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Abstract Using a scanning-tunneling microscope,

reflection high-energy electron diffraction and photoelec-

tron spectra with synchrotron radiation, we investigated the

temperature dependence of the dehydrogenation of cyclo-

hexene (C6H10) adsorbed on Pt nanoclusters supported on

an ultra-thin film of Al2O3/NiAl(100). The Pt clusters,

grown by vapor deposition, are structurally ordered and

exhibit a mean diameter 2.2 nm and height 0.4 nm. The

progress of dehydrogenation was monitored through the

temporal variation of C 1s photoelectron spectra; analysis

of these features revealed that the dehydrogenation of

cyclohexene with increasing sample temperature occurs as

a sequential process beginning around 150 K, a tempera-

ture significantly less than that for Pt single-crystal sur-

faces. The dehydrogenation behavior, particularly the

decomposition into elemental carbon, is found to vary with

Pt coverage.
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1 Introduction

Because of the relevance to petroleum processing [1–11],

the dehydrogenation of cyclic hydrocarbons such as

cyclohexane (C6H12) and cyclohexene (C6H10) over single-

crystal Pt(100) and Pt(111) surfaces has been extensively

investigated with various techniques. Cyclohexene, a pos-

sible intermediate in the dehydrogenation of cyclohexane

into benzene, can be hydrogenated to cyclohexane or

dehydrogenated to benzene (C6H6). Under ultrahigh vac-

uum (UHV) conditions, cyclohexene adsorbs on Pt(111) or

Pt(100) surfaces at 100 K and exists in di-r cyclohexene

form. At about 200 K, di-r cyclohexene converts to p-allyl

c-C6H9 and at about 300 K dehydrogenates to benzene [9].

On further heating, some benzene desorbs from the surface

at 400–500 K, and the remaining benzene decomposes to

hydrogen and adsorbed carbon.

Such experiments with single Pt crystals have contrib-

uted much to the understanding of dehydrogenation, but

their practical value is limited. Many aspects are neglected

in modeling the surface of a catalyst as that of a single

crystal [12–14]; the most obvious is the absence of a

support material. Furthermore, the properties of the surface

of a small metallic particle might be poorly represented as

their single-crystal counterparts; on a small particle various

facets are present, and the density of edge and corner sites

is much greater than on a single-crystal surface of small

index. Finally, the electronic structure of small particles

differs from that of large crystals [15]: the evolution from

metallic to insulating behavior with the size of a particle

can significantly influence the catalytic properties [16, 17].

A more realistic model for a supported catalyst thus con-

sists of metallic particles of nanometer scale on well

ordered oxide surfaces, as they contain both components

and the heterogeneous character of most industrial cata-
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lysts. Here we report our investigation of the dehydroge-

nation of cyclohexene on Pt nanoclusters supported on a

thin film of Al2O3/NiAl(100). Al2O3 as an ultra-thin film

grown on NiAl alloy, instead of bulk Al2O3, serves as

support because we thereby avoid a charging effect arising

during characterization with electronic spectrometric

methods. Moreover, its electronic properties are not criti-

cally influenced by the alloy substrate [18].

The Pt clusters were formed by vapor deposition; their

morphologies and crystallinity were characterized with

a scanning-tunneling microscope (STM) and reflection

high-energy electron diffraction (RHEED), respectively

[19, 20]. The Pt clusters show a mean diameter 2.2 nm and

height 0.4 nm [19], and have the fcc phase; the clusters

grow with their (001) plane parallel to the h-Al2O3 (100)

surface, and with the [110] axis parallel to [010] directions

of the oxide surface (Pt(001)[110]//Al2O3(100)[010]) [20].

We investigated the temperature dependence of the cy-

clohexene dehydrogenation by increasing the sample tem-

perature in a stepwise manner and recording a

photoelectron spectrum from the reaction mixture on the

surface at each temperature step. Analysis of C 1s photo-

electron spectra (PES), generated with synchrotron radia-

tion, provided information about the surface species as the

reaction progressed. The results indicate that the dehy-

drogenation of cyclohexene over the Pt clusters is a

sequential process beginning around 150 K and ending

with elemental carbon at 300–400 K. Both characteristic

temperatures are significantly less than those for Pt single

crystals, implying smaller activation energies and thus

greater catalytic reactivity for the supported Pt clusters. We

mention also the effects of the Pt coverage and of the

temperature of cluster growth on the dehydrogenation.

2 Experiments

The NiAl(100) sample (MaTech GmbH) was polished to a

roughness less than 0.03 lm and orientation accuracy

better than 0.1�. All experiments were conducted in UHV

chambers with base vacuum better than 1 · 10–9 torr. The

deposition of Pt and the growth of a h-Al2O3 thin film on

NiAl(100) were performed as described previously

[19–22]; the only difference is that the Al2O3 thin film on

NiAl(100) was not subjected to protracted annealing post

oxidation, thus preventing NiAl facets becoming exposed

on the surface [21, 22].

Images with a STM (RHK UHV 300), as constant-cur-

rent topography, were recorded at 90 K using a typical

sample bias voltage +2.5 V and tunneling current 0.2 nA.

The STM tip consisted of electrochemically etched tung-

sten wire. The rate of deposition of Pt was fixed at

0.12 ± 0.003 ML/min, calculated from the Pt coverage

near 295 K. The Pt cluster coverages were estimated from

the volume of the Pt clusters on crystalline Al2O3 observed

with the STM (1 ML corresponds to a real density of

fcc Pt(100) surface atoms, 1.3 · 1015 atoms/cm2). The

RHEED measurements were performed with an incident

electron beam of energy 40 keV at a grazing angle 2–3� to

the surface.

After deposition of Pt, the sample was transferred for

PES measurements to the analysis chamber equipped with

a nine-channel hemispherical electron analyzer (VG Sci-

entific). Combining electron-bombardment heating and

liquid-nitrogen cooling, the sample temperature was var-

iable between 120 and 1500 K. When the substrate was

cooled to approximately 120 K, it was exposed to cyclo-

hexene (1–10 L; 1 Langmuir (L) = 1 · 10–6 torr s) on

filling the analysis chamber to a background pressure

� 1 · 10–8 torr. Cyclohexene (99.9%, Merck) was puri-

fied with several cycles of freezing, pumping and thawing.

After exposure to cyclohexene at 120 K, the sample was

annealed to various temperatures for 1 min and re-cooled

to 120 K for PES measurements.

All PES spectra were recorded with the analysis cham-

ber connected to the wide-range spherical-grating mono-

chromator beamline (WR-SGM) and U5-spectroscopy

beamline at National Synchrotron Radiation Research

Center (NSRRC). The beamlines deliver soft X-ray pho-

tons with energy in a range 10–1500 eV (WR-SGM) and

60–1400 eV (U5) respectively. The total energy resolution,

including the beamline and energy analyzer, was estimated

to be better than 0.3 eV [23]. A fixed photon energy

380 eV was used throughout the experiments. The incident

beam was along the surface normal and the photoelectrons

were collected at an angle 50� from the surface normal.

All PES data presented here were first normalized to the

photon flux. The references for binding energies (BE) in all

spectra were a substrate Ni 3p3/2 signal at 67 eV and an Al

2p signal at 72.9 eV. After linear background subtraction

using Gaussian-Lorentzian functions, the spectra features

were fitted with a nonlinear least-squares algorithm.

3 Results and Discussion

Morphologies and size distributions of the Pt clusters

manifested by STM are similar to those observed earlier

[19]. Randomly distributed Pt nanoclusters, with a mean

diameter of 2.25 nm and height of 0.4 nm (standard devi-

ation 0.5 nm for the diameter distribution and 0.15 nm for

the height distribution), are seen to grow on a crystalline

Al2O3 surface at any temperature in a range 300–600 K

and at any coverage less than the coalescence level. The

proportion of large clusters is enhanced at a large coverage,

up to 2 ML, or growth temperature, up to 600 K, whereas
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the size of most clusters remained about the mean [19]. The

inset of Fig. 1 presents a typical STM image for the Pt

clusters. Our RHEED measurements indicate that these Pt

clusters are structurally ordered, in a fcc phase, and have

their (001) planes parallel to the h-Al2O3 (100) surfaces

and [110] axes parallel to the [010] directions of the oxide

surface, so Pt(001)[110]// Al2O3(100)[010] [20]. Figure 2

displays an example of the RHEED patterns obtained from

Pt (about 0.5 ML) on Al2O3/NiAl(100). The RHEED pat-

terns are derived at both (a) [0–10] and (b) [0–11] azimuths

and the diffraction spots from the Pt clusters appear as

indicated in the figure; detailed analysis is available in [20].

In contrast, PES spectra show no evident Pt 4f feature,

generally employed to monitor the Pt deposited on the

surface, because their binding energies (BE = 74.52 and

71.2 eV for bulk Pt 4f5/2 and Pt 4f7/2 respectively) [24]

overlap closely those of Alox 2p and Al 2p (75.4 and

72.9 eV) from an Al2O3 thin film and the NiAl alloy

substrate. We noticed, however, that the intensities of

spectral features centered about 75.4 and 72.9 eV are sig-

nificantly enhanced after a large deposition of Pt, as

demonstrated in Fig. 1. The inset is the corresponding STM

image from the surface. As the cross section for photo-

ionization of Pt 4f (5.5 megabarn (Mb)/atom) is much

greater than that for Al 2p (0.8 Mb/atom) at the photon

energy used for the current measurements (380 eV) [25],

we speculate that the Pt 4f core-level signals are super-

imposed on Alox 2p and Al 2p signals. As the Ni 3p signals

remained almost the same, such an intensity enhancement

must not be due to a greater intensity of the radiant beam or

other experimental artifact.

We tested the temperature dependence of dehydrogena-

tion by increasing the sample temperature in a stepwise

manner and recording a photoelectron spectrum from the

reaction mixture on the surface at each temperature step.

After adsorption of various amounts of cyclohexene at

120 K, we annealed the sample to a selected temperature,

up to 500 K. The dehydrogenation induced upon annealing

was reflected by a variation of the C 1s core level in the

derived photoelectron spectra. Figure 3 displays C 1s pho-

toelectron spectra in a typical series for cyclohexene (1 L)

adsorbed over Pt clusters (~2 ML, formed at 300 K) sup-

ported on an Al2O3/NiAl(100) thin film and subsequently

annealed to varied temperatures, as indicated in the figure.

After exposure to cyclohexene, a symmetric C 1s signal

appeared at a BE about 286 eV, comparable with the value

observed over Pt black samples [26]. Slight annealing to

150 K leads to a substantially decreased intensity (see the

noise level) of the C 1s signal, mainly due to desorption of

multi-layers of cyclohexene from the surface. We confirmed

this desorption by experiments with varied dosages of cy-

clohexene. Further annealing caused a continuously de-

creased intensity. With the annealing temperature the

maximum of the C 1s signal also shifted toward lower BE,

accompanied by an increased asymmetry and full width at

half maximum (FWHM) of the line. These changes are

explicitly plotted in Fig. 4. Such a continuous red shift

(Fig. 4(a) of the BE indicates dehydrogenation of the

cyclohexene. This assignment is further strengthened by the

evident broadening of the signal in Fig. 4(b), implying

the co-existence of various hydrocarbon species. The con-

tinuous change implies a continuous process, in contrast

with earlier observations on Pt single crystals [1–5] but

consistent with a mechanism of dehydrogenation proposed

on the basis of thermochemical calculations for cyclo-

hexene on a Pt(111) surface [6]. There, adsorbed cyclo-

hexene loses H atoms stepwise to form a cycloallylic

species (c-C6H9), cyclohexadiene (c-C6H8), cyclohexadie-

nyl (c-C6H7) and then benzene (C6H6). The dehydrogena-

tion notably begins at 150 K, much lower than the

temperature for a single-crystal surface [1–11]. The disso-

ciation of benzene, evident through the shift of the C 1s

signal to the elemental carbon position about 284.5–285 eV,

occurs between 300 and 400 K, also a lower temperature

than expected for Pt single crystals [9]. The lower charac-

teristic temperatures indicate smaller activation energies for

both dehydrogenation of cyclohexene and decomposition of

benzene. Because the above spectral features were not ob-

served for a bare Al2O3 surface, the dehydrogenation must

occur on the Pt clusters or at the Pt-oxide interface. We thus

conclude that oxide-supported Pt nanoclusters are catalyti-

cally more active than Pt single crystals.

Fig. 1 (a) Representative photoelectron spectra for a pure thin film of

Al2O3/NiAl(100) and Pt nanoclusters (2 ML) formed at 300 K on an

Al2O3/NiAl(100) thin film. (b) Inset, representative STM image from

Pt (2 ML), recorded at 90 K (image size 50 · 80 nm, bias = 2.5 V,

I = 0.2 nA)
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Figure 4 displays also a comparison of the BE shift,

total area and FWHM of the C 1s signal from cyclohexene

(1 L) adsorbed on varied Pt coverages (0.2, 0.5 and 2 ML)

to demonstrate the effect of Pt coverage on the dehydro-

genation. According to Fig. 4(a), the behavior clearly

varies with the Pt coverage. In the initial stage of dehy-

drogenation, the difference is minor, but the dissociation of

benzene (the region about 284.5–285 eV) is completed at

significantly lower temperatures with a small coverage

of Pt. The FWHM variations corroborate this result.

Figure 4(b) shows that the FWHM for Pt (0.2 ML) is de-

creased to the original value in the same temperature

region, 220–300 K, as the benzene decomposition, also

much lower than the temperature at the other Pt coverages.

As the increase of FWHM indicates coexistence of various

species (the resolution of the beamline remained the same

throughout the experiment), the decrease of FWHM to the

original value indicates that only one carbon species

remains on the surface, which is elemental carbon

according to its corresponding BE. The observed reduction

of FWHM reflects the decomposition toward elemental

carbon. Both BE and FWHM results thus indicate that Pt at

a small coverage is more reactive for the hydrocarbon

decomposition. As the cluster size and morphology vary

insignificantly with the coverage [19], the variability of the

reactivity might arise not solely from the variation of the

cluster morphology: the reactivity might involve the oxide

support. A comprehensive answer to this question requires

further investigation. Figure 4(c) shows the quantities of

the hydrocarbon species on the surface as a function of the

annealing temperature. The trend for three coverages is

nearly the same: following an abrupt decrease near 150 K,

a continuously decreasing area of the C 1s signal was ob-

Fig. 2 RHEED patterns obtained from Pt (0.4 ML) on a thin film

of Al2O3/NiAl(100). The patterns are obtained at (a) [0–10] and (b)

[0–11] azimuths. The diffraction lines arise from the substrate and the

diffraction spots from the Pt clusters; the assignment of these

diffraction spots is based on the analysis in [20]

Fig. 3 Representative C 1s photoelectron spectra in a sequence

acquired at 120 K for cyclohexene (1 L) adsorbed on Pt clusters

(2 ML) supported on an Al2O3/NiAl(100) thin film and subsequently

annealed to the temperatures indicated in the figure
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served, indicating that after the multilayer desorption both

dehydrogenation and slow desorption occur concurrently.

To explore the effect of the temperature of cluster

growth, we adsorbed cyclohexene (1 L) on Pt (2 ML) on an

Al2O3/NiAl(100) thin film deposited at 300 or 450 or

600 K; the corresponding dehydrogenation features are

indistinguishable. The BE, area and FWHM of their C 1s

signals exhibit a similar dependence on the annealing

temperature. As the growth temperature from 300 to 600 K

does not much alter the size and morphology of the cluster,

according to the STM observations [19], the major varia-

tion in these samples is the structural ordering in these

clusters. The RHEED measurements indicate a greater

structural ordering—sharper diffraction spots—for clusters

formed at a higher temperature of growth. This result hence

implies that the reactivity of the cluster is insensitive to the

structural differences caused by the varied growth tem-

peratures in such a range. As for the effect of dose (1–10 L)

of cyclohexene on the dehydrogenation, multilayer cyclo-

hexene desorbs after annealing to 150 K and a similar

proportion of hydrocarbon remains. The remaining species

showed the same dehydrogenation behavior as above for

the subsequent annealing.

4 Conclusions

According to our analysis of observations from STM,

RHEED and PES measurements on the dehydrogenation of

cyclohexene adsorbed on Pt nanoclusters on a thin film of

Al2O3/NiAl(100), the prepared Pt clusters are crystalline and

have a mean diameter 2.2 nm and height 0.4 nm. Their size

varies little with the coverage and the growth temperature.

The dehydrogenation of the adsorbed cyclohexene exhibits a

sequential process beginning near 150 K, a temperature

significantly lower than that for Pt single crystals. Further

annealing causes dissociation of benzene and leaves ele-

mental carbon on the surface. Such dissociation occurs at

temperatures also much lower than that on Pt single crystals.

The dehydrogenation behavior, particularly the decompo-

sition into elemental carbon, varies with the Pt coverage.
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Paál Z (2001) J Catal 197:365

100 S. D. Sartale et al.

123


	Dehydrogenation of Cyclohexene on Platinum Nanoclusters�on a Thin Film of Al2O3/NiAl(100)
	Abstract
	Introduction
	Experiments
	Results and Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


