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The Catalytic Use of Onion-Like Carbon Materials for the
Styrene Synt hesi s by Oxi dative Dehydr ogenati on of

Et hyl benzene.
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Since the discovery of fullerenes in 1985,[Y the chenistry
of sp?-hybridised nanostructured carbon has received an
increasing interest both from a fundanental point of view
and for potential applications. It has stinulated the
synthesis of a large variety of new fullerene-related
mat eri al s (gi ant ful |l erenes, nanot ubes, nanospheres,
nanocones, nanofolders, nanobundles, onion-Iike carbon,

etc).!? Unique chemical and physical properties suggest
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novel applications, including nanoscale engineering and
el ectronics, optoel ectronic sensors, t hr ee- di nensi onal
conposite materials, mcrofilters, nagnetic materials and
catal ysis.!® Research on onion-like carbons (OLC) is
confined to the devel opnent of synthesis nethods and to the
description of physical and chenical properties.!¥ These
cl osed spherical carbon shells, however, could al so provide
interesting catalytic properties due to the al nost perfect
graphitic network with a high degree of curvature.

Di rect dehydrogenati on of hydrocarbons is used in nunerous
industrial processes. Due to their endotherm c character
such processes are limted by thernmodynamic limtations
calling for alternatives. In case of styrene synthesis, one
of the ten nobst inportant industrial processes, the
exot herm ¢ oxi dati ve dehydrogenati on of ethyl benzene (CDH)
is an elegant and prom sing reaction, for which carbon
catal ysts already proved their efficiency.[®% The porosity
of carbon catalysts used so far seens to play a negative
role by hindering the styrene desorption. This limts the
et hyl benzene conversion and I|leads to non-selective,

[57 " Therefore, OLC are valuable

consecutive reactions.
candi dates, due to the absence of inner particle porosity,

as conpared to other forms of carbon materials.!®
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Figure 1 displays the catalytic behaviour of the OLC
material on a mass referenced basis for the ODH of
et hyl benzene to styrene wth tinme on stream For
conparison, the steady state yields on a catalyst nmass
basis are also shown, which were obtained over the
i ndustrial K-Fe catalyst and other forns of carbon. The OLC
catal yst exhibited a mnor initial activity developing into
conversion levels of 92 % after an activation period of
about 2 hours on stream The stable styrene selectivity of
68 % all owed high styrene yields of 62 % The perfornance
of CLC in ODH is not limted by conversion as in case of
traditional K-pronoted iron oxide systens, for which
t hermodynam ¢ constraints of dehydrogenation [imt an

i ncrease of the styrene yield above 50 % ![° 10

Figure 2A displays high resolution transm ssion electron
m crographs of fresh OLC. Image a of Fig. 2A shows clean

mul ti-shell particles with an interlayer distance close to
0.35 nm typical for sp? hybridised carbon structures. The
inset of Fig. 2a shows one exanple for a well resolved OLC
The <contrast variations of this OLC indicate intact
graphene layers and structurally |ess-defined areas at the
curvature of OLC (indicated by arrows). Inage b of Figure

2A displays OLC material after catalysis for 40 h. The COLC
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seem to be disintegrated into nore or |ess disorganized
carbon. The difference in contrast as conpared to the inmage
prior to catalysis confirnmed that the carbon onions did not
have wel | defined structures anynore.

X-ray diffraction was further used to characterize the
structure of OLC before and after catalysis. Fig. 2B shows
the XRD data obtained for fresh (pattern a, dotted I|ine)
and used (pattern b, full line) OLC. The diffractogram of
fresh OLC (Fig. 2B, a) is characteristic for graphite-Ilike
material with a high degree of stacking faults as expected.
For conparison, the theoretical pattern of hexagonal
graphite is indicated by the vertical lines wth the
respective indexing. The diffractogram recorded after
catalysis (Fig. 2B, b) proves the generation of dianond-

li ke-carbon (DLC) material, i.e. sp?

carbon, during the
styrene reaction. The peaks at 43.9 and 75.3 2T coincide
with the 111 and 220 reflections of dianond as indicated by
the vertical lines. Hence, it can be concluded that part of
the ill-defined material detected by HR-TEM and Raman
spectroscopy is DLC

Raman spectroscopy further revealed the nature of this ill-
defined carbon. Figure 2C shows the raw spectra obtained

fromthe fresh (spectrum a) and used (spectrum b) OLC on

its left side. The deconvolution of these spectra is
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di splayed on the right side. The Raman spectrum of fresh

OLC (Fig. 2C, spectrum a) exhibits the Raman bands
characteristic for disordered (D: 1318 cm?, and D: 1594
cm?!) and ordered (G 1573 cm?') graphene structures!ll.

This Raman spectrum is in agreenent with the HR TEM
analysis which revealed intact graphene layers and ill-
defined structures at the curvatures of OLC (Fig. 2A, inmage
a) and the XRD data (Fig. 2B, pattern a). The intense Ranan
signature of the D (1328 cm?) and D (1594 cm!) bands of

t he cat al yst subsequent to reaction, conpl etely
overwhel ming the G band at 1573 cm?, clearly evidenced a
pronounced presence of disordered carbon structures after

the catalytic test. The intensity increase of the two D and
D Raman signals was acconpanied by a broadening and a
slight blue-shift of the D band. The deconvol ution
additionally revealed a very broad background contri bution
to this band due to CH, GC deformations.!* This very
broad D band does not exclude the presence of sp*
hybri di sed carbons after reaction as indicated by XRD (Fig
2B, pattern b).!*? |ndeed, IR spectroscopy (spectra not

shown) reveal ed the presence of GH val ence bands at 2920
cm! after catalysis together with bands at 1740, 1175 and
1090 cm! indicating the presence of basic C=0 and C-O

groups, respectively.
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In addition to Raman spectroscopy and XRD, tenperature-
programred conbustion confirmed the presence of these two
carbon species (Figure 3). As conpared to the fresh, well-
organi zed sp? hybridised OLC (a), the used active catal yst
displayed a conposite signal (b), whi ch  evi denced
di sordered sp?/ sp® carbon with a maxi mum combustion rate at
around 850 K, in agreenent with the reference, anorphous
activated charcoal. The contribution to conbustion at
hi gher tenperatures was assigned to remmining ordered sp?
carbon structures. The water release simultaneous to the
| ow tenperature conbustion peak confirnmed the presence of
hydrogen atonms in the highly disordered carbon, as
i ndi cated by IR spectroscopy.

Fig. 4 shows the Ols and Cls XP spectra obtained for the
fresh and used OLC material. X-ray  photoem ssion
spectroscopy proved that the alnost oxygen-free carbon
surface of the fresh OLC (spectrum a of Fig. 4A) was
transformed after reaction into an oxygen containing
surface (open circles, Fig. 4A). The O 1ls spectrum after
reaction can be deconvoluted into two signals. The first is
due to chinoidic carbonyl functions with a binding energy
(B.E.) of 530.9 eV,!' simlar to spectra reported for
other active carbon catalysts.[®8 The dehydrogenating

power of the catalyst thus seens to be linked to the
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generation of these strongly basic sites during activation.
The second with a B.E. of 533.4 eV arises from water
adsorbed during transport through air. The Cls spectra
(Fig. 4B) indicated the presence of oxidized carbon by an
increased intensity at the high energy wing of the Cls
signal. The inset of Fig. 4B shows the difference spectrum
of used OLC (full line) and fresh OLC (dotted line). Its
deconvolution confirnmed presence two contributions at
288. 2, indicative for basic, chinoidic surface groups, and
286.0 eV due to C-O groups. This XPS finding is in
agreenment wth the IR observations nentioned above.
Additionally, the graphitic Cls line at 284.4 eV was
consi derably broadened after catalysis proving the presence
of structurally ill-defined carbon in line with Raman, XRD

and TG TPO

The structural characterisation reveals that the function
of the OLC carbon as ODH catalyst is uniquely related to
its mcrostructure. The starting material, intact OLC with
a large surface abundance of graphitic (0001) facets
conbined with a snmall abundance of edge/kink sites where
t he bendi ng of the graphene | ayers occurs (blurred contrast
in the TEM, is characterized by the conplete absence of

surface oxygen functionalities. In addition, the catalytic
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test revealed that this material does not show initial
catalytic activity. Catalytic activity develops with tine
on stream XPS characterization proves the generation of
strongly basic, chinoidic surface functionalities on the
active carbon catalyst. It is suggested that these basic
dehydrogenating surface groups are generated as the
resonance stabilised C=0O surface termnations of the
edge/kink regions of OLC as described earlier.l” This
oxi dation of the edge/kink sites is also seen as being
responsible for the disintegration of the OLC during
catalysis. The catalytic activity develops with increasing
formati on of these basic functionalities and accordingly
i ncreasing OLC disintegration. Hence, it nmay be questioned
whet her OLC are catalytically active at all. Conparative
experinments with ultradi spersed dianond (UDD), however,
revealed that the DLC material detected by XRD after
catal ysis cannot account for the catalytic activity of OLC
(data not shown). UDD are initially also conpletely
i nactive, like OLC, but their selectivity, which devel oped
wth tinm, is different fromthat of OLC, giving benzene as
the main product.

The fact that carbon derived from OLC is superior in its
performance on a nass referenced basis conpared to other

forms of carbon!® (Styrene yields in % in Figure 1:
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graphite 45, carbon filanments 53, OLC 62) evidences that
this type of carbon contains a higher nunber of active
sites per wunit weight at steady state. This superior
performance is also related to the optimsed distribution
of the sites required for oxygen activation (basal planes)
and Broensted basic centres!® (prismatic planes) on this
type of nanocar bon.

The presence of disordered, sp? and sp® polymeric carbon
resulting from unwanted styrene pol ymeri sati on IS
characteristic of all catalytic systems tested so far.!%
Its vol um nuous and defective character nmakes it, however,
particularly susceptible to oxidation in situ as evi denced
by the data in Figure 3. A large difference in specific
reactivity of the soft cokel’™ to the carbon catalyst is a
prerequisite for stable operation as the formation of coke
cannot be conpletely avoided. By reducing the basic sites
required for polynerisation to the mninmum necessary for
activating the EB substrate, the tendency for coke
formation is smaller on carbon than on (potassi um pronot ed)
met al oxi de systens.

The present data reveal that a significant potential for
catalytic application lies in unpronoted nanocarbon
materials if their mcrostructure can be tailored to

support the optinmum distribution of electron donating and

-9-



N. Keller et al. The First Catalytic Use of ..., Submitted to Angew. Chem

proton activating functions. The chemcal sinplicity of
carbon and the unique property that deactivated surfaces
gasify thenselves in ODH reactions not only renders them
wel | -suited nodel systens but also allow for realistic
expectations of a technical application in heterogeneous
catalysis. The synthetic limtations of the present OLC
nodel system may be overcone by tailoring other nore
abundant forms of carbon into the desired target structure

[16]

by synt hetic and post -synt hetic t her nochem cal

procedures.

Experinmental Section

Concentric graphitic shell structures, known as Onion-Like
Carbons (OLC), were produced by thernmal annealing of Utra-
Di spersed Di amond (UDD) powder at 2140 K and at a 10°° torr
vacuum according to the nethod devel oped by Kuznetsov at
al .t

The reaction was carried out in a tubular quartz reactor of
4 mm inner dianeter and 200 nm | ength. The catal yst (0.04
g) was placed in the isothermal oven zone between quartz

wool plugs. He and Q were fed by mass flow controllers

Et hyl benzene (EB) in flow ng He was provi ded by a saturator

-10-



N. Keller et al. The First Catalytic Use of ..., Submitted to Angew. Chem

kept at the required tenperature (35°C, corresponding to
2,16 kPa) and mixed to the Q-flow to obtain the EB to Q
ratio of 1:1. The reaction was conducted at 790 K with an
inlet EB concentration of 2 vol.% and a Liquid Hourly Space
Velocity (LHSV) of 0.5 hl The inlet and outlet gas
analysis was carried out on-line by a gas chromatograph
using a packed colum (5% SP-1200/1.75% Bentone 34) for
hydrocarbons and a capillary colum (Carboxen 1010 PLOT)
for permanent gases, respectively, coupled to FID and TCD
det ect or s.

Transm ssion el ectron mcrographs were taken on a Phillips
CMR00-FEG  at an accel eration vol t age of 200k V.
Phot oel ectron spectra were recorded with a nodified Leybold
Her aeus spectroneter (LHS12 MCD) with M K, radiation
(1253.6 eV) at a power of 240 W The bandpass energy was
set to 50 eV. Xray satellites and Shirley background were
subtracted. Thermal gravinmetry analysis was perfornmed on a
Net zsch STA 449C bal ance, with a heating rate of 10 K. nmin?
and using a 20 % (v/v) O/He mxture, and coupled to a
QVB200 mass spectronmeter (Thernostar, Pfeiffer Vacuum.
Raman spectra were recorded with a LabRam spectroneter
(Dilor). The spectral slit width was set at 500 ?m giving a
spectral resolution of 5 cm!. A He/Ne laser at 632.8 nm

was used as the excitation source. IR spectra in diffuse
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reflectance were recorded on a Bruker I1FS-66 FT-1IR
spectroneter. XRD was perfornmed on a Stoe Theta-Theta

diffractoneter in reflection. Cu Ky radi ati on was used.
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Fi gure Captions

Fig. 1.

Performance of CLC in the ODH of ethyl benzene at 790 K with
time on stream X in % = ethyl benzene conversion (),
selectivity to styrene (=) and styrene yield (J). Steady
state styrene yi el ds for graphite (G.), car bon
nanofilaments (CNF) and the technical K-Fe catalyst are

al so given.

Fig. 2
A High resolution TEM i mages of OLC (a) prior and
(b) subsequent to oxi dative dehydr ogenati on of

et hyl benzene. The inset of Fig. 2a shows the magnification
of a single, intact OLC. The arrows indicate the blurred
regions with | ess ordered structure

B X-Ray diffractograns of the OLC material prior (a)
and subsequent (b) to catalysis. The theoretical positions
and indices of reflections of graphite (G and D anond (D)
are shown for conparison.

C Left side: original Raman spectra of OLC prior (a)

and subsequent (b) to ODH of ethyl benzene. Right side:
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deconvolutions of the Raman spectra prior (a) and

subsequent (b) to catalysis.

Fig. 3

Differential Ther mal Gravinetry  of the tenperature-
programed conbustion of OLC (a) prior, (b) subsequent to
ODH of ethyl benzene (T=tenperature), (c) anorphous carbon
(Norit A, Aldrich), and (d) graphite (SFG5, Tintal AG.
(Bel ow) Mass spectroneter trace of water forned during the

conmbusti on of OLC subsequent to catalysis.

Fig. 4

A Ols XP spectra of the OLC prior (solid line) and
subsequent (open circles) to catalysis. The deconvol ution
into two contributions with B.E. of 531.1 and 533.4 eV is
shown t oo

B Cls XP spectra of OC prior (dashed 1line) and
subsequent (full line) to catalysis. The inset shows the
deconvolution of the difference Cls spectrum into three

contributions with BE of 288.2, 286.0 and 284.4 eV.
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Short text for content:

The first use of onion-like carbons in the field of
catal ysis opens new routes for potential applications of
non- pl anar carbon materials. An exanple is given with the

oxi dati ve dehydrogenati on of ethyl benzene.
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Keywor ds:

Et hyl benzene dehydrogenati on, onion-1like carbon, catalysis,

oxygen functionalities.

- 18-



N. Keller et al. The First Catalytic Use of ..., Submitted to Angew. Chem

Figure 1

X 1%
40

20

200 400
t/mn ——

o

-19-



N. Keller et al. The First Catalytic Use of ..., Submitted to Angew. Chem

Fi gure 2

B
100 003G 111D
80 4
a ] " II
D
g 60
=
- |
S 40 ]
20 - °
. :'llu
] e, Il\... w :"'--.u._,‘ - e R |
. | _idicy 1006 |008:G - 11146
20 40 60 80

2?

1600 1400 1200
<— Wavenumbers / cml

-20-



Submitted to Angew. Chem

The First Catalytic Use of ...,

N Keller et al.

Figure 3

18 (H,0)

Cocse

S m/z

800 900 1000 1100
T/IK —

700

-21-



Submitted to Angew. Chem

The First Catalytic Use of ...,

N Keller et al.

Fi gure 4

[%2]
i
O
o2
n%m\\\q <"
Qe~¢
58 ees
N,
o >~
U -~
TTES Bey
] ] ] ] ]
o o o o o
o o o o o
o o o o o
O o <t o™ N
< do/|

530 532 534 536 538
BE / eV

528

526

298 296 294 292 290 288 286 284 282 280

37104

BE /eV

-22-



		2001-12-19T11:34:47+0100
	Gerhard Mestl
	Ich bin der Verfasser dieses Dokuments.




