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Reduced porous graphene oxide as a metal free catalyst was
selected for the oxidative dehydrogenation of ethylbenzene to
styrene. It showed the best catalytic performance compared with
other carbon materials (routinely reduced graphene oxide,
graphite powder and oxidized carbon nanotubes) and commercial
iron oxide.

Styrene (ST) is an important industrial monomer which is mainly
produced by direct dehydrogenation (DH) of ethylbenzene (EB).
Generally, this DH reaction is catalyzed by potassium-promoted iron
oxide catalyst under high temperature and excess steam.! The
overheated steam is used to transfer heat and remove carbonaceous
species which are produced during the DH reaction and can cause the
loss of reaction activity. Therefore, this mode of styrene production is
energy intensive and environment unfriendly. Recently, some
alternative routes have been put forward, such as side-chain alkylation
of toluene with methanol? and oxidative dehydrogenation (ODH) with
02, CO2 or N20.2 However, the present techniques still employ
unsustainable metal/metal oxide compounds or suffer a low activity.
Hence, alternative catalysts need to be explored to overcome these
aforesaid problems.

Nanocarbon materials with unique properties have been proved to
be efficient catalysts for the DH and ODH of hydrocarbons.* Many
kinds of nanocarbons such as multiwalled carbon nanotubes
(MWCNTSs), mesoporous carbon, nanodiamond and onion-like
carbon have been investigated for DH/ODH of ethylbenzene to
styrene.> Graphene as a monolayer planar sheet composed of sp?-
bonded carbon atoms possesses unique electrical, thermal and optical
properties,® and it has shown excellent performance in supercapacitors,
fuel cells and lithium ion batteries.” Recently, graphene based-
materials were widely investigated in liquid phase catalytic fields and
showed potential applications.8 However, only a few studies in gas-
phase catalytic reactions have been reported.®

Herein, we systematically investigated the catalytic performance of
the reduced porous graphene oxide (rPGO) in the ODH of EB to ST.
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Compared with the routinely reduced graphene oxide (rGO), the
oxidized carbon nanotubes (0CNT), the graphite powder (GP) and the
commercial iron oxide catalyst, the rPGO with high specific surface
area (2613 m?/(g), high porosity and abundant oxygen functional
groups exhibits the best catalytic performance with a 65 % EB
conversion and a 93 % ST selectivity. Meanwhile, the long term
catalytic stability indicates the potential application of the rPGO
catalyst in the industrial styrene production.
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Fig. 1 a), b): TEM images of the rPGO with different magnifications. The inset
in Fig.1a is the high resolution SEM image of the rPGO (scale bar: 250 nm).
¢) Raman spectrum and peak fitting of the rPGO; d) N, adsorption-desorption
isotherms with the pore size distribution (inset) of the rPGO.

The detailed synthesis process of the rPGO can be found in the ESI
and the other carbon materials such as the rGO, GP and oCNT are
employed for the controlled experiments. A typical SEM image (the
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inset in Fig. 1a) shows that the obtained rPGO catalyst is highly folded
and self-assembled to a three dimensional morphology, and the curved
graphene sheets of the rPGO are transparent to the electron beam.
Besides, the multilayer, wrinkled and curved microstructure of the
rPGO is also confirmed by TEM images (Fig. 1a & 1b), which is
different from the rGO, GP and oCNT as shown in Fig. S1. In addition,
from a typical high resolution TEM image, a few irregularly stacked
layers can be clearly seen at the edge as marked in Fig. 1b.

Raman spectroscopy is an effective method to characterize the
structure and defects of carbon materials.'® Generally, the D, D3, D4
peak at about 1350 cm?, 1500 cm™, 1200 cm™ represent the
disordered graphitic lattice (graphene layer edges), amorphous carbon,
and disordered graphitic lattice (polyenes, ionic impurities) of carbon
materials respectively, while the G peak at about 1580 cm! represents
the ideal graphitic lattice of carbon materials. The intensity ratio of D
peak and G peak (Io/lg) is usually an estimate of the disorder degree
of carbon materials. From the Raman spectrum of the rPGO as
displayed in Fig. 1c, the D and G peak could be obviously observed,
indicating that the basic graphitic structure was maintained after the
activation process. Meanwhile, the broad and strong D peak suggests
that there exits lots of edge structure in the rPGO sample. The value
of Io/l calculated from the corresponding area of peak fitting is as
high as 6.2, revealing that the rPGO is highly defective. The detailed
structure of the rPGO is further confirmed by XRD analysis. The XRD
results in Fig. S2 demonstrate that the rPGO has a similar graphitic
structure with the natural graphite. However, the dominating graphite
peak (002, 26 = 26.4°) intensity of the rPGO is drastically decreased
and the peak width is broadened. Compared with the natural graphite,
the high ratio of Io/lg, the low and wide (002) peak could be mainly
attributed to the presence of a high density of pores in the rPGO,’
which is in well agreement with the TEM results.

N2 adsorption-desorption isotherms of the rPGO show type-IV
curves, with an obvious condensation step at P/Po = 0.4-0.8,
suggesting a porous structure which may contain split and tubular pore
geometry (Fig. 1d),'*and the isotherms of the rGO is exhibited in Fig.
S3 as a comparison. The specific surface area of the rPGO is about
2613 m?/g calculated according to Brunauer-Emmett-Teller (BET)
method, which is obviously larger than that of the rGO (127 m?/g).
The cumulative pore volume and average pore width calculated from
the desorption branch according to Barett-Joyner-Halenda (BJH)
model is about 2.3 cm®¥g and 3.2 nm, respectively. The pore size
distribution curve (the inset in Fig. 1d) displays that the rPGO has
well-defined micro- and mesopores. These pores mainly originated
from the etching process by KOH during high temperature reduction,”
12 and could explain the high disorder degree and plenty of graphene
layer edges which are revealed by the Raman results. Moreover, the
widespread pores may not only provide plenty of unpaired electrons
which induce the occurrence and proceeding of a catalytic reaction,
but also act as the transport pathways for the reaction species.® 13 In
short, the huge surface area and unique texture of the rPGO provide
an exciting possibility in the oxidative dehydrogenation of EB to ST.

As to ODH reactions, the oxidation resistance ability of the
nanocarbon catalysts is very important for their practical applications.
The thermal stability behavior of the rPGO was monitored by

Thermogravimetry-Mass Spectrometry (TG-MS) in excess oxygen (5 %

O2/Avr) in this work. The result is shown in Fig. S4. From the TG-MS
curves, we can see that the rPGO exhibits well stability below 500 °C,
and CO:z signal corresponding to the combustion of the rPGO is just
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detected above 500 °C. In addition, the optimization experiments of
reaction condition show a steady conversion below 425 °C and a
favourable selectivity at O2/EB =1 (Fig. S5 & Fig. S6).
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Fig. 2 Catalytic performance of different carbon materials on ODH of EB, data

from 30 h on stream. Reaction condition: 50 mg catalyst, 3 % EB with He
balance, O,/EB = 1, total flow rate = 10 ml/min, T = 400 °C.
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Fig. 2 represents the catalytic performance of different carbon
materials (rPGO, oCNT, rGO, GP) on ODH of EB at 400 °C. Among
all the carbon materials, the rPGO catalyst exhibits the highest EB
conversion (65 %) and ST formation rate (9.27 mmolegteh), while
those of the other three catalysts are all less than 40 % and 6 mmoleg
Lehl after 30 h on stream. As to the styrene selectivity, it is higher
than 90 % over all the tested catalysts (Fig. S7). GP has the highest
ST selectivity (97%), but its conversion is only around 20 % due to its
low oxygen content and stacked structure, which is similar with the
reported results.® Besides, the commercial iron oxide catalyst was also
tested as a controlled catalyst (Fig. S8), which presented quite low
activity (a 3 % EB conversion and a 20 % ST selectivity). Long term
stability of the rPGO was also conducted at 400 °C (Fig. S9). After a
30 h induction period, the EB conversion over the rPGO reaches a
steady platform, the highest value is 54 % and it still maintains at 50 %
after 80 h reaction, while the ST selectivity is stabilized at around 95 %
during the whole process. The structural and catalytic robustness of
the rPGO could be further confirmed by the characterizations of the
used catalyst (Fig. S10), which reveal that the rPGO has well
combustion resistance ability under the given reaction condition. In
addition, compared with the reported nanocarbon materials (table S1),
the present rPGO catalyst exhibits the best catalytic performance in
the ODH of EB to ST.

In order to further understand the high catalytic performance of the
ODH reaction over the rPGO catalyst, XPS is employed to analyze its
surface composition. The C1s spectrum of the rPGO shows a clear
shoulder peak at 288.7 eV (Fig. 3a), which is said to be carbonyl
groups,® and this can be further confirmed by peak fitting of O1s
spectrum (Fig. 3b). The deconvolution of the Ols spectrum reveals
three different chemical environments of O, which could be assigned
to phenol groups (C-OH, ~ 533.7 eV), the sum of carboxylic acid,
anhydride, lactone and ester groups (O=C-0O, ~532.5 eV), and ketonic
carbonyl group (C=0, ~ 531.6 eV), respectively.’* The total surface
oxygen atomic concentration in the rPGO is estimated from XPS
spectrum to be 15.3 at% and the corresponding unsaturated C=0 ratio
is 40.8 %. The high oxygen content of the rPGO is probably due to its
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ultrahigh surface area and high porosity. Generally, the basic sites
have been demonstrated as active sites during the dehydrogenation
reaction of hydrocarbons.!* 5 The rPGO catalyst with the highest
reaction rate has the highest carbonyl concentration (table S2),
corresponding to the fact that nucleophilic ketonic carbonyl groups
are the active sites in the ODH reaction.'® Meanwhile, the oxygen
molecules in the inlet gas can be easily absorbed and activated by the
electron-rich pores distributed on the defective graphene layers,
resulting in the formation of new oxygen functional groups such as
ketone and quinone under reaction conditions as revealed by the used
rPGO in table S2.2 These newly formed ketonic carbonyl groups also
contribute to the catalytic activity of the rPGO. And the high porosity
and novel pore structure of the rPGO can facilitate the mass and heat
transfer of ODH reaction,*> 8 which restrains the generation of
byproducts and leads to a high ST selectivity.

O1s

a) sp-c Cls b)

C-0-C&C-CH

Intensity (a.u.)
Intensity (a.u.)

Carbonyls

Y WY W My N S —
294 292 290 288 286 284 282 280 538 5;!6 554 5:’.2 5‘30 5‘28
B.E. (eV) B.E. (eV)

Fig. 3 Cl1s and O1s peak fitting curves of the rPGO.

In summary, the reduced porous graphene oxide was first used as a
metal free catalyst for the oxidative dehydrogenation of ethylbenzene.
The reduced porous graphene oxide showed the best catalytic
performance (a 65 % EB conversion and a 93 % ST selectivity)
compared with the other carbon materials and the commercial iron
oxide catalyst. The special structure of the rPGO provides more
anchor sites for oxygen functional groups on the defects, and the
unpaired electrons at the edges of defects can attract and promote the
activation of oxygen molecules in oxidizing atmosphere. The
ultrahigh surface area and unique structure of the rPGO facilitate the
adsorption-desorption process of reaction species, which avoids the
deep oxidation of ST and the generation of byproducts, thus leading
to a high styrene selectivity under a high EB conversion. The stable
long term catalytic performance of the rPGO in the ODH reaction of
ethylbenzene to styrene indicates its potential application as an
industrial catalyst.
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