al. 
for ethane (48). One of these hydrogenoly- 
sis mechanisms may involve single atoms 
(49, 50). However, we must exert extreme 
care when dealing with single-atom hydro- 
genolysis as our data are far from sufficient 
for this purpose. 

We think that the different hydrogen sen- 
sitivities of aromatization and isomeriza- 
tion + Cs-cyclization of alkanes can be ex- 
plained by different reasons. Ensembles of 
one to three metal atoms were suggested to 
be active for aromutization (51). The signifi- 
cance of three-atom ensembles is in agree- 
ment with the enhanced aromatization ac- 
tivity of single-crystal faces with hexagonal 
symmetry (2). This may be the ensemble 
size, the magnitude of which is already dif- 
ferent over Pt-473 and Pt-633. Apart from 
its more sintered character, the more po- 

lymerized character of carbon (9) on the lat- 
ter catalyst may also be responsible for this. 
Under higher p(H2) values, the Pt-H sites 
do not represent ensembles suitable for aro- 
matization. The scattered carbon atoms on 
Pt-473 may create additional active sites 
“H-Pt-C” under higher p(H3 (37); this is 
why aromatization yields may jump up- 
wards under these conditions (Fig. 8). Ob- 
viously, these sites are suited first of all for 
aromatization without skeletal rearrange- 
ment (n-heptane, 3-methylhexane). The sit- 
uation is similar over supported Pt (45). It is 
not excluded that enhanced aromatization 
under high p(H2) involves a “direct” aro- 
matization pathway (52, 53). The quater- 
nary C-atom of 3,3-dimethylpentane (41) 
facilitates its rearrangement also to an aro- 
matic ring as the end product (see above). 

To sum up, although sintering of Pt-black 
at different temperatures produces crystal- 
lites of different dimensions, the variations 
in catalytic hydrocarbon reactions are not 
“true” crystallite size effects; rather, they 
are due to various exposed crystal planes as 
well as to different amounts and availability 
of hydrogen in subsurface layers. 
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