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Abstract: Deep oxidation/dehydrogenation are longstanding
problems for decades in catalytic oxidative dehydrogenation (ODH) of
cyclohexane and other alkanes. Here we show a metal-free catalyst
of nanodiamonds (NDs) with unique sp*@sp? hybrid structure that
catalyzes COx-resistant cyclohexane ODH with remarkable reactivity
towards cyclohexene production. The selectivity of cyclohexene can
reach as high as 67% with significantly suppressed COy emission (<
5%), which is on top of the highest reported values among other
metal(oxide)/metal-free catalysts. Structural evolution of sp*@sp?
NDs under annealing treatments and their specific surface functional
groups are systematically studied using TEM, XPS, Raman and TPD.
By comparing with carbon nanotubes (CNTs), we found that the
carbonyl groups stabilized on strained sp*@sp? core-shell NDs
enhanced the cyclohexene selectivity via preferential cleavage of C-
H over C-C bond. Kinetic studies further revealed the underlying
reaction pathways that cyclohexane is rapidly dehydrogenated to
cyclohexene which subsequently transforms into benzene (fast) and
COx (slow). Deep oxidation of both cyclic hydrocarbons is largely
suppressed due to the low density of electrophilic functional groups
on strongly curved graphitic surface of sp*@sp? NDs.

1. Introduction

Cyclohexene is one  significant chemical in chemical
engineering, textile and pharmaceutical industry, and an
important raw material for the production of cyclohexanol,!? adipic

acid,?@ with a global demand of over 3 million tons per year.B#l
At present, cyclohexene is primarily produced via cyclohexanol
dehydration using concentrated sulfuric acid in industry, which is
low in efficiency and environmentally unfriendly.®! Oxidative
dehydrogenation (ODH) of cyclohexane is an alternative and
more efficient route to produce cyclohexene, which yields
benzene and COy as byproducts.®l As the concept of green
chemistry,l the as-produced benzene can be recycled and
hydrogenated to cyclohexene and cyclohexane, forming a close
loop for cyclic production of cyclohexene (see Figure 1). Herein,
COy is a fatal byproduct that results in irreversible carbon loss and
the emission of greenhouse gases. Hence, to prevent COy
formation in cyclohexane ODH reaction is highly demanded as to
enhance the recyclability of benzene and thus the yield of
cyclohexene.

This article is protected by copyright. All rights reserved.
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Figure 1. Reaction loop of Cyclohexane ODH incorporated with benzene
hydrogenation towards green production of cyclohexene.

Metal/metal oxide catalysts are commonly used catalysts for
ODH of cyclohexane.l' 6¢ 6. 81 However, deep oxidation and
dehydrogenation ! often occur inevitably yielding undesired COy
and benzene as byproducts. On noble metal catalysts such as Au
and Pd, strong C-H dissociation consequentially leads to deep
dehydrogenation with overwhelming benzene selectivity (>86%)
despite high conversion.[ °cI Metal oxide catalysts e.g. vanadia
however are prone to combustion yielding over 20% of COy due
to their high affinity to C-C bond dissociation.l*! In recent years,
metal-free carbon materials have attracted extensive interests
because of their superior reactivity, diversity of active surface
species M and sustainability.*? Among those, nanodiamonds
(NDs) are promising candidates due to their excellent chemical
stability, higher surface area, and unique curvature,*3 showing
remarkable catalytic performance in dehydrogenation of
ethylbenzene, butane,* propane,i*® and ethanel*”). However,
ODH of cyclohexane has been rarely explored. Moreover, though
earlier studies have presented the structure dependent reactivity
of NDs in ODH reactions,!*? 8 the specific role of surface
functional groups and the underlying mechanism for C-H and C-
C dissociation remain to be elucidated.

Here we report a CO,-resistant ODH of cyclohexane with
remarkably high cyclohexene selectivity, catalyzed by metal-free
NDs with tuned sp®@sp? core—shell structure. The catalytic
evaluation reveals that sp*@sp? NDs has superior activity and the
highest Ce/cyclohexene selectivity among other reported
metal/metal oxide catalysts. Utilizing various characterization
techniques including high resolution transmission electron
microscope (TEM), X-ray photoelectron spectroscopy (XPS), X-
ray diffraction (XRD) and temperature programmed desorption
(TPD), the surface functional groups on sp*@sp? NDs and their
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specific role in C-H and C-C dissociation during ODH reaction has
been systematically investigated. Kinetic studies have been
performed to further elucidate the reaction pathway and the
underlying mechanism for CO resistance in ODH of cyclohexane.

Results and Discussion

2.1 Structural characterization of sp3@sp? core-shell NDs.

The sp*@sp? core—shell NDs were obtained by annealing in
Ar atmosphere at elevated temperatures, i.e. 900 °C, 1100 °C,
1200 °C, and 1500 °C, denoted as NDs-900, NDs-1100, NDs-
1200, and NDs-1500, respectively. (particle size: 3-10nm; pore
volume:0.9-1.4 cm® g?') The structure evolution of NDs with
increasing annealing temperature is displayed in Figure 2. The
high-resolution transmission electron microscopy (HRTEM)
image of the pristine NDs (untreated, Figure 2a) presents sp®-
structured ND particles covered by a thin layer of amorphous
carbon, showing a characteristic spacing of 0.208 nm as (111)
plane of spi-diamond. After annealing to 900 °C, the sp?® feature
remains despite the removal of the amorphous carbon layer (NDs-
900, Figure S1a).

By further annealing, a growth of sp? graphitic shell is
gradually observed on the outer surface of NDs-1100 and NDs-
1200, as indicated by the emerging (002) plane of sp?-graphite
(Figure S1b and Figure 2b), forming sp°@sp? core—shell
nanostructure. Eventually at 1500 °C (Figure 2c), sp? structure
becomes dominant, resulting in an onion-like carbon (OLC)
structure on NDs-1500. The XRD patterns (Figure 2d) further
confirm this structure evolution. The X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy were further
performed to reveal the surface structure and the corresponding
surface functional groups. (see Figure 2d and the fitting results in
supplementary discussion) The gradual increase of sp? carbon
(%) deduced from XPS verifies the formation of the sp? shell. The
evolution of oxygen containing surface groups reflects their
thermal stability upon high temperature annealing, in an order of
carboxyl < phenolic hydroxyl < carbonyl. The Ip/lg ratio in Raman
spectra (see Figure S3 and the supplementary discussion) was
employed to reveal the degree of surface defects.'¥! According to
Table S1 and Figure 2e, NDs-1200 shows the highest degree of
surface defects likely due to the lattice mismatch at the sp3@sp?
interface.? The formation of sp? dominated OLC structure on
NDs-1500 results in less defects and a significant loss of surface
OH and COOH groups. The ICP-MS analysis shows only a trace
of impurities of alkali and transition metal (1~100 ppm level in
wit%) with almost identical amount in all the NDs catalysts (see
Table S2).
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Figure 2. Structural characterization of NDs with various sp®sp? hybrid structure. HRTEM images (a-c); (@) NDs. (b) NDs-1200. (c) NDs-1500. Inserted scale bar:
5nm. (d) XRD patterns. (e) Evolution of surface structure and functional groups. The sp? carbon and relative oxygen content are deduced from XPS spectra. Defect

degree is deduced from Io/lg signal in Raman spectra.

2.2 COx-resistant and highly selective ODH of cyclohexane.
Catalytic tests of all ND catalysts were carried out in a fix-bed
reactor  with a gas flow of 28 sccm of
1.4%CeH12/1.4%0,/97.2%He. The measured activity and
selectivity are summarized in Figure S5. Taking NDs-1200 for
example (Figure 3a), the conversion of cyclohexane increases
with temperature above 300 °C and reaches its maxima of 20.1%
at 460 °C. In terms of selectivity, NDs-1200 exhibits excellent C¢
selectivity over 95% and highly suppressed COy production below
5%. (Cs selectivity represents the sum of selectivity of benzene
and cyclohexene) A slightly decreasing trend of Cs selectivity is
observed for all ND catalysts (Figure S5b) as the combustion
reaction occurs to favor COy formation at elevated temperatures.
The selectivity of C¢Hio on NDs-1200 remains above 60% up to
400 °C and then drops dramatically due to the preference of
benzene formation at higher temperatures via deep
dehydrogenation. In comparison, the conversion and selectivity at
460 °C of all ND catalysts are presented in Figure 3b. A volcano
shape of cyclohexane conversion with respect to the annealing
temperature of NDs is identified where NDs-1200 shows the
highest activity, while NDs-1500 shows the highest Cg¢Hio
selectivity of~ 67% among all tested ND catalysts. (see more
detailed information in Figure S6 and S7) Both NDs-1200 and
NDs-1500 exhibit the highest C¢ selectivity over 93% suggesting
significantly suppressed COy formation on the annealed NDs.
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Figure 3. The catalytic performance of ND catalysts and the comparison with
previous published works. (a) The conversion and selectivity of NDs-1200. (b)
Comparison of reactivity between the ND catalysts, T=460 °C. CsH1o Selectivity
(c) and Cs selectivity (d) versus conversion plot of ND catalysts in this work, in
comparison with other metal/metal oxide catalysts from previously published
literatures. Squares and circles represent noble metal and metal oxide catalysts,
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respectively. (e) The time-on-stream stability test of NDs-1200 under reaction
condition at 460 °C.

Furthermore, the selectivity versus conversion plot is

displayed in Figure 3 ¢ and d for Cg and cyclohexene, respectively.

The ND catalysts i.e. NDs-1200 and NDs-1500 exhibit the
topmost selectivity over a wide range of conversion among other
metal/metal oxide catalysts from literatures and metal-free carbon
nanotubes (CNTSs) in this work (see thermal stability of NDs and
CNTs in Figure S8), resulting in the highest yield of cyclohexene
and over 93% Cs; selectivity. Supported metal catalysts such as
Au and Pd,9 usually show over 95% conversion in cyclohexane
ODH due to their excellent ability in C-H cleavage,? but the
selectivity of cyclohexene is rather low (<5%) leading to primary
benzene production (> 85%) via deep dehydrogenation.[’d (see
Table S3) In contrary, metal oxide catalysts e.g. ferric oxide,[*®]
cerium oxidel'% 24 and vanadium oxidel®® exhibit much better
cyclohexene selectivity (~50%) compared to noble metal, but the
combustion on oxide catalysts is more pronounced as a result of
over 20% COy (see Table S3). In addition, as metal-free catalyst,
sp3@sp? NDs also exhibit outstanding catalytic performance over
the CNTs (see Table S3 and Figure S9), with outperformed
selectivity of both C¢ and CsHjo. Overall, we can conclude that the
NDs suppress both deep oxidation and deep dehydrogenation of
cyclohexane, leading to remarkable cyclohexene selectivity and
inhibited COx production.

The long-term stability test was further performed on NDs-
1200 catalyst at 460 °C with time on stream up to 15hr, as
presented in Figure 3e. During the initial reaction period of ~2hr,
the conversion of cyclohexane slightly drops likely due to the loss
of some unstable surface groups such as carboxyls, which further
results in less combustion and thus an increase of both Cg and
CesHio selectivity. Afterwards, NDs-1200 catalyst show an
excellent Cs and CgHio selectivity kept at ~92% and ~35%, with a
stable conversion of ~15% for the rest of the test. To further
demonstrate the structural stability of the ND catalysts, we have
performed a full characterization of TEM, XRD, XPS and Raman
spectroscopy for all the spent catalyst after reaction. (see Figure
S10 and S11) A higher graphitization (sp?) degree and oxygen
content on the spent catalyst were clearly observed (Table S4),
reflecting an enrichment of onion-like sp? carbon shell and oxygen
functonal groups formed during reaction. This strongly indicates
the significant role of curved sp? shell in promoting oxygen
functonal groups for enhanced reactivtity in ODH of cyclohexane.

2.3 Structure-reactivity relationship of NDs.

The structure-reactivity relationship of all ND catalysts is
displayed in Figure 4a. The conversion of cyclohexane and Ip/lg
signal show a similar volcano shape with a maximum on NDs-
1200. This infers that the surface defect sites on the sp*@sp?
hybrid structures are likely responsible for the activity of
cyclohexane ODH facilitated by the formation of oxygen functional
groups during reaction.*” 26! Moreover, the growing tendency of
Cs selectivity goes in line with the sp? content in NDs upon
annealing, suggesting that the combustion reaction is largely
suppressed on sp?-graphite rather than sp3-diamond structure.[”-
27]

In order to reveal the role of different surface functional
groups in cyclohexane ODH, we have performed a control
experiment by comparing the production rate of each product with
CNTs at 460 °C. As a result, CNTs show much lower cyclohexene
selectivity, and more pronounced COy production. (see Figure 4b)

10.1002/cctc.202001380
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TPD spectra of spent NDs-1200, NDs-1500 and CNTs catalyst
(Figure S12 and S13) enable the discrimination of different
surface functional groups by referring to their characteristic
desorption features. [8°: 281 As shown in Figure 4c and Table S5,
both NDs-1200 and NDs-1500 spent catalysts favor the higher
contents of carbonyl groups (-C=0) that promotes the
dehydrogenation reaction via C-H bond dissociation, whereas the
higher ratio of electrophilic groups (carboxyl and anhydride) on
the spent CNTs catalyst in contrary facilitates the C=C bond
breaking, consequently leading to an aggravated CO formation.[>:
18b.26] The higher selectivity of cyclohexene over benzene on NDs-
1200 and NDs-1500 indicates that the strained sp*@sp? hybrid
structure can effectively slow down the deep dehydrogenation of
cyclohexene to yield benzene.
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Figure 4. Structure-reactivity relationship of NDs in cyclohexane ODH. (a)
Structure-reactivity relationship of NDs, T= 460 °C. (b) Production rate of CsH1o,
CsHs and COx on NDs and CNTs, T= 460 °C. (c) Relative contents of surface
functional groups on NDs-1200, NDs-1500 and CNTSs after reaction. (d) Scheme
of reaction path and active surface groups for cyclohexane ODH.

2.4 Kinetic Study.

To clarify the reaction pathways and the origin of high
selectivity on the ND catalysts, we carried out a kinetic study on
NDs-1500 by performing three independent oxidation reactions
with cyclohexane, cyclohexene and benzene. Based on the
catalytic testing results (Figure S14), the reaction rate for each
product (T=460 °C) is displayed in Figure 5a. The kinetic analysis
of each elementary reaction (Figure 5b) is described detailedly in
the supplementary discussion by an simplified assumption of a
first order reaction, as previously adopted elsewhere.’d The
calculated rate constants for each elementary step i.e. ki~ ks are
summarized in Table S6. Here we notice that k», ks, and ke are
negligible, inferring that the reaction path of deep
dehydrogenation directly from cyclohexane to benzene, and the
combustion of cyclohexane and benzene are unfavorable on the
ND catalyst. As plotted in Figure 5c, ki, ks, and k4 increase with
rising temperatures, and the magnitude is in an order of ks > k4 >
ki (>> kz, ks, ke), revealing that cyclohexane is firstly
dehydrogenated to cyclohexene (medium rate), which
subsequently converts to benzene (fast rate) and COx (slow rate).
It thus suggests that cyclohexene is a crucial intermediate which
is responsible for byproduct formation. Furthermore, the
activation barrier (E,) for each reaction path is calculated using

This article is protected by copyright. All rights reserved.
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the Arrhenius equation, as shown in Figure 5d. The similarity of
Ea; (cyclohexane to cyclohexene) and Eas; (cyclohexene to
benzene) i.e.164.2£8.9 kJ/mol and 178.8£1.3 kJ/mol reflects
the same origin of active sites (carbonyl group) for
dehydrogenation reaction. The lower Ea, (98.3£7.2 kJ/mol) for
COx formation can be attributed to the exothermic nature of the
combustion reaction, but the number of active sites (electrophilic
functional groups) are significantly reduced as indicated by the
small pre-exponential factor (Table S7).
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Figure 5. Kinetic study of cyclohexane (ODH) on the NDs-1500 catalyst. (a)
Production rate of cyclohexene, benzene and COx at 460 °C in the oxidation
reaction of cyclohexane, cyclohexene and benzene. (b) Schematic reaction
pathways in cyclohexane ODH; solid lines represent the main pathways and the
size of arrows indicates the magnitude of the rate constant. (c) The rate
constants of ki, ks and ks with increasing reaction temperature. (d) Arrhenius
plot and the activation barriers calculated for different reaction pathways.

3. Conclusion

In this work, a systematic study of the ND catalysts with
various sp®/sp? nanostructures was carried out for the catalytic
ODH of cyclohexane. The sp@sp? core-shell ND catalysts
exhibit an outperformed catalytic reactivity among other reported
catalysts in ODH of cyclohexane, with remarkably high
cyclohexene selectivity (~67%) and suppressed COy formation
(<5%). The structure-reactivity relationship further reveals the role
of defect sites in stabilizing oxygen functional groups (nucleophilic
species) during reaction that are highly active for ODH of
cyclohexane. Compared with CNTs, we find that the curved
structure of sp3@sp? hybrid NDs can slow down deep
dehydrogenation (C-H bond breaking), and further prevent the
formation of carboxyl groups that leads to the combustion
products (C=C bond breaking). Kinetic studies further reveal the
reaction path, in which cyclohexane is firstly dehydrogenated to
cyclohexene which is then converted to benzene (fast rate) and
COx (slow rate).
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Experimental details and characterization details; XPS, Raman, He TPD
and the kinetic analysis were summarized in the supporting information.
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green production of cyclohexene with low CO, emission. The selectivity of cyclohexene can reach as high as 67% with significantly
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bond breaking. Kinetic studies further reveal that deep oxidation of both cyclic hydrocarbons is largely suppressed due to the low
density of electrophilic functional groups.
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