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We report a high yield exfoliation of few-layer-graphene (FLG) with up to 17% from expanded graphite,
under 5h sonication time in water, using graphene oxide (GO) as a surfactant. Aqueous dispersion of GO
attached FLG (FLG-GO), with less than 5 layers, is used as a template for further decoration of
nanodiamonds (NDs). The hybrid materials were self-organized into 3D-laminated nanostructures, where
spherical NDs with diameter of 4-8 nm are homogeneously distributed on the surface of FLG-GO
complex (referred to as FLG-GO@NDs). It was found that GO plays a dual role, it: (1) mediated
exfoliation of expanded graphite in aqueous solution resulting in a FLG-GO colloid system, and (2)
incorporated ND particles for the formation of composites. The high catalytic performance in the
dehydrogenation of ethyl-benzene on FLG-GO@NDs metal-free catalyst is achieved; a 35.1% of
ethylbenzene conversion and 98.6% styrene selectivity after 50 h reaction test is observed which
corresponds to an activity of 896 mmolgr/geaiys/h. It is 1.7 and 5 times higher than the unsupported NDs
and traditional catalysts, respectively. The results demonstrate the potential of FLG-GO@NDs composite
as a promising catalyst for steam- free industrial dehydrogenation applications.

Introduction

Graphene and few-layer graphene (FLG), containing different
number of graphene layers up to thirty, have attracted a
tremendous scientific interest due to their exceptional physical
and chemical properties which allow them to be applied in
several potential applications'>. These materials can be
synthesized by several methods, such as micromechanical
cleavage®, epitaxial growth on silicon carbide or metal surfaces®”’,
exfoliation of oxidized graphite and/or graphene oxide (GO)*'!,
mechanical ablation'?, and unzipping of mutliwalled carbon
nanotubes'*'®. Despite this large number of efforts, a mass
production of graphene and FLG with low number of graphene
layers by a versatile and low-cost method is still an active field of
research, especially solution-phase method where graphene or
FLG are directly obtained from exfoliation of graphite precursors
1718 This method, however, still has some drawbacks: (1) the
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synthesis is mostly carried out in organic solvents (e.g, MNP,
DMF) which needs to be carefully recycled'*?, (2) the low
exfoliation yield (1-3 wt.%) despite a very long sonication time
(few tens to hundred hours)*'?2, and (3) in the case of exfoliation
of graphite in aqueous solution, the use of an amphiphilic
surfactant which may affect the quality and needs further steps of
treatments™>?. In fact, a direct exfoliation of hydrophobic
graphite to graphene sheets in aqueous solution without
dispersing agents has been considered to be extremely difficult or
even unfeasible®. The ideas based on the use of GO as a
dispersion agent for a stabilization of carbon materials, such as
CNTs and graphite, has been recently done in few works. For
example, Kim and co-workers reported for the first time that GO,
with its amphiphilic nature, can act as a surfactant to process
insoluble materials of graphite in aqueous solution®”®. It has
been also reported that GO can act as a surfactant to prevent the
aggregation of CNTs during the process®. Gogotsi and co-
workers have performed an extensive reduction of GO attached
on the expanded graphite (EG) surface through microwaves
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irradiation®. However, the use of GO as physical agents for the
synthesis of large scale single-to-few layer graphene, with a
stable dispersion in a greener solvent, i.e. water, still represents a
challenge to be tackled.

Synthetic NDs produced by detonation methods have an
average size ranging of 4-10 nm, and their large surface-to-
volume ratio endows them with higher surface reactivity than
other form of carbon. Together with a large surface area, NDs
also have high entropy, high structural defects content and low
toxicity that make them a promising candidate for several
applications in tribology, drug delivery, bio-imaging and tissue
engineering just to cite the few of them®'. Hybrid materials
consisting of graphene and nanodiamonds (NDs) could
potentially display not only the unique properties of NDs and
those of graphene, but also additional novel properties due to the
synergistic effects between them. Those materials are very
interesting for future applications such as supercapacitors®,
photocatalysts™**, and electrocatalyst’. Recently, NDs have
been reported by Su and co-workers®® to be an efficient metal-
free catalyst in the steam-free dehydrogenation of ethyl-benzene
into styrene. The dehydrogenation mechanism can be described
as follows: activation of the alkane fragment of the ethylbenzene
by the ketone group to generate styrene along with the formation
of carbon hydroxyl group as an intermediate followed by a
release of hydrogen and the consecutive generation of the former
C=0 group. However, the NDs are used in powders form,
aggregate forming clumps which could cause a considerable
decrease of the active surface during the catalytic reaction. Thus
the idea is to take advantage of the flat surface of graphene-based
materials to disperse the ND particles, which would increase the
effective contact surface and number of active sites, leading to
enhancing their catalyst properties. Wang et al.’’ have reported
that NDs are steadily dispersed onto reduced graphene oxide
surface which leads to a significant improvement of the specific
capacitance of the composite owing to the high exposed surface
area and short diffusion length of the NDs.

In this work, we have tried to address three main aspects
including: (1) a direct exfoliation of expanded graphite in
aqueous solutions (with high yield and short sonication time)
using GO as surfactants; (2) the use of GO attached few-layer-
graphene (FLG-GO) aqueous dispersion as a template for further
self-organized decoration of homogeneous nanodiamonds (NDs),
and (3) such ND-decorated GO-FLG composites (referred to as
FLG-GO@NDs) will be used as a metal-free catalysts in the
steam-free dehydrogenation (DH) of ethylbenzene (EB) to
styrene reaction which is one of the largest catalytic processes
nowadays. Herein, GO acts as an adsorbent layer that
concentrates ND nanoparticles on the surface of FLG-GO,
meanwhile FLG plays a role of reinforcement support for GO
which is easily shrinkage during NDs adsorption. The resulting
3D-sandwich structure of FLG-GO@NDs composite is tested as
advancing catalyst in the DH of EB to styrene reaction. The
activities are compared with the ones obtained from traditional
catalysts. According to the results the FLG-GO@NDs composite
displays predominant performances along with a high stability as
a function of time on stream compared to the other catalysts. The
present high-performance FLG-GO@NDs composite with great
advantages such as simple and mass production method, and
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absence of cytotoxicity could be foreseen as a potential metal-free

e catalyst in the steam free industrial synthesis of styrene.

Experimental

Exfoliation of expanded graphite in aqueous medium using
graphene oxide as a surfactant

Graphene oxide was prepared by a modified Hummer’s method
from flake graphite as described in supporting information (SI). A
FLG-GO complex was prepared by aqueous solution-processed
exfoliation of expanded graphite in GO suspension under
ultrasonic treatment (see SI). Briefly, GO suspension with a
concentration of 1 mg/mL was obtained by dispersing GO
powders in distilled water with the aid of ultrasonic bath for 30
min. Then the different weight ratios of EG/GO, i.e. 1, 3, 5, were
subjected to sonication with a tip sonicator of 30 W for different
time ranging from 1 to 5 h. Subsequently, the as-prepared
suspension was left to stand for 2 days to settling down unstable
graphite aggregates. The supernatant was next extracted by
pipette, and then centrifuged at 3000 rpm for 30 min to get the
stable FLG-GO suspension which will be further processed.

Self-organized decoration of nanodiamonds on the FLG-GO
sheets

The commercial nanodiamonds (NDs) with diameter in the range
of 4-10 nm in a powder form were supplied by the Hightech Co
(Finland) and were used without any further purification. For
preparation of FLG-GO@NDs composite, typically 200 mg of
pristine NDs were dispersed in 300 mL of deionized (DI) water
followed by a sonication treatment for 30 min. It was then well
mixed with a 286 mL as-synthesized FLG-GO complex
suspension (0.35 mg/mL) by droplet under stirring condition. ND
particles were steadily adsorbed in a homogeneous manner on the
surface of FLG-GO and the resulted composite settled down after
few minutes. The adsorption of the NDs on the GO-FLG surface
was evidenced by the change of the solution color from yellow-
pale (NDs solution) to colorless. The mixture was then filtered
and dried at 100 °C in the oven for 6 h to get a constant weight of
the FLG-GO@NDs composite.

Characterization techniques

UV-vis spectra were recorded using a spectrophotometer
equipped with Peltier PTP1 system (PerkinElmer Lambda 35) at
room temperature. X-ray diffraction (XRD) data were collected
on a Bruker D8 Advance diffractrometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed with
ESCA2000 (VG  Microtech)  spectrometer using a
monochromatized aluminum Ko anode. Thermal gravimetric
analysis (TGA) was carried out on a TGA Q5000 instrument with
a heating rate of 10 °C min™ under air atmosphere. The specific
surface area was measured using the BET method from nitrogen
adsorption-desorption isotherm at 77K (TriStar sorptometer).
Prior to measurement, the sample was out-gassed at 250 °C
during 12 hours in order to desorbed moisture and/or other
impurities. The Raman spectra were recorded using LabRAM
ARAMIS Horiba Raman spectrometer equipment. Spectra were
recorded over the range of 500 - 4000 cm™' at the laser excitation
wavelength of 532 nm. The sample was deposited on glass
substrate by spin-coating of its suspension and carefully dried
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before measurement. Scanning electron microscopy (SEM)
images were recorded using a JEOL 2600F instrument operating
at an acceleration voltage of 15 kV and an emission current of 10
mA. The sample was covered with a thin layer of sputtered gold
in order to avoid charging problems during the analysis.
Transmission electron microscope (TEM) was conducted on
JEOL 2100F working at 200 kV accelerated voltage, equipped
with a probe corrector for spherical aberrations, and a point-to-
point resolution of 0.2 nm. The sample was dispersed in ethanol
with the aid of mild sonication for 5 minutes and a drop of the
suspension was deposited on a holey carbon grid for
measurement.

Catalytic activity measurements

The steam-free catalytic dehydrogenation of ethyl-benzene to
styrene was carried out in a tubular quartz reactor (74 cm length
and 1.2 cm LD.) under atmospheric pressure at 550°C. The
catalysts (300 mg) were deposited on a quartz wool plug and the
reactant passed downward through the catalyst bed. Before
reaction, the catalyst was slowly heated up to the reaction
temperature and pretreated at 550°C under helium for 2 h. The
reactant flow (2.8 vol. % EB diluted in helium, with a total flow
rate of 30 mL. min") was then fed to the reactor. The reactants
and the products, exit from the reactor, was analyzed on—line with
a PERICHROM (PR 2100) gas chromatography equipped with a
flame ionization detector (FID). In order to avoid any possible
condensation of the reactant or products, all the tube lines were
wrapped with a heating wire kept at 110°C.

The ethyl-benzene conversion (Xgg), styrene selectivity (Ssr)
and yield (Ygt) were evaluated using the following equations:

— E)CEB,inlet - FC

s EB outlet ™ 1 00% (1 )

FC...

0™ EB,inlet
C
S — ST ,outlet x 100% (2)
e C C
ST ,outlet + TOL ,outlet + BZ ,outlet

Yor = Xpp XSST 3)

where F and F, are the inlet and outlet flow rates; Cgg, Cs1, CroL
and Cpy represents the concentration of ethyl benzene, styrene,
toluene and benzene, respectively. The specific rate is expressed
as amount of styrene produced per gram of catalyst per hour
(mmol.g™".h™).

Results and Discussion

The FLG was synthesized by mild sonication at 40 °C of aqueous
mixtures containing EG and GO with different weight ratios, i.e.
1:1, 3:1 and 5:1 (supporting information, SI). The sonication was
kept for different durations and the products issued from these
treatments were collected for subsequence analysis. Figure 1A
shows the digital photo of the EG/GO mixtures after 5 h of
sonication, it highlights the extremely high dispersion of the
resulted materials when GO was added to the EG suspension:
indeed no precipitation was observed after several weeks of
standing. On the other hand, the FLG formed from the EG
suspension in water, without adding GO, and after the same
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sonication treatment, steadily precipitates after a few tens of
minutes due to its hydrophobic nature and strong attraction
forces. Similar results have also been observed by Hu et al.*
during the sonication process with a EG:GO mixtures with a high
GO concentration. The high stability of the obtained FLG could
be explained by a number of physical methods that clearly
demonstrated the production of single-to-few-layer graphene as
shown in the schematic exfoliation process (schematic 1, SI).
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Figure 1. (A) A digital photo of the different EG/GO mixtures in aqueous
medium after sonication for 3h. (B) UV-vis spectra of the different
EG/GO mixtures which show the degree of the EG exfoliation, (C and D)
Raman spectra recorded on different samples according to sonication time
and the enlargement of the 2D peak.

The formation of stable FLG-GO suspension as a function of
EG/GO was monitored by UV-vis spectroscopy as depicted in
Figure 1B. The broad m-n* transition of aromatic C=C peak of
GO centered at 230 nm™ is gradually red shifted several nm up to
238 nm when the EG/GO ratios increase from 0 to 5. The
absorption intensity increased as well, and the highest intensity is
observed with a mixture of EG/GO equal to 3; that shows the best
dispersion degree of EG/GO and the stabilization of exfoliated
FLG in the solution. When the EG/GO ratio is higher or lower
than 3 (i.e., 5, 1), the absorption intensity tends to get down,
suggesting lower concentration of chromophores in the
suspension, so a lower stabilization of the FLG sheets. The
degree of exfoliation as a function of sonication time was also
investigated for the EG/GO ratio equal 3 as shown in Figure STA
(SI). The amount of FLG in the FLG-GO complex increased up
to 0.35 mg/mL for 5h sonication, and then exhibited plateau trend
for longer sonication time (Figure S1B). The optical absorbance
(A) divided by the length (1) as a function of the concentration for
aqueous suspension FLG-GO shows a Lambert-Beer behavior,
and a linear fit of the concentration values gives an average
absorption coefficient at 660 nm of o = 2,244 Lg'm™ (Figure
S1C), which is consistent with the value measured for previous
exfoliation of graphene in NMP'°.

The XRD patterns of the as-synthesized materials as a function
of the EG:GO ratio are presented in Figure S2. The patterns
showed that a 20 peak of GO at 11° was gradually decreased
when the EG/GO ratio increased, while two peaks corresponding
to (002) and (004) reflection of graphite are increased
consecutively. It means that the crystallinity of the FLG-GO

This journal is © The Royal Society of Chemistry [year]
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complex increased as a function of EG/GO ratio, and when the
ratio EG/GO reached 5, it would correspond to a large graphite-
like structure in the products, which is consistent with the UV-vis
measurements. The layer thickness and structural change of FLG-
GO films as a function of sonication time, compared to its
precursor materials (exfoliated EG and GO), were efficiently
monitored by Raman spectroscopy (Figure 1C). While the Raman
spectrum shows a typical D-band at 1345 cm™ (sp® defects) and
G-band at 1592 cm’ (tangential vibration of sp carbon atoms)
for GO, those peaks are appeared at 1350 and 1580 cm’
respectively for FLG. A comparison of the intensity ratio of D
and G band (Ip/I;) as a function of sonication time for all samples
was also performed. The Ip/Ig decreased from 0.78 for pure GO
to 0.24 for FLG-GO complex after 5 h sonicating confirming the
better graphitic behavior of the sample. In addition, the G-band of
FLG-GO complex was red shifted (8 cm™) and blue shifted (12
em’™') as compared to that of FLG and GO, respectively, which
confirms a physical interaction of GO and the FLG sheets. The n-
conjugated aromatic domains existing in GO basal plane interacts
with the surface of FLG via n—= interactions?>. Moreover, it is
known that the 2D band corresponds to the specific numbers of
stacked graphene films*®. As compared to exfoliated EG, the 2D
peak positions in FLG-GO shifted considerably to a lower
wavenumber by 25 cm!, from 2718 to 2693 cm’', and the
intensities of symmetric peaks are higher than with FLG after 3h
sonication, suggesting a successful exfoliation to less than 5
layers FLG in FLG-GO complex'®*. All above results have
shown that GO sheets significantly promotes the effective
exfoliation of EG in aqueous solution after relatively short time

TR

30 of sonication. The excellent water solubility of GO made the

FLG-GO complex to have a micelle system-like behavior.
Representative TEM micrographs of the as-synthesized FLG

decorated with GO sheets are presented in Figure 2. They

confirm the high degree of exfoliation of the process as almost

35 FLG containing less than five graphene layers is observed among

the sample (Figure 2A). High-resolution TEM micrographs also
evidence the non-covalent stacking between the FLG and GO as
presented in Figure 2B and 2C, where a perfect graphitized
structure of the FLG is visible underneath the disordered structure

40 of the GO. The nature and concentration of the oxygen species

present on the different samples were also analyzed by XPS and
the results are presented in Figure 2D and E. The Cls XPS
spectrum of the GO, with oxygen content ~32.6 at. %, is
presented in Figure 2D and can be deconvoluted into four peaks
corresponding to carbon atoms in different functional groups: the
C-C in aromatic rings, the oxygenated C in C-O, C=0, and O-
C=0. However, the high percentage of oxygen in the GO was
steadily decreased in the FLG-GO complex (Figure 2E), with an
oxygen content of ~ 8.3 at. %. In addition, the ratio of C/O

by

so obtained from the Cls and Ols peaks increased from 2 (for GO)

to 10 (for FLG-GO), respectively. Such a result could be
attributed to the intimate mixing between the GO and the
exfoliated FLG with low oxygen content. It is expected that
during the sonication process, a part of the oxygen content could

ss also be removed from the GO surface due to the energy input.

D C1s GO E C1s FLG-GO
C-C(284.8eV) C-C(284.5eV)
——C-0(286.7eV) ——C-OH(2852eV)

C=0(288.01eV) ——C-0(2863eV)

5 |—o0-c=0(@892ev) - C=0(287.7¢eV)

s 3 | —o-c=o@sarey

2 2

@ i

s 8

£ £

202 200 288 286 284 262 202 200 288 286 284 282

Binding Energy (eV)

Binding Energy (eV)

Figure 2. (A-C) Representative TEM micrographs of the GO mediated exfoliated EG with different magnifications. (D and E) C1s XPS spectra of the GO
and FLG-GO showing a strong reduction of the oxygen functional groups along with the increase of the carbon species after mixing.

The yield of the exfoliation process as a function of the
sonication duration is presented in Figure 3. The FLG exfoliation
yield was calculated based on the weight of initial and final
materials as defined in Eq. 4:

ini(EG + GO) — (unexfEG + setl.exfMLG @ GO)
ini(EG + GO)

“4)

exf (%) = 100%

Where ini(EG+GO) is the initial mass sum of EG and GO before
sonication, unexfEG is the un-exfoliated EG decanting after 2
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days standing, and setl.extMLG@GO is the GO absorbed on
multi-layer-graphene that settled down after centrifugation at
3000 rpm. The exfoliation of EG that was calculated according to
equation (4) increase from 2.2, 5.3, 8.8, 12.3 to 16.8 wt% relative
s to the initial raw materials (EG added GO) for sonication time
ranging from 1, 2, 3, 4 to 5 hours, respectively. The exfoliation
yield was also measured by UV-vis on the different concentration
of FLG-GO suspensions (Figure 3B). The red line is a linear fit in
which the yield is relative to initial EG (if assumed that no GO

10 was decanted during the synthesis process), while the blue line is
the yield relative to the total EG-GO mass. The exfoliation yield
increases with sonication time, and that reaches the value of up to
~ 25 wt% of the relative to the initial EG after Sh sonication. The
GO mass percentage in FLG-GO mixture can be estimated at 25

s wt % after 5 h sonication. This data is consistent with TGA
measurement as shown in Figure S3, in which the curve
corresponding to the GO has onset temperature at 130 and 450
°C, which can be related to the decomposition of different oxygen
containing groups, while the onset temperatures of GO-FLG

20 complex are increased and appeared at 360 and 560 °C. The
amount of GO in the GO-FLG complex is estimated to be about
24 % by mass. According to the results one can states that GO
mediated EG exfoliation process is among the best method to
obtain thin FLG with high yield and under mild treatment time.

»s From the reported results, we have shown that a thin FLG-GO
complex was successfully prepared in aqueous suspension
medium by the solution-phase method. The as-synthesized FLG-
GO mixture is used as a template for further self-organized
decoration FLG-GO with homogeneous nanodiamonds (NDs),

s for applying as a metal-free catalyst in the steam-free
dehydrogenation (DH) of ethyl benzene (EB) to styrene reaction.

A B

—— Relalive o iniliel EG

5| ——Relaive to a EG:G0 mixture <
20
15.
.
10,

¥=-05475 + 20725 * X
RY=0.96913

Exfoliation Yeild (%)
Exfoliation Yeild (%)

1 2 3 4 5
Sonication time (hrs)

4
Sonication time (hrs)

Figure 3. Exfoliation yield of EG calculated with the Eq.4 (A), data
calculated from the maximum concentration relative to starting materials
35 and fit linear (B).

Figure 4A shows a digital photo of aqueous dispersion of
pristine NDs after 15 min tip sonication (Fig. 4A, left), and a
colloidal suspension of FLG-GO (3-1) complex (Fig. 4B,
middle). When the NDs dispersion (2 parts) is dropped into FLG-

40 GO suspension (1 part) under stirring conditions, ND particles are
steadily adsorbed onto the surface of FLG-GO complex, which
results in the precipitation of the FLG-GO@NDs (1:2) product in
water (Fig. 4C, right). The complete adsorption of the NDs was
evidenced by the colour change from yellow-pale to colourless of

45 the medium upon precipitation. Herein, the aqueous dispersion of
NDs has a positive charge with a zeta potential of +16 mV,
whereas FLG-GO suspension is negatively charged (—46 mV);
thus, the interaction between them can be considered as
electrostatic attractions (a zeta potential of re-dispersed FLG-

so GO@NDs suspension shows a value of -28 mV (Figure S4A)).

Other possible interactions between FLG-GO and NDs may be

hydrogen-bond attractions because of the presence of oxygen-

containing groups including hydroxyl, carboxylic, lactones,

ketones and ethers®** on the surface of NDs which can be
ss strongly interacted with the GO surface.
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Figure 4. (A) A digital photo of aqueous dispersion of pristine NDs (left),
FLG-GO complex suspension (middle) and ND-absorbed FLG-GO
(right). (B) XRD spectra, (C) Raman spectrum and (D) Cls XPS
60 spectrum of FLG-GO@NDs composite.

It should be noted that NDs are not adsorbed on the surface of
FLG under similar conditions (Figure S4B). The microstructure
of FLG-GO@NDs composite was investigated by SEM (Figure
S5), which shows that the FLG-GO powders consist of thin FLG
platelets covered by a slightly wrinkled GO layer. The FLG-
GO@NDs showed 3D laminated structures where the GO sheets
were homogeneously decorated with ND particles. The XRD
pattern of FLG-GO@NDs is shown in Figure 4B, while the
strong diffraction peak at 26 =26.5° is attributed to the (002)
70 reflection from the graphite, the other peaks correspond to NDs
self-organized adsorption on the surface of FLG-GO support.
Raman spectroscopy at A, = 532 nm was employed to
investigate a change in the graphitic structure after adsorption of
NDs, as shown in Figure 4C. The Raman spectrum of FLG-
75 GO@NDs shows an increased intensity and a broadening of sp’
defects (D-band) as compared with FLG-GO complex since it
overlapped with a peak of ND itself (~1324 cm™). The tangential
vibration of sp® carbon atoms in hexagonal plane (G-band) is
noteworthy decreased, and the Ip/Ig ratio increases more than 3
so times from 0.24 to 0.74. It reflects that NDs cover the surface of
FLG-GO and that the vibration of the graphitic domains is
considerably attenuated. In addition, G-band shifted of about 10
em’ to a higher wavenumber, the reason may come from the
functional groups on the surface of NDs such as O-H bending and
C=0 stretching’'. The composition of FLG-GO@NDs composite
was analyzed by XPS and the results are presented in Figure 4D.
The Cls XPS spectrum clearly indicates four different major
components (C sp?, C sp’, C-O and O=C-0), in which the non-
oxygenated sp® carbon of graphene is noteworthy decreased when
9 compare to the FLG-GO complex, whereas the sp® allotrope of
carbon at 286.9 eV becomes a prominent peak. This peak

corresponds to the NDs incorporation.
The dispersion of the NDs on the surface of the FLG-GO has
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been characterized by TEM microscopy (Figure 5). It is clearly
seen that the FLG-GO sheets are homogeneously decorated by
spherical ND particles. Herein, the GO acts as an adsorption layer
for randomly distributed NDs on the surface of FLG-GO
complex, while FLG plays the role of inactive support to
strengthen the FLG-GO complex, i.e. to hinder the GO layers
shrinkage during NDs adsorption. The high anchorage strength of
the NDs onto the GO surface could be attributed to the presence
of OH groups on the NDs surface. Wang et al.*’ have reported
that those OH groups also actively participate in the reduction
process of the GO after further heating treatments.

Figure 5. Representative TEM micrographs of the FLG-GO@NDs
composite with different magnifications. (A) General view showing the
homogeneous dispersion of the NDs on the composite surface. (B)
Medium view evidencing the high affinity of the NDs to adsorb on the
GO surface. (C-D) High-resolution views showing the microstructure of
the NDs and a detail view of the NDs” top surface

From higher magnification TEM images, it can be seen that the
ND nano-crystallites with average diameter ranging from 4 to 8
nm are isolated over FLG-GO sheets. A distribution of ND
particles size has been measured using /mage-Pro Plus program
on TEM images and presented in Figure S6. This is an important
factor for a significant improvement of catalyst performances of
the FLG-GO@NDs which will be considered in the following.

In order to evaluate catalytic performance of the FLG-GO
supported NDs catalyst in the dehydrogenation of ethyl-benzene,
300 mg of the composite material were placed at the centre of a
quartz reactor. The reaction was carried out at 550 °C under
atmospheric pressure, conditions similar as those reported by Su
et al.*®. The reaction rate was expressed as the amount of styrene
produced per gram of catalyst per hour. The catalyst selectivity to
styrene has been also investigated. Figure 6A shows a
comparison of the styrene formation rate (ST. rate) and styrene
selectivity (ST. Sel.) on the FLG-GO@NDs composite-based
catalyst versus those obtained on unsupported NDs and
commercial iron-based catalysts (denoted as K-Fe). It was
observed that the K-Fe catalyst exhibits extremely high DH
activity at the beginning of the test (853 mmolgr/geaatys/h)
followed by a sharp deactivation to be next stabilized after 8 h of
reaction at around 180 mmolsr/geyaiys/h. The low DH activity
obtained on the iron-based catalyst could be attributed to the
rapid saturation of the active sites by carbonaceous residue under
steam-free reaction conditions. On the other hand, both the
unsupported NDs and FLG-GO@NDs composite-based catalysts

100

display a significant improvement of the DH activity, compared
to the K-Fe catalyst, with a gradually decrease from 1064 to 402
mmolgr/geaays/h and 1680 to 687 mmolgr/geaarys/h, respectively,
after the same duration of test, i.e. 50 h of time on stream.
However, in contrary to the commercial catalyst, ND-based
catalysts display a slow deactivation after the first deactivation
slope. Such observation indicates that site blockage as a function
of time on stream still occurs unlikely to the industrial catalyst
where a balance of site blockage by deposited carbonaceous
residue was reached after few hours of reaction. The significant
improvement of the DH activity per unit weight of the NDs
obtained on the supported FLG-GO catalyst could be attributed to
the higher dispersion of the NDs on the GO surface, as evidenced
by SEM and TEM analysis presented above. The
dehydrogenation rate as a function of time on stream observed on
both catalysts, NDs and FLG-GO@NDs, is similar which
indicates that the nature of the active site is unchanged and the
DH activity improvement is mostly due to the higher active sites
on the FLG-GO@NDs consecutive to the dispersion of the NDs
on the FLG-GO surface. This provides higher specific surface
area and density of active sites to perform the dehydrogenation
reaction. The BET value increased from 283 m?/g for pristine
NDs to 304 m*/g for FLG-GO@NDs along with a significant rise
in mesoporous contribution (Figure S7). In the FLG-GO@NDs
catalyst the FLG with higher mechanical strength play a role of
inactive support to prevent the clumping of the catalyst. To
confirm our discussion on the role of FLG in the composite, a
GO@NDs (without FLG) sample was tested under same reaction
condition (Figure S8). The GO@NDs catalyst exhibits an
intermediate DH activity compared to the NDs and FLG-
GO@NDs catalysts. The low DH activity on the GO@NDs
catalyst might be linked to the fact that GO clumped during
adsorption of NDs, without FLG underneath, which will be
limited the density of active sites and thus, leading to the lower
DH performance.

The steady-state DH activity of the FLG-GO@NDs catalyst
was compared also with those obtained on different carbon-based
and K-Fe catalysts (Figure 6B). The results evidence the high
DH activity of the FLG-GO@NDs catalyst compared to the other
carbon-based nanomaterial catalysts such as stacked GO, thick
FLG, and CNTs. The high DH activity observed on the ND-based
catalyst could be attributed to the high effective surface area of
the catalyst and also to the high stability of the oxygenated
functional groups on the NDs surface compared to that existed on
the other carbon-based materials.

The stability of FLG-GO@NDs catalyst as a function of time
on stream is also evaluated by performing long-term test up to
150 h (Figure 6C). The DH activity was stabilized at around 500
mmolgr/geaarys/h, after 150 h of test, while the selectivity towards
styrene remains unchanged for the whole test. Such results
indicate that the deactivation was mostly linked with the lost of
active sites and not to a modification of the active site nature.

The DH activity can be recovered by submitting the spent
catalyst to regeneration process in air at 400 °C for 2 h (Figure
6D). It is also worthy to note that successive regenerations
contribute also to a better stability of the catalyst as a function of
time on stream, as evidenced in Figure 6D. Similar behavior has
been also reported by Su and co-workers®® in a previous report.
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Figure 6. (A) DH activity of FLG-GO@NDs in comparison with commercial, unsupported NDs catalysts, (B) Benchmarking of different carbon-based
nanomaterials in the DH process, (C) Long-term DH test at 550 °C of the FLG-GO@NDs catalyst, and (D) Regeneration test during cyclic air-exposure
E showing a high DH activity recovery of the GO-FLG@NDs-based composite catalyst.

In order to understand the cause of the deactivation and the regeneration mechanism, the XPS analysis was performed on the catalyst
at different stage, i.e. fresh, spent and regenerated catalyst, and the results are shown in Figure S9. As can be seen from the XPS data, the
carbon-to-oxygen ratio on the catalyst steadily increases from 13.8 for the fresh catalyst to18.6 for the one after reaction. Such results
indicate that carbonaceous species were deposited onto the catalyst surface during the course of the reaction which slowly covers the

10 surface of the active sites leading to catalyst deactivation. It is also worthy to note that during the reaction part of the oxygen species
presents on the catalyst surface, especially the quinoic group which is expected to be the active site, could be also removed. The C/O
ratio steadily decreases from 18.6 to 7.7 after regeneration process indicating that part of the carbonaceous residues has been removed,
leading to a higher active site exposure. The change in the oxygen-containing functional groups, such as C-O and O-C=0, is well
matched with the DH activity behaviour observed on the catalyst performances. According to the results, the decrease of the oxygenated

15 functional groups, especially carboxylate group, is well fitted with the decrease of the DH activity of the catalyst. The C=O groups
slightly decrease from 11 to 8 at. % which corresponds to the decrease of the DH activity from 1680 mmolgy/garys/h to 687
mmolgr/geaatys/h. After regeneration, the C=0 functional groups steadily increase from 8 to about 57 at. % while the DH activity is fully
restored (Figure 6D). Our results are consistent with those previously reported by Su and co-workers in which the reduced DH activity
agrees well with the consumption of C=0 content®®. The physical properties of the spent catalysts have been evaluated by XPS and

20 temperature-programmed oxidation (TPO) techniques. The XPS results of the oxygen-based species recorded from the different samples,
as-received FLG-GO@NDs, pre-treated at 550 °C under He and post-reaction FLG-GO@NDs composite are summarized in Figure S10.
It showed that the O-H bond of the FLG-GO@NDs was remained unchanged, for the sample before and after reaction, at about 7.9 at. %,
which indicates that hydrogenation of the catalyst, during the course of the reaction, was unlikely to occur. In addition, the TPO mass
spectrum of the post-reaction composite displayed no peak H,O during the combustion, which suggested that hydrogen generated from

»s the reaction was directly released out from the catalyst.

Conclusion

We have demonstrated in this report an easy and scalable method to produce a “sandwich structured” between GO and FLG, where GO
plays the role of dispersant allowing the exfoliation of expanded graphite into thin FLG structure and prevents the re-stacking of the
30 FLG. The GO layer also provides anchorage sites for adsorbing ND particles through a charge compensation leading to the high
dispersion of this later on the hybrid support surface. The NDs/GO/FLG composite was further used as a metal-free catalyst in the steam-
free dehydrogenation of ethyl- benzene to styrene. The hybrid composite exhibits a high and relatively stable DH performance compared
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to the other carbon-based and doped iron industrial catalysts. The DH activity per weight unit of NDs was about two times higher than
the one obtained on the unsupported, which is due to the high dispersion of the NDs on the GO-FLG surface. The NDs/GO/FLG also
exhibits a relatively high DH stability as a function of time on stream, up to 150 h. The deactivated catalyst can be efficiently regenerated
by air calcinations at 400 °C which allows the recovery of the C=0 functional groups and the removal of the carbonaceous residues
deposited during the course of the reaction. The results obtained in the present work can be further extended to other liquid-phase
catalytic applications where high reactive surface of the GO is required for adsorption of metal nanoparticles.
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