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Pt black samples were exposed to 2,4-hexadiene (24HD) at 603
and 693 K, alone or in the presence of excess hydrogen. The 24HD
underwent C=C double-bond shift, geometric isomerization, and
minor aromatization during its contact with Pt in the absence of
H,. It was hydrogenated to hexenes and hexane when hydrogen
was present. Test runs with an n-hexane-hydrogen mixture after
24HD treatment showed a more pronounced decrease of activity
and a loss of isomerization/cyclization selectivities after exposure
without hydrogen. The amount, structure, and possible chemical
state of residual carbon were examined by transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).
The sintered metal contained some inherent (likely harmless) car-
bon impurity, the amount of which increased upon exposure to
24HD to 44-50%, higher temperatures and lower H, concentra-
tion resulting in more solid carbon. Regeneration by an O,-H,
treatment removed much, but not all, of the solid carbon deposit.
Difference spectra of hexadiene-treated and regenerated samples
showed an excess of graphite in the carbonized samples whereas
Pt/C was more abundant after regeneration, in agreement with
C 15 line fitting. Transmission electron microscopic examinations
showed mainly pyrolytic carbon. Graphitic layers (not highly or-
dered ones) perpendicular to the Pt surface were identified after
exposure to 24HD/H; mixtures of various composition. Graphitic
and amorphous C caused a nonselective deactivation. Difference C
1s spectra showed a component with a binding energy at ~284.1
between graphite and Pt/C. The suppression of the catalytic propen-
sities in skeletal reactions (isomerization and Cs cyclization) and the
difficulty of self-reactivation in the prolonged test runs were consis-
tent with the presence of this type of deposit representing, likely, a
disordered nongraphitic hydrocarbon oligomer. @ 2001 Academic Press

Key Words: Pt black, carbonization; graphite on Pt: identification
by TEM; XPS and UPS of carbonized Pt; 2,4-hexadiene; n-hexane
reactions on deactivated Pt.

INTRODUCTION

The presence of carbonaceous entities has been shown
to be the normal state of Pt catalysts during skeletal rear-
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rangement reactions of >Cg hydrocarbons (aromatization,
Cs cyclization, isomerization, hydrogenolysis) taking place
in the range of 570-770 K (1-3). Counterclaims have ap-
peared concerning the form, amount, and chemical state
of this carbon deposit. Webb (4) defined such materials
as “hydrocarbonaceous deposits,” indicating that they are
probably closer to dehydrogenated hydrocarbons in the
chemisorbed state than to “coke.” Somorjai and co-workers
(1, 2) distinguished three-dimensional (3D) carbonaceous
polymers, individual C atoms attached to Pt atoms, and as-
sumed that clean Pt islands were also present to perform
the catalytic reactions. Sarkany (5, 6) used a hydrogen flush-
ing step after reacting n-hexane on various Pt catalysts and
found that this procedure could remove up to 2 C atoms
per surface Pt (Pt;). Garin et al. (7) pointed out that hydro-
gen flushing could remove most of the chemisorbed hy-
drocarbons from Pt single crystals that otherwise would
form coke, observed several times after evacuating the
system.

In spite of several studies (2, 4, 6, 7), the nature, amount,
and chemical state of carbon accumulating during hydro-
carbon reactions are still not certain. The amount of carbon
present on Pt black was not negligible, even after custom-
ary regeneration with O, and H; (8, 9). This residual car-
bon contained mainly graphite and CxHy polymers together
with some oxygenated C species (8). The coexistence of or-
dered and disordered C species agreed well with earlier re-
ports (10). Since the regenerative treatments restored the
activity of Pt in a well-reproducible way, we may assume
that carbon existed partly in the form of 3D deposits (1, 8,
11) blocking a part of the surface and leaving a sufficient
fraction free and available for catalytic reactions. At the
same time, XPS revealed that regeneration enhanced the
relative abundance of C/Pt entities, very likely as single C
atoms or chemisorbed CHy species (12, 13). The polymer-
ization of these species may represent one possible route
of coking (14). This pathway may involve dissolution of
these C atoms into the metal preferred at higher temper-
ature. Indeed, a hydrogen treatment of a rather clean Pt
black surface increased its carbon content, likely due to the
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reappearance of carbon atoms on the surface (15). These
entities may serve as precursors of graphite formation (16).
The chemistry of various forms of carbon and their inter-
conversion has been treated in detail by one of the authors
7).

3D carbon islands block a fraction of the catalytic
surface, thus causing the activity to drop. Single C atoms,
in turn, may create Pt-C ensembles (18), affecting, first of
all, selectivities (12). The gradual increasing of surface car-
bonization tended to initially interfere with isomerization,
resulting in enhancement of the abundance of Cs cyclics. A
massive deactivation by carbon, inturn, prevented all skele-
tal rearrangement reactions, leaving the dehydrogenating
activity more or less intact (19, 20). The activity drop was
slower in excess H; (9, 20, 21). At the same time, the pres-
ence of H; slowed down both “useful” and “deactivating”
reactions on Pt, leading eventually to the accumulation of
larger amounts of surface carbon (22). Increasing hydrogen
pressure, on the other hand, increased the augmented
amount of solid carbon produced from both ethylene and
acetylene, possibly due to the prevention of the growth of
surface graphite and the concomitant promotion of the dis-
solution of C atoms in Pt (16). Such phenomena should be
accompanied by a solid-state rearrangement of dispersed Pt
particles, exhibiting a “flexible surface” (23). X-ray diffrac-
tion (13) confirmed that an anisotropic rearrangement can
occur at temperatures as low as ~500 K, as opposed to
the values of 700-1300 K reported earlier (10, 24, 25). It
was suggested that hydrogen was required for this process
(13, 26).

So far, methods of surface science, such as X-ray and ul-
traviolet photoelectron spectroscopy (XPS, UPS) (7, 8, 11),
Auger electron spectroscopy (AES) (1, 3, 27), work func-
tion measurements (27), and secondary ion mass spectrom-
etry (SIMS) (28), have been used to detect surface carbon
on Pt. The formation of massive amounts of carbon on Pt
black started at 650 K and increased up to ca. 900 K (16).
The formation of a spirally stacked 3D graphite needle from
gas-phase ethylene and cyclohexene at 633 K (29) was ob-
served by electron microscopy. As far as we know, no other
direct EM observation of carbonaceous overlayers on Pt
has been reported.

The present paper includes a study of controlled car-
bonization of Pt catalyst upon exposure to a hydrocar-
bon, trans,trans-2,4-hexadiene (24HD), under various con-
ditions. Exposures of different severity were carried out
twice: in a catalytic reactor with product analysis and in
the preparation chamber of the electron spectrometer. In
the former case, the transformation of 24HD as well as the
residual activity was checked. In the latter case, the amount
and probable chemical state of C on Pt were monitored
by XPS and UPS. Electron microscopic examinations were
carried out with some of the latter samples in an attempt
to establish if direct observation of surface carbon and
its morphological characteristics was possible. The com-
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bination of these methods will present direct experimen-
tal evidence on the structure and activity of the—partly
carbonized—Pt surface. We used Pt black as the model cata-
lyst (9, 15, 30), exposing different surface planes, thus being
closer to real-world disperse catalysts but lacking support
effects interfering possibly with XP and UP spectroscopy
and eliminating support effects during carbon accumulation
(14, 31).

METHODS

Catalyst

Pt black was prepared by reduction of an aqueous solu-
tion of H,PtClg by HCHO in the presence of concentrated
KOH (9, 32). The K impurity was removed by washing
the sample with diluted HNO3. The original fine particles
(sample 1) were presintered to sample 2 in H, at 473 K
(26). This step resulted in larger, but rather stable crystal-
lites (33), specific surface 2.64 m? g~* (as determined by
H.—O,, titration). Separate lots of the same batch of sample
2 were used for all measurements.

Electron Spectroscopy

Details of electron spectroscopy have been reported ear-
lier (8, 15, 34). A Leybold LHS 12 MCD instrument was
used (15, 19). UP spectra were measured with He 1 and He
Il excitation (21.2 and 40.8 eV, respectively, PE =12 eV).
Both Mg Ko and Al Ko anodes were used for XPS excita-
tion, in the pass energy (PE) mode (PE =48 eV). The bind-
ing energy (BE) was calibrated to the Au 4f7; line (BE =
84.0 eV). Difference spectra were obtained either by di-
rect subtraction (35) or after normalizing the intensities
at the BE value in the peak (36). The Pt 4f, O 1s, and C
1s peaks underwent satellite subtraction and Shirley back-
ground subtraction. Atomic compositions were determined
from peak areas with literature sensitivity factors (37). The
use of the homogeneous composition model in a powder-
like sample with a very corrugated outer macroscopic sur-
face seemed to be justified (34).

Electron Microscopy

A JEOL 2000FXII transmission electron microscope
(TEM) was used to examine thin sections of various cata-
lysts. The estimated point-to-point resolution of this instru-
ment was 0.18 nm. Specimens were prepared by dispers-
ing the catalyst powders in isobutyl alcohol and placing a
drop of the suspension onto a holey carbon film. Using this
approach, it was possible to locate sections of the catalyst
grains that protruded over the edge of the carbon film with-
out interference from the substrate. High-resolution elec-
tron micrographs were taken of several regions of a given
specimen. Some micrographs underwent digital image
processing.
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Exposure to Hydrocarbon

The Pt black samples were purified by O,—H, treatment
and then exposed to trans,trans-2,4-hexadiene (24HD). Re-
actions performed in the preparation chamber of the pho-
toelectron spectrometer were followed directly by electron
spectroscopy (12, 15). Five exposures with 24HD were car-
ried out: 2/1a, 24HD alone, 13 mbar, 603 K, 20 min; 2/1b,
24HD alone, 53 mbar, 603 K, 40 min; 2/2a, 24HD alone,
53 mbar, 603 K, 20 min; 2/2b, 53 mbar of 24HD + 13 mbar
of Hy, 10 min at 693 K; 2/3, 42 mbar of 24HD + 210 mbar of
H,, 603 K, 20 min, with regeneration in between. The over-
all composition of the as-received samples as well as the
24HD-treated and regenerated catalysts isshown in Table 1.
Samples 1, 2, 2/1b, 2/2b, and 2/3 were taken out from the
spectrometer and subsequently examined by TEM. This
indicates that three samples, 2/1, 2/2, and 2/3, were used, a
and b indicating two subsequent runs with regeneration in
between (cf. Table 1).

Another catalyst sample (50 mg) was subjected to analo-
gous treatments in a closed-loop glass catalytic reactor sys-
tem mimicking the exposures in the spectrometer as closely
as possible (9, 12). Product analysis by gas chromatography
was used to check upon the transformation of 24HD during
its 20-min contact with Pt black. Test runs of 50 min under
standard conditions followed exposures in the catalytic re-
actor: 10 Torr of n-hexane and 120 Torr of Hy, without re-
generating the catalyst (12). By following this protocol, it
was possible to monitor the residual activity and selectivity
after 24HD treatments of differing severity. Four subse-
quent sampling steps during the test run gave information
on the possible self-regeneration.

TABLE 1

Composition of Pt Black Samples after Various Treatments

Composition (at.%0)?

Sample and treatment Pt 4f Cls O1s

1 (—independent TEM) 67 24 9
2 as is (—independent TEM) 73 18 9
O,, H; regeneration before 2/1a 77 18 5
2/1a (HD, 13 mbar, 603 K, 20 min) 51 47 2
O,, H; regeneration after 2/1a 68 28 4
2/1b (HD, 53 mbar, 603 K, 40 min) 48 51 1

— to TEM
O,, H; regeneration before 2/2a 75 22 3
2/2a (HD, 53 mbar, 603 K, 20 min) 50 48 2
H, after 2/2a 52 46 2
Oy, H, regeneration after 2/2a 69 29 2
2/2b (HD, 53 mbar; Hy, 13 mbar, 49 50 1

693 K, 10 min) — to TEM
Regenerated before 2/3 72 26 2
2/3 (HD, 42 mbar; Hy, 210 mbar, 55 44 1

693 K, 20 min) — to TEM

@Calculated from the area of the peaks shown, using literature sensi-
tivity factors.
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RESULTS

Catalyst Carbonization

Metal-catalyzed stepwise aromatization of the n-Cg chain
(38, 39) may involve diene intermediates. cis-Hexadienes
should precede benzene formation, whereas trans isomers
were coke precursors. As a consequence, 24HD could cause
a more rapid carbonization than hexane.

24HD itself could also undergo catalytic transformations
during its contact with Pt in the preparation chamber and
in the glass reactor. A product analysis in the latter case
permitted us to calculate TOF values of hexadiene trans-
formation during exposure. No particular importance can
be attributed to absolute TOF values; however, their com-
parative values may be informative. Treatment 2/1a can be
taken as a reference. Using a higher hydrocarbon pressure
in 2/1b gave a higher TOF than 2/1a. (Sample 2/2a was anal-
ogous to 2/1b, reproduced well those values, and will not be
discussed in detail.) Even a small amount of H, (and also
the higher temperature with sample 2/2b) gave rise to a sig-
nificant increase in the transformed amount of 24HD. The
slight increase of the overall pressure at the end of the expo-
sures in the preparation chamber (corresponding roughly
to the TOF values shown in Table 2) is in agreement with
these results and was probably due to dehydrocyclization
of 24HD to benzene, with H;, being evolved:

CGHlO —> C6H5 + 2H2

The selectivities were rather similar during exposures
2/1a, 2/1b, and 2/2b, with double-bond isomerization
being the main process. The length of exposure had a mi-
nor influence on the chemical composition measured after
its completion (cf. footnote to Table 2). The low amount
of added H, did not result in a marked hydrogenation re-
action in the case of 2/2b as opposed to 2/3 with a large
H, excess (2/3), where hydrogenation was the prevailing
reaction (Table 2).

The overall activity after deactivating treatments was
checked in standard test runs (20) with an n-hexane/
hydrogen mixture (nH:H;=13:160 mbar). The residual
activity dropped to about 8-13% of the original value as
compared to regenerated Pt (Table 3). Two distinct behav-
ior patterns were observed during long runs of 50 min. Two
samples, 2/1a and 2/3, exhibited a higher residual activity
and also showed some self-reactivation. The residual activ-
ities after 2/1b and 2/2b were lower and remained virtually
constant up to 35 min, when a very slight reactivation was
observed (Table 3).

Isomers (methylpentanes), methylcyclopentane (MCP),
alkane fragments, and benzene were produced in nearly
equal amounts on a regenerated Pt. The formation of the
first three product classes was suppressed selectively on de-
activated samples (40, 41). This nonuniform deactivation
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TABLE 2

Transformation of 24HD during Deactivating Runs

TOF (h™?) Product distribution (%)
Treatment? Initial® Overall? <Cs nH° Hexenes Dienes® Benzene
2/1a (HD, 13 mbar, 603 K) 4 2 2 2 15 89.5 5
2/1b (HD, 53 mbar, 603 K, 40 min) 12 5 1 2 1 91 5
2/2a (HD, 53 mbar, 603 K) 13 7 2 4 2 87 5
2/2b (HD, 53 mbar; H,, 13 mbar, 693 K)© 51 30 1 2 85 10
2/3 (HD, 42 mbar; H,, 210 mbar, 693 K) 310 83 25 89f 15 ~0 25

@Catalyst mass: 50 mg. Exposure to 24HD: 20 min, except for 2/1b, where it lasted for 40 min. Typical conversions were
~30% for 2/2b and nearly 100% for 2/3 as opposed to 5-6% for other treatments. The turnover frequencies given were related
to the whole length of the run; the initial values (measured after 5 min) were about twice as high.

b Initial: measured after 5-min contact time; overall: measured over the whole period of hydrocarbon exposure.

°n-Hexane.

4 Geometric and double-bond isomerization, mainly to cis,trans-24HD and 1,3-hexadiene, with much less cis,cis-24HD and

1,4-hexadiene.

¢ TOF after an exposure of 10 min (the equivalent of the treatment carried out in the spectrometer) was 35 h~! and the
product distributions were almost the same (e.g., 2% hexenes, 88% dienes, 8% benzene).
fPlus 4.5% 2- and 3-methylpentane and methylcyclopentane (MCP).

behavior was different from that observed on bifunctional
catalysts (42). This phenomenon appeared in the present
experiments after all pretreatments with 24HD, with a si-
multaneous slight increase of benzene and pronounced aug-
mentation of hexene selectivity (Fig. 1). The selectivities
also exhibited more marked changes after various pretreat-
ments than residual activities. The former two groups also
manifested themselves here: 2/1a and 2/3 (with ~12% ac-
tivity left) produced more Cg saturated products and frag-
ments than 2/1b and 2/2b, where dehydrogenation to hex-
ene predominated together with some aromatization. The

TABLE 3

Percent Residual Activity in Test Runs on Regenerated Pt
and after Carbonizing Treatments?

Sampling time (min)

Sample® 5 20 35 50 AC (%)°
TOF on regenerated 17.6 8.05 5.85 4.80
Pt (h™Y)

Relative activity after different treatments®
Regenerated Pt 100 100 100 100
2/1a 12.1 14.8 16.5 17.4 19
2/1b 8.1 7.9 7.8 11.5 23
2/2a 8.0 7.3 7.8 9.3 20
2/2b 7.3 7.3 74 10.8 22
213 12.7 234 28.5 321 16

21n test runs with n-hexane at 603 K, p(nH): p(H,) =10:120 Torr.
The percent relative activity was calculated from the value measured
after identical sampling times.

b After treatment with 24HD as shown in Tables 1 and 2.

¢The increment of carbon content (in percentage of the total surface)
after various treatments from the reproducible level of residual carbon
percentage in regenerated Pt (taken as 28%; cf. Table 1).

9 Related to the activity of regenerated Pt (TOF = 100).

most severe deactivation and selectivity shift were observed
after pretreatment 2/1b. In contrast, although treatment 2/3
resulted in a decline of the residual activity by a factor of
8, hardly any alteration was seen in the selectivity values
(Table 3 and Fig. 2).

The selectivities of deactivated Pt samples during self-
reactivation were related to the values found on the regen-
erated catalysts and these data are plotted in Fig. 2. The
existence of two behavioral patterns was also apparent in
these samples. The catalysts subjected to the less severe
pretreatments 2/1a and 2/3 exhibited a lower initial activity
loss and noticeable reactivation demonstrated a diminish-
ing relative hexene selectivity during reaction. The values

S (%)
100% -
80% -
B Benz.
60% M Hexene
40% BMCP
Isomer
20% -
0 B <C6

0% -

Reg. 2/1a

21b  2/2a 2/2b 2/3

FIG. 1. Actual selectivities of n-hexane transformation in test runs
(nH:H;=13:160 mbar, 603 K) on a regenerated catalyst and on sam-
ples exposed to 24HD at different pressures as shown in Tables 1 and 2.

Sampling time: 5 min.
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FIG. 2. Selectivities in test runs of 50 min with nH : H, = 13: 160 mbar after different deactivating treatments, related to the selectivities measured
on regenerated Pt, S/Sy, where Sy is the respective selectivity over regenerated Pt and S is the selectivity after deactivating treatments related to Sp
measured after the same length of run. Pretreatments 2/1a, 2/1b, 2/2b, and 2/3, respectively, are shown in the panels. Symbols: (®) hydrogenolysis; (+)
skeletal isomers; (<) methylcyclopentane; (A) benzene. The relative selectivities of hexene increased and had to be scaled down to accommodate the

curves in the same gradation: (H) hexenes/10; (C1) hexenes/40.

for fragmentation and MCP grew simultaneously whereas
the ability to isomerize was retarded (Fig. 2). The higher
initial hexene selectivity observed with samples 2/1b and
2/2b (Fig. 2) increased further during the run and showed
an appreciable drop in benzene selectivities. The other low
values did not show considerable variations. Note the en-
hanced initial aromatic selectivities in both cases and their
progressive decrease during reaction. Benzene selectivity
always decreased. The two cyclic products—benzene and
MCP—showed an interesting “mirror image” after pre-
treatment 2/3, the values of MCP during the test run ex-
ceeding those measured on regenerated Pt, but similar be-
havior was seen in all cases in Fig. 2. This may point to
nonuniform reactivation of all sites: hydrogen can remove
benzene precursors but those sites can produce MCP only.
In this state, surface hydrogen would control the fate of the
primary chemisorbed intermediate: toward a deeply dehy-
drogenated one for benzene or to a less dehydrogenated
one for Cs cyclization (43).

Valence States of Surface Components

As can be seen from Table 1, while all catalyst sam-
ples contained carbon and oxygen impurities, a presinter-
ing treatment increased the purity (cf. samples 1 and 2).

An initial regeneration of Pt stored in air did not improve
the purity markedly except decreasing the O 1s contri-
bution, first of all, in the PtO region. The oxygen region
contained mainly adsorbed OH (BE ~531.5 eV) when
transferred into the vacuum chamber. The residual O after
various treatments contained mostly adsorbed water (BE ~
532.5 eV) and some oxidized C (BE > 533 eV) (8, 12, 34).
The adsorbed O component was negligible, as opposed to
Pt reduced by hydrazine (8). This finding agrees well with
the Pt 4f spectra shown in Fig. 3, indicating mainly pure
pt° (BE maximum of Pt 4f;, around 71.1 eV). A very small
minimum in the difference spectrum 2 — 1 indicates a minor
enhancement of the metallic state upon sintering. The dif-
ference between the carbon-covered Pt (2/1b) and Pt re-
generated before 2/1 was even less, in spite of a much lower
platinum percentage in the former case. This finding sug-
gests that there is very little electronic interaction between
Pt and its major impurity, C (44).

The unsintered and presintered Pt (samples 1 and 2) also
contained some oxidized carbon at BE > 286 eV (8). Mostly
graphitic C seemed to be present after O,—H, treatments
(Fig. 4). A marked carbon accumulation was observed upon
exposure to 24HD, the percentage of which increased up to
44-51%. Samples exposed to 24HD showed nearly identical
C 1s peaks (Fig. 4). Hydrogen treatment alone (carried
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Pt 4f

Pt
8+10%
1 unsint. L
- 6%10% 1
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o
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2
L 4x10%
£
2x10* 1 2/1b 24HD
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reg. before
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0 4
2/1 b - reg.
80 75 70 65
Binding Energy (eV)
FIG. 3. Pt4fregion of the unsintered and presintered catalysts as well

as after 24HD exposure and in the regenerated state, together with two
respective difference spectra, calculated after intensity normalization.

284.5 eV
C 1s
2/1a 24HD
13 mbar
. 2/1b 24HD
§_ 53 mbar
~ 5000 A
2
‘@ ' ‘ 2/2b 24HD 53 mbar
S J H, 13 mbar 693 K
‘E »
— !
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a-vuw;"" -:": :': "“\bg.-zjo mbar
e 5 :'k?"’-.v“"»',.:
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2 presintered

290 285 280
Binding Energy (eV)

FIG. 4. C 1s region of the unsintered and presintered catalysts as
well as after four 24HD exposures, together with a C 1s peak of a typical
regenerated catalyst. The spectra show the original measured intensities.
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FIG.5. C 1s spectra of a regenerated catalyst (normalized to 2/1b)

and after two different HD exposures: 24HD alone (2/1b) and 24HD with
excess H; (2/3).

out after 2/2a) removed minor amounts of carbon, both
graphite and CyHy. Full regenerations with O,/H, removed
less than half of the surface carbon (C: 28-29%) but the
residual carbon was still more than after the first regen-
eration (C ~ 18% before 2/1). The normalized C 15 spec-
tra of regenerated catalysts before and after 24HD treat-
ments were again almost identical (12). The BE maximum
of regenerated samples was lower than that correspond-
ing to pure graphitic carbon. This points to the presence of
C/Pt entities at BE ~ 283.5 eV. C/Pt denotes here surface
or intercalated C atoms rather than carbidic species (35).
This is well illustrated by the difference spectra in Fig. 5
(2/1b —reg, 2/2b — reg, 2/3 —reg). They all show an excess
of graphite in the carbonized catalysts (positive peak) and
the appearance of excess Pt/C after regeneration (nega-
tive peak). All difference spectra are analogous, although
the peak sizes are different; they increase parallel to the
severity of treatments. The difference spectra between car-
bonized and regenerated samples are all similar, which was
checked by using two regenerated spectra, too.

C 1s difference spectra between various exposures may
be more informative (Fig. 6). Samples 2/1a and 2/3 (with
highest residual activity and lowest increase of carbon con-
tent; Table 3) were taken as references. The top spectrum
indicates that a higher pressure of 24HD (sample 2/1b vs
2/1a) slightly increased the graphitic component. A more
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T T T
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FIG.6. C 1sdifference spectra of samples subjected to various expo-
sures. Subtraction was carried out without intensity normalization.

pronounced increase took place after treatment 2/2b (at
higher temperature). A small excess of a component with
BE ~284.1 eV appeared in 2/2b. This C 1s component
prevailed when the spectrum of 2/3 was subtracted from
that of other samples. The lower three difference spectrain
Fig. 6 show higher and higher intensities for it as the sever-
ity of treatment compared to 2/3 increased (2/1a < 2/1b <
2/2b). 2/3 contained more graphitic C than 2/1a (as shown
by a dip in the difference spectrum), although their resid-
ual activity and selectivity patterns in the n-hexane test run
were rather similar (Fig. 2 and Table 3). The amount of
graphite in samples 2/1b and 2/2b gradually reached that
of 2/3. The component at ~284.1 eV may be some inter-
mediate carbon species of individual C atoms in the act of
polymerization to graphite-like entities (35).

Fitting individual components to the C 1s peak (8, 34)
confirms the higher—and almost equal—abundance of the
deactivating component (BE =284.1 eV) in 2/1a, 2/1b, and
2/2b. More graphitic C (and also CyHy) was present in sam-
ple 2/3 (Table 4). The contribution of oxidized C was minor
and the wider range of maximum BE values indicates dif-
ferent main components (with C-O or C=0 bonds). Re-
generation removed about half of both the deactivating and
graphitic components.

The carbon accumulation following various exposures
is well demonstrated by UPS. A regenerated Pt catalyst
showed rather high Fermi-edge intensity in He | (Fig. 7).
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TABLE 4

Percent Distribution of C 1s Components on Selected Carbonized
and Regenerated Samples?

C 1s component®

Sample Pt/C Disordered C Graphitic CHy, Oxidized C
2/1a 2 28 11 5 1
Regenerated 3 14 6 3 2

after 2/1a
2/1b 2 26 14 6 3
2/2b 2 25 14 6 3
2/3 2 12 18 9 3

a After treatment with 24HD as shown in Tables 1 and 2, in percentage
of the total surface. The carbon content of individual samples is shown in
Table 1. The fitting used mixed Gaussian-Lorentzian curves with a fwhm
of 1.3eV (or 1.4 and 1.7 eV for the two highest BE peaks). The fitting was
carried out in a self-consistent manner; i.e., the peak maxima had to be
found by the fitting process itself.

bThe BE values found by the self-consistent fitting program for the
individual components are as follows: Pt/C, 282.6-282.8 eV, disordered
carbon species, 284.0-284.1 eV; graphitic carbon, 284.7-284.8 eV; CyHy
polymers, 285.6-286 eV; oxidized carbon species, 286.8-287.8 eV.

Carbonaccumulation suppressed largely the Fermi-edge in-
tensity (45); the “buckle” at medium BE values (~5-8 eV)
evidenced the presence of overlayer-type carbon rather
than chemisorbed hydrocarbon molecules (8, 34, 46). The
He Il difference spectrum 2/3 — reg (Fig. 8) confirmed the
accumulation of a massive carbon layer after 2/3 produc-
ing the lowest carbon content (Table 1). This was, however,
graphitic (Fig. 6).

Electron Microscopic Examination

The particles of the fresh catalysts (sample 1) were hexag-
onal in shape and relatively thin, as shown by the lattice
fringes. A survey of many specimen fields suggested that
the metal particle widths ranged from 5 to 15 nm. The quite

He |
,M-
1#10° 1 WL e
s 7
1
— 1
2 1
S |
> 4 | 2/1b:24HD !
B o0 53 mbar
C
]
IS o~ o’
£ PR L P
reg. before 2/1b
0 p
15 10 5 0
Binding Energy (eV)
FIG.7. He | UP spectra of a regenerated catalyst and after exposure

to 53 mbar of 24HD (2/1b).
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FIG.8. He Il UP spectra of a regenerated catalyst and after exposure
to 24HD with excess H; (2/3). The difference spectrum was calculated
after normalizing the intensity of 2/3 at the Fermi edge (BE =0).

uniform density across the structure indicated a pillbox ge-
ometry. TEM gave evidence for the presence of some amor-
phous carbon around the edges of highly faceted platinum
crystallites (Fig. 9).

TEM confirmed the major particle size growth after
presintering of sample 1 to sample 2 (8, 26, 33). A rela-
tive large crystallite is seen in Fig. 10, with lattice fringes
of 0.22 nm (47) corresponding to Pt(111). Inspection of the
catalyst surface shows the existence of an overlayer of py-
rolytic carbon consisting of curved layer fragments along
the particle. Since the presence of this type of carbon was

RODRIGUEZ ET AL.

far from being uniform, it cannot be attributed to in situ
carbon formation in the microscope chamber. The pillbox
geometry of this grain has apparently remained and this
aspect did not change upon exposure to 24HD. Figure 11
shows two Pt crystallites after exposure 2/1b. Figure 11A
shows the Pt(111) lattice fringes covered by the pyrolytic
carbon overlayer. Another section of the same micrograph
(Fig. 11B) depicts a reconstructed Pt surface, the (111) lat-
tice fringes showing a spectacular turn in the outermost
layer of ~1 nm (area a). The carbonaceous deposit after
treatment 2/2b (at higher temperature but in the presence
of Hy) contained graphite-like layers growing outward from
the Pt surface, i.e., their edges being in contact with Pt
(Fig. 12A, area C; see also Fig. 12B). This aspect was con-
firmed by its lattice spacing corresponding to the well-
established value for the spacing between consecutive
graphite layers: 0.335 nm (17). This graphitic carbon was,
however, far from an ordered structure. A similar but
thicker graphite-like overlayer appeared after treatment
2/3 (Fig. 13, area A). It coexisted with the overlayer-type
carbon (area B). This finding may be in agreement with
the statement that the presence of hydrogen promoted the
graphitization of initially formed surface polymers (16).
One has to remember that the rather marked Pt per-
centages (Table 1) indicate that the thickness of any car-
bonaceous overlayer is not uniform over all particles (8):
the micrographs reveal the structure of massive three-
dimensional deposits in numerous places where their di-
mensions were sufficient for microscopic observation.

FIG. 9.
crystallite.

Electron micrograph of unsintered Pt (sample 1). Note the Pt lattice fringes (as shown) and the carbonaceous overlayer around the top-right
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FIG. 10.
of carbonaceous overlayer (arrow) are clearly seen.

DISCUSSION

It is not surprising that exposure to hydrocarbons leads
to accumulation of carbonaceous entities on Pt and that
these species lead to catalyst deactivation (4, 14, 18, 48,
49). We believe, however, that the present results add new
information on the amount and likely chemical state of sur-
face carbon, and the data reveal new correlations between
surface carbon and the catalytic properties of platinum.

A
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10 nm

Electron micrograph of sintered, untreated Pt (sample 2). The crystallite growth is obvious but the Pt(111) lattice fringes and the presence

Of the enormous variety of possible carbon structures
(17), Fig. 14 summarizes some entities that can exist on
Pt surfaces, together with the corresponding C 1s BE val-
ues. Final and irreversible catalyst deactivation is usually at-
tributed to graphite but there are several (sometimes poorly
defined) intermediates preceding this stage (50). As men-
tioned above, single C atoms are sometimes regarded as
the first step of catalyst carbonization (14, 50). Regenera-
tion by O, and H; also involved structural rearrangement

FIG. 11. Two digitally processed areas of the same micrograph of sample 2/1b after treatment of Pt with 13 mbar of 24HD at 603 K. The Pt(111)
lattice fringes are clearly seen in A, together with the rather amorphous carbonaceous overlayer. A surface recrystallization is seen in B: the fringes in
area a point to a direction different from the unmarked area in the middle of the picture.
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10 nm
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FIG. 12.

Electron microscopy of sample 2/2b treated with 24HD in the presence of a low amount of added H,. Pt(111) lattice fringes are present.

The digitized image B shows lattice fringes of rather disordered graphite layers in area C, contacting through their edges with the Pt surface. Layer

distance, ~0.34 nm (17).

of Pt (15), accompanied by the migration of C atoms be-
tween surface and subsurface positions. The disruption of
contiguous carbon layers may lead to the enhancement of
Pt—C entities (Fig. 5).

Table 1 shows that although a higher temperature, a
higher hydrocarbon, and lower hydrogen pressure resulted
in the formation of somewhat more solid carbon, the differ-
ences in the final C percentages were rather small. Table 3
confirms that the increase of the percent carbon and the
overall activity decrease were not strictly proportional. The

difference spectra in Fig. 5 offer a semiquantitative estima-
tion of the increase of surface graphite (as compared with
the regenerated state). We suggest, therefore, that the main
reason for the attenuation of overall activity (Table 3) was
the covering of active sites by contiguous carbonaceous de-
posits, of which graphite must be a major component af-
ter each exposure. At the same time, the residual activ-
ity after the least severe treatments (2/1a and especially
with sample 2/3 treated in excess H,) was higher than that
found with the other samples and the selectivity pattern was
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10 nm
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FIG. 13.

Electron microscopy of sample 2/3 treated with 24HD in the presence of a high amount of added H,. Hardly any Pt lattice fringes are

seen. The fringes in area A correspond to that of graphite, the layers pointing outward from the Pt surface, as in Fig. 12. They coexist with amorphous

carbonaceous overlayers (area B).

closer to that of the regenerated catalyst (Table 3). Thus, a
component different from graphitic carbon must have been
responsible for (i) the dramatic selectivity changes result-
ing in hexenes as the main products and (ii) the lack of
spontaneous reactivation in the n-hexane/H; test runs. In-
deed, another C 1s component at BE ~284.1 eV appeared
in the difference spectra between those samples and 2/3
(Fig. 6). Its exact spectroscopic identification is not easy.
Freyer et al. (35) attributed a shift of the C 1s maximum
from ~283.5 to ~284.5 eV to a gradual transformation of
single C atoms from chemisorbed ethylene to graphitic en-
tities, ethylidyne predominating at the intermediate bind-
ing energies. However, their adsorbent, ethene, is a much
simpler molecule. The differences between surface car-
bon produced on Pt even from ethene and propene were
rather pronounced (51). In fact, molecular structures could
be depicted for the fate of a C, adsorbate as opposed to
the rather schematic picture for higher hydrocarbons (49).
24HD, with six C atoms in its chain, offers a large variety
of chemisorption. We believe therefore that Cs molecules
or various (larger) fragments as well as their oligomers,
likely attached by one or more multiple Pt-C bonds to
the metal surface (52), may correspond to the disordered
carbon at BE ~ 284.1 eV. This species, called “chain hy-
drocarbons” in Fig. 14, may include several surface enti-
ties, representing precursors of graphitic or aliphatic poly-
mers. TOrok et al. (53) attributed deactivation of Pt mainly

to a disordered carbon moiety, which they identified also
by IR spectroscopy. Our results indicate that these enti-
ties inhibit first of all skeletal reactions, requiring multi-
ple ensembles (54). Hence, the selectivities of isomers and
Cs cyclic products decreased. However, since these enti-
ties likely have low molecular weight (e.g., C12-Cy4), wWe
cannot expect their appearance in electron microscopy.
They may have the partly chainlike, partly macrocyclic,
unsaturated nongraphitic structure observed by McCarroll
etal. (55) and may be intermediates of coke formation (50).

The carbon remaining on regenerated Pt black catalyst
may be similar to the “residual” carbon suggested by Garin
et al. (7). The amount of this material (18-28%; Table 1)
is, however, much higher in our case than the carbon per-
centage they found (4%0) on Pt single-crystal surfaces. Since
catalyst activity is restored reproducibly, carbon in this state
must correspond—from the catalytic point of view—to the
“harmless” or “invisible” type of deposit (56). The percent-
age of solid carbon increased to ~44-50% upon various
exposures to 24HD. The higher amount of residual carbon
on our dispersed unsupported catalyst with a more flexible
surface (57) may be related to the mobility of carbon be-
tween subsurface and surface positions. At the same time,
we present new experimental evidence supporting the ac-
cumulation of three-dimensional carbon proposed earlier
on single-crystal (2, 3) as well as dispersed Pt surfaces (8).
Faceting occurred even on a Pt foil at ca. 600 K (58) but
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FIG. 14. Schematic representation of carbon species that are possible
on platinum surfaces and their respective C 1s binding energies. BE values
were taken from the literature (8, 17, 36, 46) as well as from unpublished
results from the Department of Inorganic Chemistry, Fritz-Haber-Institut.

carbon deposition—a mixture of graphite and disordered
C—uwas reported (10) at higher temperatures than those
used in the current investigation (>850 K).

This is the first experimental report in which transmis-
sion electron microscopy has been used to demonstrate the
presence of three-dimensional graphitic carbon on the Pt
surface. The location of graphitic overlayers was almost per-
pendicular to the outer surface of Pt, corresponding to the
initial, rudimentary steps of ribbon-like graphite growth
(59). The minor amounts of oxygenated carbon species
(Table 4)—as one of the structures shown in Fig. 14—may
be present at the outer edges of the graphite layers. They can
be detected in sample 2/2b as a slight maximum at ~286—
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287 eV in the difference spectrum 2/2b — 2/3 (Fig. 6). Dif-
ferent values were reported for the C 1s BE of graphite
(35, 46, 60). We found the BE of a highly ordered pyrolytic
graphite, 284.6 eV, thus attributing 284.1 eV to a much
less ordered structure can be realistic in our case. The line
broadening and shift of BE to lower values upon destruc-
tive treatments (such as Art ion sputtering) of graphite (46)
can be attributed to the appearance of these partly decom-
posed lower BE components. The same behavior was ob-
served with other ordered carbon structures, such as C3Ng
(61).

The presence of hydrogen during pretreatment with
24HD proved to be decisive in determining the subsequent
state and activity of the Pt catalyst. Even the minor re-
actions that occurred during the deactivating exposure by
24HD (double-bond shift and trans—cis isomerization of
C=C bonds; Table 2) required hydrogen (62). These re-
actions could utilize hydrogen “retained” by Pt (40, 63) or
H given off during benzene formation (Table 2). Excess
H, during exposure (sample 2/3) was found to accelerate
the catalytic reactions of 24HD and, as a consequence, also
promoted solid carbon accumulation. This finding agrees
well with the report by McAllister and Wolf (22), who
found that more hydrogen preserved the catalytic activ-
ity not only in the traditional sense (i.e., in forming useful
products; cf. Table 2) but also that of the deactivation re-
action, i.e., the process between the gas and the solid sur-
face resulting in high molecular weight residues was more
rapid in H,. This polymer would tend to be graphitized
more easily; thus the mass of carbon accumulated in the
presence of hydrogen could be relatively large (22). Dis-
solution of C in Pt, a well-known precursor of graphite
nanofiber formation, was found to be promoted by the
presence of hydrogen (16). Wetting of graphite by Pt is
known to occur in the presence of hydrogen (16). The
XRD pattern of Pt blacks showed a broad band corre-
sponding to disordered surface graphite after treatment in
hydrogen (13). Although one can never be sure that a
feature not seen in TEM does not exist, one should re-
member that both micrographs where graphite layers—
perpendicular to the surface—were identified (Figs. 11 and
12) originate from samples pretreated in the presence of
hydrogen.
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