Catalysis
Science &
Technology

Accepted Manuscript

R ) P This is an Accepted Manuscript, which has been through the
Catalysis Royal Society of Chemistry peer review process and has been
Science & accepted for publication.

Technology

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

nggm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/catalysis


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

alysis Science & Technol

Journal Name

COMMUNICATION

ROYAL SOCIETY
OF CHEMISTRY

Highly dispersed nanodiamonds supported on few-layer
graphene as robust metal free catalysts for ethylbenzene

Received 00th January 20xx,

dehydrogenation reaction

Jiangyong Diao,” Hongyang Liu,** Zhenbao Feng,’ Yajie Zhang,” Tong Chen,” Changxi Miao,”

Weimin Yang*b and Dang Sheng Su**

Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x

www.rsc.org/

Highly dispersed nanodiamond (ND) aggregates with sizes ranging
from 5 - 50 nm supported on few-layer graphene are successfully
prepared for ethylbenzene dehydrogenation to styrene. The as-
prepared ND/graphene catalyst presents higher catalytic
performance than that of commercial ND powders, showing its
potential application as a metal free catalyst in chemical industry.

Nanodiamond (ND) has received considerable attention due to the
various possible applications such as luminescence imaging, drug
delivery and quantum engineering.l’6 It has been demonstrated
that the ND is a promising heterogeneous catalyst in catalytic
dehydrogenation of ethylbenzene (EB) to styrene (ST). The distinct
catalytic performance makes ND candidate for replacing the
traditional metal oxide catalysts.”3 In general, the commercially
available ND powders are prepared by a novel explosion method.**°
However, the as-prepared ND powders are highly detrimental to be
used in fixed-bed reactors for industrial applications.11 In addition,
the commercial ND powders are complex conglomerates consisting
of discrete levels of aggregates, which can distinctly decrease the
utilizing efficiency of the ND catalyst while used in the
dehydrogenation reactions. In these
disadvantages and improve the utilizing efficiency of the
commercial ND powders, several methods have been reported to
prepare ND powders into larger objects, such as ND/SiC and
ND&CNT/SIC monolithic catalysts, by using macroporous SiC as the
monolithic support and commercial ND powders as the active
sites.}?? Although these achievements have been made in this
field, it is still a challenge to develop highly dispersed ND (HD-ND)

order to overcome
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based catalyst with robust catalytic performance for the EB direct
dehydrogenation to ST.

Recently, graphene has been regarded as one of the most
interesting materials due to its unique mechanical and electronic
properties. In the field of catalysis, graphene-supported catalyst
with distinguishing catalytic activity has attracted considerable
attentions.'®% Herein, in this paper, we report a simple procedure
for the fabrication of HD-ND nanoaggregates supported on the few-
layer  graphene  (HD-ND/graphene) for  the  catalytic
dehydrogenation of EB to ST. Firstly, we synthesized HD-ND
nanoaggregates with sizes ranging from 5 - 50 nm by milling
treatment of commercial ND powders. Then, the obtained HD-NDs
were deposited on the few-layer graphene by rotary evaporation
using the suspension of HD-NDs dispersed in water. After further
drying at 120°C, the as-prepared HD-ND nanoaggregates were
evenly and separately distributed on the few-layer graphene
support. When the ND weight loading of the HD-ND/graphene
catalyst is just 4 wt%, it presents the best catalytic performance
than that of commercial ND powders and the pure few-layer
graphene support, showing its potential application as a steam free
catalyst for the catalytic dehydrogenation reaction of EB to ST.

Fig. 1 TEM images of (A) the typical commercial ND powders after sonication
for 10 h and (B) highly dispersed ND nanoaggregates. Insets are the
and highly dispersed ND
nanoaggregates suspensions dispersed in water, respectively.

corresponding commercial ND powders
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TEM image of the commercially available ND powders dispersed
in water after sonicating for 10 h is shown in Fig. 1A. Note that most
of the ND aggregates with the sizes under 1 pm can be collected
with the assistance of sonication. However, we can still obtain few
ND aggregates under 100 nm as presented in Fig. S1A. Generally,
the commercially obtained ND powders are complex conglomerates
composed by discrete levels of aggregation. Sonication can just help
destroy the micro-sized higher aggregates but did not affect the ND
aggregates under 1 um.21 These micro-sized ND aggregates can
distinctly decrease the utilizing efficiency and enhance the cost of
the ND catalyst while used in the catalytic reaction. The TEM image
of highly dispersed ND nanoaggregates obtained by the further
milling process of commercial ND powders is displayed in Fig. 1B.
Comparing with the original commercial ND powders (TEM image in
Fig. 1A), it can be seen that the HD-ND nanoaggregates sizes
ranging from 5 - 50 nm can be successfully prepared by the milling
treatment. Meanwhile, it can be still observed that the colour of the
obtained HD-ND nanoaggregates in water solution is light brown
(inset in Fig. 1B), which is quite different from the gray colour of the
initial commercial ND powders (inset in Fig. 1A), further proving
that HD-ND nanoaggregates can be facilely obtained by the milling
process. The HRTEM image of one single ND nanoparticle displayed
in Fig. S1B indicates that the original structure of the HD-ND
nanoaggregates is well kept after the milling treatment.

N A L. 5 p %
Fig. 2 SEM images of (A) the pure few-layer graphene support, (B) HD-
ND/graphene (4 wt%), (C) HD-ND/graphene (12 wt%), HD-ND/graphene (30
wt%). The scale baris 1 um.

The HD-ND nanoaggregates supported on few-layer graphene
catalysts are prepared by deposition using HD-ND suspensions. The
SEM image of the pure few-layer graphene is displayed in Fig. 2A. It
can be seen that the graphene sheets are highly folded and self-
assembled to a three dimensional morphology. Representative SEM
image of HD-ND nanoaggregates supported on the graphene with 4
wt% ND loading is shown in Fig. 2B. Note that the HD-ND
nanoaggreagates corresponding to the light nanodots in Fig. 2B are
evenly and separately distributed on the graphene surface. And the
initial structure of the graphene is well maintained after the
deposition of HD-ND nanoaggregates. We also investigate the
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detailed structure of HD-ND/graphene catalysts with different ND
weight loadings. The SEM images of the as-prepared HD-
ND/graphene catalysts with 12 wt% and 30 wt% ND loading are
displayed in Fig. 2C and Fig. 2D, respectively. As to the catalyst with
12 wt% ND loading, it can be found that parts of the HD-NDs are
conglomerated on the graphene surface as marked in Fig. 2C. But
for the HD-ND/graphene catalyst with 30 wt% ND loading, a thick
ND layer is distinctly covered on the graphene surface (Fig. 2D),
revealing that the serious reaggregation of the HD-NDs on the
graphene support.

i A ;! s
Fig. 3 TEM images of (A) the pure few-layer graphene support, (B) and (C)
HD-ND/graphene (4 wt%), (D) high resolution TEM image of the HD-ND
nanoaggregates supported on the graphene support.

In order to investigate the detailed structure of the as-prepared
HD-ND/graphene catalysts, TEM images of the few-layer graphene
and HD-ND/graphene catalysts are displayed in Fig. 3. TEM images
of the HD-ND/graphene catalyst with 4 wt% ND loading are
presented in Fig. 3B and 3C. Notably, most of the HD-ND
nanoaggregates are uniformly supported on the graphene surface,
only a few HD-NDs are slightly reaggregated (Fig. 3B), consisting
well the SEM observations. Meanwhile, Fig. 3C clearly shows that
the HD-ND nanoaggregates sizes ranging from 5 - 50 nm obtained
by the milling treatment of commercial ND powders are randomly
and individually located on the graphene surface. The original
structure of ND is kept well after depositing on the graphene
support as displayed the HRTEM image in Fig. 3D. The TEM images
of the HD-ND/graphene catalysts with 12 wt% and 30 wt% ND are
also presented in Fig. S2 and Fig. S3. It can be seen that parts of the
HD-NDs are seriously reaggregated in the 12 wt% catalyst.
However, as to the 30 wt% catalyst, it is hard to find the separate
HD-ND nanoaggregates on the graphene surface, only a thick ND
layer can be observed (Fig. S3A and Fig. S3B), in agreement well
with the SEM results (Fig. 2C and Fig. 2D). The SEM and TEM results
provide abundant evidence that the HD-ND nanoaggregates can be
evenly and separately distributed on the graphene support when
the ND weight loading is around 4 wt%.
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The XRD patterns of the commercial ND powders, the HD-
ND/graphene catalyst (4 wt%) and the pure graphene are shown in
Fig. S4. The peaks at 43.8° and 75.4° are ascribed to the (111) and
(220) diffraction planes of pure commercial ND powders. The
broaden peak at 26.5° corresponds to the (002) diffraction of
graphite crystal plane. From the XRD results, we can conclude that
the HD-ND nanoaggregates are successfully distributed on the few-
layer graphene support, consisting well with the SEM and TEM
observations. Raman spectra of few-layer graphene and HD-
ND/Graphene catalysts are displayed in Fig. S5. For the pure few-
layer graphene support, the strong D band and G band are
observed. The Raman quantitative results of graphene give the Ip/lg
value around 2.4. After locating HD-ND nanoaggregates onto the
few-layer graphene support, the strong Raman bands in the HD-
ND/graphene catalyst are still observed and the deconvolution
results give a 2.7 Ip/lg value, revealing a slight disturbance occurred
on the graphene surface after the deposition of HD-ND

nanoaggregates.
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Fig. 4 A) Catalytic performance over few-layer graphene, HD-ND/graphene
catalysts with different ND weight loading (4 wt%, 12 wt%, 30 wt%) and
commercial ND powders. B) Styrene specific rate of carbon-based catalysts
under steady state. Reaction conditions: T = 550 °C, Flow rate = 10 ml min'l,
2.6% ethylbenzene with He balance.

In order to evaluate the catalytic performance of the HD-
ND/graphene catalysts in the dehydrogenation of ethylbenzene, 50
mg of the as-prepared catalysts are placed at the center of a quartz
reactor. The reaction is carried out at 550 °C under atmospheric
pressure conditions similar to those reported by our previous

This journal is © The Royal Society of Chemistry 20xx

work.” ® The reaction rate is expressed as the amount of styrene
produced per gram of catalyst per hour (mmol ST gf1 hfl). The
catalyst selectivity to styrene has also been investigated. The
catalytic performances of the few-layer graphene, HD-ND/graphene
catalysts with different ND weight loading (4 wt%, 12 wt%, 30 wt%)
and commercial ND powders along with reaction time are shown in
Fig. 4 and Fig. S6. The carbon balance under the present conditions
is nearly 100%. It can be noted that the ST yield over pure few-layer
graphene catalyst is just 0.5 mmol ST gf1 h™* after 20 h test (Fig. 4A),
and the selectivity of ST finally stabilizes at 88.9% (Fig. S6).
However, for the HD-ND/graphene catalysts with the different ND
weight loadings, the 4 wt% catalyst with a 36.5 mmol ST gN[{1 h™sT
yield is observed, which is much higher than those of 12 wt% (18.3
mmol ST gN[{1 hfl) and 30 wt% (9.4 mmol ST gN,{1 hfl) HD-
ND/graphene catalysts and commercial ND powders (5.1 mmol ST
gN,{1 hfl) as presented in Fig. 4A. Even after 60 h test, the ST yield
over HD-ND/graphene (4 wt%) was still stabilized at 34.2 mmol ST
gN,{1 h™ as shown in Fig. S7. It has to be mentioned that the ST
yield of the as-prepared 4 wt% HD-ND/graphene catalyst is higher
than that of 33 wt% ND/FLG composite (11.0 mmol ST gN,{1 hfl)
reported by Pham-Huu et al.™ The selectivity of ST (Fig. S6) over
all the HD-ND/graphene catalysts is higher than that of commercial
ND powders and pure few-layer graphene. The dehydrogenation
activity expressed per weight of ND obtained over the HD-
ND/graphene catalysts (4 wt%) is significantly improved comparing
with the commercial ND powders. This can be attributed to the
highly dispersed ND nanoaggregates on the graphene surface
providing a relatively higher density of active sites for the
dehydrogenation reaction. In addition, the three dimensional few-
layer graphene support can be benefit for the heat and mass
transfer during the dehydrogenation reaction, which can also
promote the ST selectivity. However, we can still note that the ST
yields of the 12 wt% and 30 wt% HD-ND/graphene catalysts are
lower than that of the 4 wt% HD-ND/graphene catalyst, probably
due to the reaggregation of HD-ND in the higher ND loading
catalysts, which is also proved by the SEM (Fig. 2C and 2D) and TEM
results (Fig. S2 and Fig. S3).

In summary, we have successfully demonstrated the novel HD-
ND nanoaggregates supported on graphene as robust metal free
catalysts for the ethylbenzene direct dehydrogenation reaction to
styrene. The HD-ND nanoaggregates sizes ranging from 5-50 nm are
facilely obtained by the traditional milling treatment of commercial
ND powders. The as-prepared highly dispersed ND nanoaggregates
are evenly and separately located on the graphene support,
providing a relatively higher density of active sites for the
dehydrogenation reaction. The HD-ND/graphene catalyst shows
robust catalytic activity in dehydrogenation of ethylbenzene to
styrene, comparing with that of the commercial ND powders and
pure graphene support. In addition, it is found that ST yield over the
HD-ND/graphene catalyst with 4 wt% ND loading is 36.5 mmol ST
gN,{1 h™, which is much higher than that of 12 wt%, 30 wt% HD-
ND/graphene catalysts and even the previous reported ND catalyst
(33 wt% ND/FLG composite with 11.0 mmol ST gN,{1 hfl), displaying
its potential application as a metal free catalyst in gaseous catalytic
reactions.
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Highly dispersed nanodiamonds (HD-NDs) supported on few-layer graphene
(HD-ND/graphene) are successfully prepared for the ethylbenzene dehydrogenation to
styrene. The as-prepared HD-ND/graphene catalyst presents higher catalytic
performance than that of few-layer graphene and commercial ND powders, showing

its potential application in chemical industry.



