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Reduced graphene oxide (rGO) intercalated with a carbon black (CB) supported copper catalyst (Cu/rGO-
CB) was employed in the synthesis of dimethyl carbonate (DMC) via liquid-phase oxidative carbonylation
of methanol. The conversion of methanol and the space-time yield of DMC (STYpmc) over Cu/rGO-CB
reached 5.6% and 2757 mg/(g h), higher than over a Cu/rGO catalyst, 4.7% and 2334 mg/(g h), respectively.
The characterization indicates that CB particles, acting as spacers, ensured the high utilization of graphene
layers and enhanced the interaction between Cu and the support, and the oxygen containing groups on
the surface of CB play an important role in stabilizing Cu clusters. In comparison with Cu/rGO, the loss of
copper concentration in Cu/rGO-CB is significantly decreased, from 15.37% to 1.96%. Catalyst reusability
tests show that Cu/rGO-CB could be reused five times without almost any catalytic activity loss, implying
distinct enhanced catalytic stability compared to the Cu/rGO catalyst.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The research and development of dimethyl carbonate (DMC)
have recently received significant attention because of its low
toxicity and high biodegradability, which make it a promising envi-
ronmentally benign compound and a safer alternative to poisonous
dimethyl sulfate and phosgene [1,2]. The direct oxidative carbony-
lation of methanol using CuCl as a catalyst in the liquid phase is one
of the most promising commercial processes for the production
of DMC. Nevertheless, severe catalyst deactivation is frequently
observed. The short lifespan of conventional catalysts inhibits their
applications because of the loss of active species under elevated
reaction conditions. In fact, in addition to the DMC synthesis, many
liquid phase reactions are also faced with this problem [3-5], such
as biorefineries [6], ammoxidation [7], the hydrolysis of cellulose
[8] and dehydration of carbohydrates [9]. In summary, the loss of
active species is a common and urgent problem in liquid phase
reactions.

In order to solve this problem, a variety of catalysts have been
explored for the synthesis of DMC. Li et al. [10] found that the
addition of 1, 10-phenanthroline, used as a ligand, could dramat-
ically enhance the catalytic performance of CuCl and effectively
inhibit the corrosion of the reaction system. However, the recov-
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ery and reuse of the efficient homogeneous catalyst, CuCl/Phen, are
not so easy. Liu [11] and coworkers first demonstrated that ionic
liquid-mediated Cu salts are an efficient catalyst system for oxida-
tive carbonylation of methanol to produce DMC. Furthermore, the
catalytic system can be reused for at least five recycles with only
a slight decrease in activity. Meanwhile, different materials have
been employed to stabilize the active Cu species, such as SBA-15
[12], Si0,-TiO, [13], zeolite [14], activated carbon (AC) [15,16] and
carbon hollow spheres [17].

In our previous study [17], Cu@carbon york-shell nanocompos-
ite exhibited promising catalytic property and stability towards
DMC synthesis, which could be attributed to a spatially confined
effect on the enhanced immobilization of Cu nanoparticles (NPs).
Furthermore, Li et al. [15] investigated the catalytic properties
of Cu/AC catalysts in DMC synthesis. It was indicated that the
increased surface oxygenated groups have a significant influence
on both the dispersion and valence distributions of Cu species, as
well as the catalytic performance of the resulting Cu-based cat-
alysts. In conclusion, the modification of the spatial structure or
surface chemistry can be an effective method to improve the cat-
alytic performance of carbon-supported Cu catalysts.

Recently, a variety of carbon materials representing a unique
family of supports that possess unique structures and properties,
including highly porous frameworks and enhanced stability in both
acidic and basic media, have been synthesized successfully, such as
AC, carbon nanotubes, graphite, diamond, fullerenes, carbon black
(CB) and graphene [ 18-20]. Among all carbon allotropes, graphene,
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a two-dimensional (2D) single-layer sheet of graphite comprising
a planar hexagonal lattice of carbon atoms [21], exhibiting con-
siderable potential as excellent supporting material for various
heterogeneous catalysts since it affords high theoretical specific
surface area of about 2600 m? g~1, has attracted increasing atten-
tion [22-24]. Generally, graphene samples with two or more layers
have being investigated with equal interest [25]. Notably, the high
surface area of graphene materials does not depend on the distribu-
tion of pores in solid state, but comes from the interconnected open
channels between graphene layers distributed in a 2D architecture
[26]. In addition, due to the inevitable carbon vacancy defects and
functional groups presented in chemically derived graphene, metal
ions can be adsorbed and intercalated into graphene sheets to form
thermally stable composite materials. More importantly, usage of
the support can increase the stability of the catalyst, optimize the
dispersion of the active components of the catalyst and provide
important chemical, mechanical, thermal and morphological prop-
erties. Fu et al. [27] reported that interfaces between graphitic
overlayers and metal surfaces act as 2D confined nanoreactors,
in which catalytic reactions are promoted. This finding contrasts
with the conventional knowledge that graphitic carbon poisons a
catalyst surface but opens up an avenue to enhance catalytic per-
formance through the coating of metal catalysts with controlled
graphitic covers.

Tremendous progress has so far been achieved in compos-
ite materials. CB, which has a large specific surface area, cheap
price and can form an open space network channel, is recognized
as a promising candidate as a carbon support material. Flexi-
ble reduced graphene oxide (rGO)-CB hybrid films with different
CB contents have been prepared by a simple vacuum filtration
method. The CB particles between the graphene layers act as spac-
ers that prevent the restacking of graphene layers and inhibit the
agglomeration of graphene sheets [28]. Fanetal.[26] prepared rGO-
CB pulverous composites by ultrasonication and in-situ reduction
methods. The as-fabricated rGO-CB powder-composite electrode
shows enhanced capacitance and rate capability. Currently, the
reported rGOCB material has only been used in electrochemistry.
It is desirable to develop a new-type of supported-catalysts for
the synthesis of DMC to take full advantage of rGO-CB. Therefore,
extensive efforts have been exerted to develop such catalysts in our
work.

It is well known that metal oxide (or metal hydroxide) NPs can
also act as spacers in the interlayers of graphene sheets to prevent
aggregation, thereby increasing the interplanar spacing and contact
area with the reactant [29,30]. Various strategies have been devel-
oped for the synthesis of metal or metal oxide-embedded graphene
composites, including chemical methods [31], photo-synthesis [32]
and microwave-assisted synthesis [33,34]. Several studies have
addressed the applications of graphene for various catalytic reac-
tions. Most of the reported graphene-based catalysts exhibit high
activity and stability [35]. Some studies [36] have demonstrated
that the catalytic activity can be influenced by the metal active site
supported on graphene. Meanwhile, the oxygen functional groups
on the surface of the support also have an effect on the catalyst
structure and catalytic activity [37].

In our work, an innovative and economical approach has been
employed for synthesizing a Cu/rGO-CB catalyst by a simple ultra-
sonication and vacuum filtration process. The synthetic effects of
rGO sheets and CB lead to a large accessible surface area for the
Cu NPs. As spacers, CB particles can not only increase the dis-
tance between the graphene sheets, but also provide rapid diffusion
paths for reactants in double-layer films. Furthermore, CB can also
provide adsorption sites for Cu NPs. As a result, the CB spacers
ensure high specific surface utilization of graphene layers, as well
as the open nanochannels provided by the three-dimensional rGO-
CB hybrid material. Using catalyst characterization, the interaction

between Cu NPs and graphene, as well as CB, has been investigated,
which is also useful for understanding the interaction between Cu
NPs and the support. The properties of the Cu/rGO-CB catalyst were
evaluated by liquid-phase oxidative carbonylation of methanol,
with excellent cycling stability exhibited.

2. Experimental
2.1. Materials

GO was obtained from Jinneng Co., Ltd. of Institute of the
Coal Chemistry, Chinese Academy of Sciences (Taiyuan, China). CB
was obtained as a commercial product from the Xinhua chemi-
cal plant (Taiyuan, China). Copper nitrate (Cu(NOs3),;-3H,0) was
purchased from Sinopharm Chemical Reagent Co., Ltd. Methanol,
ethanol, hydrazine and N,N-dimethylformamide (DMF) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China).
Hexadecyltrimethyl-ammonium Bromide (CTAB) was obtained
from Shanghai Nuotai Chemical Co., Ltd. All chemicals were of ana-
lytical grade and were used without any further purification.

2.2. Cu/rGO-CB and Cu/rGO nanocomposite synthesis

For the preparation of the Cu/rGO-CB catalyst, GO (200 mg)
was first mixed with 200 mL of absolute ethanol under ultrasonic
sonication at room temperature for 2 h. Meanwhile, 50 mg of CB
(>200 mesh) was dispersed into 200 mL of absolute DMF under
ultrasonic sonication for 1 h. Subsequently, the as-prepared CB dis-
persions with a volume of 5mL were diluted with 50 mL of DMF.
Then, the two suspensions were mixed and kept under ultrasonic
sonication for another 2 h. Next, the mixture was magnetically
stirred to form a homogeneous mixture using a water bath at room
temperature. In the subsequent step, 80 mg of Cu(NOs),-3H,0 and
a small quantity of CTAB, acting as a dispersing agent, were added
to the mixture, while maintaining a vigorous agitation for 3 h at
90°C. Ultimately, 0.5 mL of hydrazine (50 wt.% in water) was added
to the mixture dropwise. The solution turned from deep orange to
black within minutes, followed by the appearance of a black precip-
itate to yield Cu/rGO-CB composites. Finally, the solid was filtered
and washed several times with distilled water and alcohol, then
dried at 100°C for 12 h in a vacuum oven. Hitherto, the resulting
sample labeled as Cu/rGO-CB was prepared. Similarly, as a com-
parison, Cu/rGO was synthesized without CB. Scheme 1 shows the
fabrication scheme for the Cu/rGO-CB nanocomposite.

2.3. Catalyst characterization techniques

The analysis of the crystal structure and phase composition
of the catalyst was completed using X-ray diffraction (XRD) on a
Rigaku D/Max 2500 system with a Cu Ko radiation (A =1.54056 A)
and a graphite monochromator. The voltage and current of the mea-
surements were operated at 40kV and 100 mA, and the scanning
speed was 8°/min at a scanning region of 5-85°. The crystallite
size of Cu metal for the catalysts was calculated using the Scherrer
equation.

The Cu K-edge X-ray absorption fine structure (XAFS) analysis
of the catalysts was performed by the Soft X-ray Micro-
characterization Beamline (SXRMB) of the Canadian Light Source.
SXRMB is a medium energy beamline with a range of 1.7-10 keV.
The monochromator of the beamline consists of two pairs of crys-
tals, InSbC (111) and Si (111).

A Fourier transform infrared (FT-IR) spectroscopy analysis was
conducted to explore the change of oxygen-containing functional
groups on GO after reduction by hydrazine using a FT-IR spectrom-
eter (Nicolet Nexus 470, Thermo Nicolet, Madison, WL USA) in the
range of 500-4000cm~1.
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Scheme 1. The fabrication scheme for the Cu/rGO-CB nanocomposite.

An X-ray photoelectron spectroscopy (XPS) analysis (PHI1600
ESCA System, PERKIN ELMER, Nowalk, CT, USA) was carried out
using Al Ka radiation (hn %4 1486.6 eV) and the XPS spectra were fit-
ted using the XPS peak 4.1 software, in which a Shirley background
was used to perform curve fitting and to calculate the atomic con-
centrations.

The particle size and morphology of the as-prepared and heat
treated graphene nanocomposites were investigated using a JEM-
6700F scanning electron microscope (SEM, JEOL, Tokyo, Japan). The
sample was immobilized on a Cu substrate by conductive adhe-
sives without further processing. The particle size analysis was
performed using image particle size analysis software.

The microscopic features, such as the surface morphology and
dispersion of the active components of the samples, were observed
using transmission electron microscopy (TEM) (JEM-2010F, JEOL).
The samples were adequately dispersed in absolute ethyl alcohol
through an ultrasonic method. After a period time, the samples can
be made by dripping the upper solution to the brass or micro grid.

The specific surface area and pore size distribution of the
samples by the N, adsorption-desorption characterization were
investigated at —196 °C on a Micromeritics 3H-2000PS2 (BeiShiDe
Instruments S&T. (Beijing) Co., Ltd) specific surface area and pore
size analysis instrument. Prior to the measurement, the samples
were pretreated by degassing at 300°C under a vacuum for 3 h.
The specific surface areas of the samples were calculated by the
Brunauer-Emmett-Teller (BET) method and the pore volume and
pore size distribution of the samples were obtained from the
Barrett-Joyner-Halenda (BJH) method.

CO temperature-programmed desorption (CO-TPD) was per-
formed using a Finsore-3010 apparatus (FINETEC Zhejiang China).
First, the sample (50 mg) was pretreated under a stream of He. Then,
the sample was cooled to room temperature and saturated with CO.
After removing the physically adsorbed CO by flushing with He, the
sample was heated to 300°C at a heating rate of 10°C/min in He
flow.

2.4. Catalytic tests

The reaction for the direct synthesis of DMC by liquid-phase
oxidative carbonylation of methanol was carried out in a 25mL
stainless steel high pressure reactor (model SLM25, Beijing Century
Senlang experimental apparatus Co., Ltd) equipped with a ther-
mocouple (type]), heating mantle and controller (model 4848). A
volume of 10 mL of methanol was added to 0.15 g of the Cu/rGO-
CB catalyst in a typical process. Then, CO and O, were injected at
a specified pressure of 2:1 to the reactor. The reactor was heated
to the required temperature (120°C) and continuously stirred for
1.5h. After the reaction, the reactor was cooled down to room

Table 1
Surface and physical properties of Cu/rGO and Cu/rGO-CB catalysts.

Catalysts N, sorption analysis

Sper? (m?g~!) Vtb (cm®g1) Dy, (nm)
Cu/rGO 2459 0.28 3.90
Cu/rGO-CB 415.3 1.03 4.04

3 BET specific surface areas determined from the linear part of the BET equation
(P/Py =0.05-0.25).
b Total pore volumes obtained at P/Pg =0.99.

temperature and the reaction mixture was filtered by centrifuga-
tion. The concentrations of DMC, methanol, methyl formate (MF)
and dimethoxymethane (DMM) were analyzed using a GC-950 gas
chromatograph (Shanghai Haixin, China) equipped with a flame
ionization detector.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. N adsorption

Furthermore, the specific surface areas of the Cu/rGO and
Cu/rGO-CB composites calculated by the BET method are 245.9 and
415.3 m?/g, respectively. This means that CB particles as nanoscale
spacers can effectively decrease the stacking of graphene, result-
ing in the high utilization of graphene layers. Table 1 lists the
porosity characteristics of the two catalysts. Comparing the non-
intercalated materials, the BET specific surface area increased with
as the intercalation of CB particles, accompanied by a slight change
in pore volume. This can be explained by the fact that the substi-
tution of CB tends to create more defects in the structure, thereby
increasing the porosity of highly intercalated materials. In addition,
the nitrogen adsorption and desorption isotherms (according to the
IUPAC classification) presented a H3 hysteresis loop, as shown in
Fig. 1, suggesting that slit-shaped apertures existed between par-
allel graphene layers [38] and that CB can effectively prevent the
reunion of graphene layers to further provide more open reaction
spaces for reactants. This result is in agreement with the TEM anal-
ysis.

3.1.2. XRD

Fig. 2 demonstrates the XRD patterns of GO, rGO, CB, rGO-CB,
Cu/rGO and Cu/rGO-CB. It is clear that only one obvious sharp
diffraction peak at 260 =12.0°, corresponding to the diffraction of
the (001) plane, was detected to GO, which demonstrates the high
crystallinity of this material [39]. This distance between layers (d-
spacing) is typically 0.75 nm larger than the 0.34 nm for graphene,
indicating the presence of abundant oxygen-containing groups
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Fig. 2. XRD patterns of GO, rGO, CB, rGO-CB, Cu/rGO and Cu/rGO-CB.

between the graphene layers. However, this peak disappeared and
the (002) diffraction peak of graphite appeared at 20 =25.1° for
other rGO-based materials, which is an indication that GO has been
reduced to graphene by hydrazine, and that the regular stack of GO
has been broken [40]. However, for the Cu-based catalysts, Cu/rGO
and Cu/rGO-CB, the peak position of rGO moves to the right, show-
ing that Cu species had a strong interaction with the graphene after
reduction by hydrazine and shortened layer spacing. In addition,
the Cu peaks centered at 43.3°, 50.5° and 74.2°, which are assigned
to the (111), (200), and (220) planes of face-centered cubic struc-
ture of Cu (JCPDS 65-9026), suggests the occurrence of reduction
reactions. Meanwhile, note that the full width at half maximum
of the Cu peaks of Cu/rGO-CB is decreased smaller than Cu/rGO,

illustrating that Cu particles with smaller sizes are well dispersed
on the surface of the supports [41]. The average outside diame-
ters of Cu/rGO and Cu/rGO-CB are 39.8 and 20.3 nm, respectively,
calculated using the Debye-Scherrer equation. Therefore, the XRD
pattern indicates that CB as a dispersing medium can effectively
prevent the aggregation and restacking of graphene sheets and
thus improves the attachment of Cu NPs on the surface of graphene
sheets during the composite preparation [42].

3.1.3. FT-IR

FT-IR spectroscopy is a useful non-destructive tool for character-
izing oxygen-containing functional groups on the support surface
and carbonaceous materials, particularly for distinguishing ordered
and disordered carbon structures. Fig. 3 compares the FT-IR spec-
tra of GO, rGO, rGO-CB, Cu/rGO and Cu/rGO-CB. The GO spectrum
shows the presence of various oxygen-containing groups compared
to rGO. In particular, in the vicinity of 3400 and 1040 cm ~1, there
was a large and broad peak, which was attributed to the O—H
stretching vibration peak of the carboxyl group. These results agree
with those reported in the literature [39,43]. In addition, the peaks
around 1733, 1408 and 1050 cm ~! are assigned to C=0, O—H and
C—0—C vibrations, respectively [44,45]. Most contributions from
oxygen-containing groups decrease or disappear after reduction
by hydrazine, which demonstrates that GO has been reduced to
rGO. The minor changes of the surface groups of the support after
reduction are clearly shown in Fig. 3. The oxygen-containing func-
tional groups were severely reduced after reduction by hydrazine,
indicating that the reduction of hydrazine to GO is effective, but
there are still some residual oxygen containing functional groups,
which are beneficial for the combination of Cu species in turn. The
result is further demonstrated in section 3.1.4. For the Cu/rGO-CB
catalyst, the original carbonyl stretching vibration peak located at
1733 cm ! shifted to 1687 cm ~! after loading Cu, which further
indicated that Cu species had a strong interaction with support,
resulting in a bathochromic shift of the infrared spectra of 46 cm
-1, This conclusion is also supported by the XRD results.
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3.1.4. XPS

To investigate the compositional atomic concentrations of GO,
rGO and rGO-CB, XPS analysis was used. The high-resolution C 1s
and O 1s XPS spectra are presented in Figs. 4(a) and (b), respec-
tively. The deconvolution of C 1s (Fig. 4(a)) spectra reveals the
presence of three peaks: the nonoxygenated ring C (284.6eV), the
C in C—OH bonds (286.4eV) and C in (=0 (287.8eV) [46,47]. The
structural models of GO also contains an epoxide group (C—0—C),
which should have a C1 s binding energy similar to C—OH. Although
the C 1s XPS spectra of the rGO and rGO-CB (Fig. 4(a)) also exhibit
these same oxygen-containing functionalities, their peak intensi-
ties are much weaker compared to GO. Moreover, we can found
that the rGO peak intensities at 286.4 and 287.8 eV are weaker
than those in rGO-CB, which means compared to rGO, the rGO-
CB has more oxygen functional groups. The O 1s spectra are shown
in Fig. 4(b), and the asymmetric peak around 533 eV is similar to
that observed in GO [39] and CB [48]. The deconvolution of the O 1s
spectra reveals the presence of three peaks: oxygen singly bound to
carbon (C—0),near 531.3 eV; oxygen doubly bound to carbon in car-
bonyl (C=0), around 532.6 eV; and oxygen doubly bound to carbon
in carboxylate (O=C—0), near 533.1eV [49]. The comprehensive
results of the C 1s and O 1s XPS spectra reveal that part of the
carbonyl and other oxygen functional groups are removed during
the hydrogen reduction, while the other oxygen groups remaining
on the graphene may reconstruct with the Cu NPs, leading to the
formation of Cu® [26].

To monitor the surface Cu components of the catalysts during
the reaction, the XPS results for fresh and used catalyst samples are
reported in Fig. 5. The Cu 2p3, XPS spectra of the fresh Cu/rGO and
Cu/rGO-CB catalysts are shown in Fig. 5(a) and (b). The Cu 2p3;
XPS spectra of the used Cu/rGO and Cu/rGO-CB catalysts are shown
in Fig. 5(c) and (d), respectively. Generally, Cu2p;/, spectra can
be divided into two peaks corresponding to Cu?* and (Cu* +Cu®)

for the sample. The binding energy at 934.5 eV has contributions
from Cu?*, and that at 932.5 eV was (Cu®+Cu*) [15,50]. As shown
in Figs. 5(a) and (b), we can see that Cu(NOs3), has been reduced
to (Cu® + Cu*) by hydrazine. Furthermore, the binding energy for
Cu® and Cu* is similar meaning that in order to see the difference
between Cu® and Cu*, Cu LMM XAES spectra need to be acquired. In
Fig. 5(e-h), the kinetic energies at 917.0 and 915.5 eV correspond
to Cu® and Cu*, respectively. The surface Cu species counts of cata-
lysts are listed in Table 2. This conclusion is also supported by the
XRD patterns discussed above [51].

The valence of copper species plays animportant role in catalytic
performance, while it’s controversial about which is most active
species. Ma et al. [52,53] and Erdohelyi et al. [54] believed that
Cu(I) species was the best catalytic active center among the copper
species. While our previous studies [55] displayed that the cat-
alytic activity follows the order: Cu(0)> Cu(I) > Cu(lIl). In fact, there
is subtle balance among Cu(0), Cu(I), and Cu(lI) is also possible. In
this paper, it is interesting to find that the ratio of (Cu® + Cu*)/Cu2*
increases after intercalation with CB from Table 2. The insertion
of CB provides more coalescent sites for active species, and thus
improves the catalytic activity. Moreover, the XPS of used Cu/rGO
and Cu/rGO-CB (Fig. 5 and Table 2) indicated that the deactivation of
the catalyst can be attributed to the oxidation of Cu®. Compared to
Cu/rGO, (Cu® + Cu*)/Cu?* ratio of Cu/rGO-CB slightly decrease after
five consecutive runs, indicating that the transformation of Cu® and
Cu* to Cu?* became much more difficult by intercalate CB. It can be
deduced that Cu/rGO-CB catalyst has better oxidation resistance
properties. In addition, the Cu contents of catalysts are also shown
in Table 2. It can be seen from the XPS results that Cu particles sup-
ported on rGO-CB are more stable than those supported on rGO,
which is attributed to the stronger interaction between Cu parti-
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Table 2

Analysis of Cu LMM Auger spectra of Cu/rGO and Cu/rGO-CB.
Catalysts Cuwt%? Cuwt%b (Cu® +Cu*)/Cu?* Cu®/Cu*
Fresh Cu/rGO 6.57 6.14 0.74 1.02
Used Cu/rGO 5.56 5.06 0.49 0.81
Fresh Cu/rGO-CB 7.12 6.62 2.98 0.63
Used Cu/rGO-CB 6.98 6.51 2.83 0.60

2 Determined from atomic absorption spectrometry (AAS).
b Determined from XPS analysis.

cles and rGO-CB. For Cu/rGO-CB, the Cu content is 6.51% after reuse
five times, which is similar to the fresh catalyst (6.62%).

3.1.5. XAFS

To further investigate the structural and electronic differences
in the as-synthesized samples, the normalized Cu K-edge X-ray
absorption near-edge structure (XANES) spectra were collected and
are presented in Fig. 6(a). For reference, we have shown the XANES
spectrum of the Cu species of the Cu/rGO and Cu/rGO-CB catalysts,
also shown for comparison are the XANES spectral absorbance of
Cu metal foil, Cu,0 and CuO. The effective reduction of CuZ* ions
to the metallic Cu valence state can be confirmed from the XANES
spectra of Cu/rGO and Cu/rGO-CB, which have similar features with
that of Cu metal foil, suggesting that CuO in these catalysts was
reduced to Cu. In addition, the white line peak of Cu/rGO-CB was
stronger than for the Cu/rGO sample, indicating that the charge
transfer from Cu atoms to CB atoms occurs when adding the CB.
The results also imply a strong interaction between the metal and
support compared to those in the other catalysts. Fourier trans-
forms (radial structure function, RSF) of Cu K-edge k3-weighted

extended X-ray absorption fine structure (EXAFS) spectra of the
supported Cu catalysts are presented in Fig. 6(b). The absorption
peaks at 1.8-2.5A could be ascribed to the Cu-Cu bonds of Cu
metal [56,57], the intensity of which decreased in the order of
Cu/rGO > Cu/rGO-CB. Generally speaking, the intensity of this peak
gradually increases with increasing average crystallite size of the
corresponding metal species in the RSF [58]. The peak strength for
the Cu-Cu bond represents the coordination number thereof, and
the larger the coordination number, the larger the Cu crystallite
size. The Cu/rGO catalyst had the largest Cu crystallite size, while
the Cu/rGO-CB catalyst had the smallest, as confirmed by the XRD
results. Furthermore, there were small Cu crystals in the Cu/rGO-
CB catalyst, suggesting high Cu dispersion and more active Cu sites,
thus enhancing its catalytic performance.

3.1.6. SEM

The SEM images of GO, rGO, Cu/rGO, rGO-CB and Cu/rGO-CB
are shown in Fig. 7. After the strong oxidation of GO shown in
Fig. 7(a), the lamellar structure of the original compacted graphite
is replaced by the fold and broken edge. When GO was reduced
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to rGO, the surface morphology changed significantly. It is obvi-
ous that for the rGO sheet without CB, the graphene layers were
restacked together (Fig. 7(b)). As seen from the edge, a layered
structure was presented, with the thickness of a layer of reduced
graphene being about 20 nm, although the surface is covered with
wrinkles, but very smooth. For the non-intercalated Cu/rGO cata-
lyst, the agglomeration of graphene layers becomes more serious,
which may be disadvantageous for the dispersion of Cu species
(Fig. 7(c)). For the CB-intercalated rGO (Fig. 7(d)), it is observed
that the rGO is not restacked together, which is mainly caused by
the uniform distribution of the CB particles between the layers of
rGO [28]. While for Cu/rGO-CB, the graphene layers were separated
by CB (Fig. 7(e)), which will further increase the loading of Cu and
facilitate Cu particle diffusion between graphene layers, owing to
the expansion of surface area. This contributes to the higher activity
of Cu/rGO-CB (see Section 3.2).

3.1.7. TEM
The distribution, morphology and size of NPs can be clearly
observed in the TEM images. In Fig. 8(a), the irregularly wrin-

kled layers were obviously assigned to rGO, mainly because the
graphene layers overlap in order to maintain thermodynamic sta-
bility. In addition, the structure of rGO was transparent, indicating
that the GO film layer is relatively thin [59]. In the case of rGO inter-
calated with CB, as shown in Fig. 8(b), the CB particles are closely
bonded to the surface of graphene sheets and the graphene sur-
face is rough, indicating a strong interaction between CB particles
and the rGO layer after undergoing the ultrasound and water bath
heating process. However, the surface of rGO was no longer trans-
parent, which may be caused by the adhesion of CB in the outer
surface of graphene. The Cu/rGO catalyst also shows a similar flexi-
ble characteristic to the rGO film shown in Fig. 8(c). Particles with a
uniform size of about 40 nm were randomly deposited on the large
surface of rGO sheets. In the inset of Fig. 8(c), the higher solution
TEM image shows well-defined lattice fringes having an interpla-
nar spacing of 0.21 nm, which is in agreement with the (111) plane
of cubic Cu [16]. This matches well with the XRD results. Fig. 8(d)
presents the Cu/rGO patterns after a cyclic reaction for five times.
Serious agglomeration of Cu NPs in some regions occurred and
the particle size increased significantly, which may be because the
flat and smooth surface of graphene is not conducive to the stable
attachment of metal NPs. Furthermore, it caused serious deactiva-
tion of the catalyst. Fig. 8(e) shows a representative TEM image of
the Cu/rGO-CB catalyst, which could enable better spatial distri-
bution density of Cu nanocatalysts on the graphene intercalated
with CB supports than the Cu/rGO. It known that the surface oxy-
genated groups of the support influence the dispersion of Cu species
[15]. Intercalated CB can promote the stability of the metal NPs
by electronic interaction with the support due to the rich oxygen
nature of the CB surface [35]. From the particle size distribution,
it can be determined that the average particle size of the Cu parti-
cles is 20 nm or less, which is mainly caused by the addition of CB,
providing a broad space for the active metals. In addition, the Cu
particles entering into the graphene layers are difficult to agglom-
erate in the spatial confinement effect, so the Cu particles are of a
relatively small size. Fig. 8(f) shows the TEM spectra of Cu/rGO-CB
after the reaction. The size of Cu NPs dispersed on the rGO-CB sheets
is still about 20 nm, which further highlighted the advantage that
doping CB can improve the dispersion and stability of the active
component on the surface of the support. Obviously, the CB parti-
cles acted as a spacer to prevent the reunion of graphene sheets by
the means of Van der Waals forces. Simultaneously, after CB was
intercalated into rGO, the interaction between Cu and the support
are distinctly increased, which is beneficial for the stability of the
catalyst. The intercalated CB particles showed a three-dimensional
composite structure, which was also beneficial to the promotion of
the dispersion and stability of Cu particles.

3.1.8. CO-TPD

Various previous works have reported the reaction mechanism
for DMC formation, it demonstrated that CO insertion to methoxide
species is thought to be the rate-determining step of DMC forma-
tion [16,60-63]. Therefore, the catalytic performance is strongly
dependent to the CO adsorption capability of the catalyst itself.
The CO-TPD profiles of the Cu/rGO and Cu/rGO-CB are presented in
Fig. 9. As depicted, Cu/rGO and Cu/rGO-CB show obvious and simi-
lar adsorption properties in the given TPD experimental conditions.
As shown in Fig. 9, it is clear that the amount of CO adsorption for
Cu/rGO-CB is larger than that of Cu/rGO, implying that Cu/rGO-CB
possess more active sites, which is beneficial to the formation of
DMC.

3.2. Oxidative carbonylation of methanol

Table 3 lists the catalytic performance of Cu/AC, Cu/CB, Cu/rGO
and Cu/rGO-CB under the optimal reaction conditions for the
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Table 3

Catalytic activities of various catalysts®.
Catalysts Cenzon/% Spmc/% Swir/% Spmm /% STY"/mg/(gh)
Cu/rGO 4.7 >99.9 - - 2334
Cu/rGO-CB 5.6 974 3.6 - 2757
Regenerated Cu/rGO-CB 5.3 92.4 5.6 2.0 2641
Cu/CB 1.6 >99.9 - - 809

2 [Cu]=16.69 mmol/L, Pco =2.0 MPa, Po; =1.0 MPa, t=1.5h, T=120°C.
b STYpwmc (mg/(gh))=mpwmc/(Mear t).

liquid-phase oxidative carbonylation of methanol. It was clearly
seen that the rGO-based catalysts are active for the DMC synthe-
sis. The main byproducts of Cu/rGO-CB and Cu/AC catalysts are
MF. The amount of carboxyl groups increased on the surface after
the intercalation of CBs. It is reported that the direct interaction of
the adsorbed methoxy species with the carboxyl groups could pro-
duce the MF [54]. Additionally, the Cu/rGO-CB and Cu/rGO catalysts
were further tested to determine their catalytic stability. These cat-
alysts all could be easily recovered through filtration and washing,
then new substrates were added for the next cycle. Fig. 10 shows
a summary of the obtained results. Obviously, the adding of CB
particles leads to the higher activity (2757 mg/(gh)) and superior
Cchson than the pure graphene support supported Cu active center
(2334 mg/(gh)). Furthermore, the catalytic activity of the Cu/rGO-
CB catalyst indicated no significant decreases after five cycles (8.6%)
than Cu/rGO (23.7%), suggesting that the catalytic stability of the
Cu/rGO-CB is superior. Moreover, as shown in Table 3, the activity
of used Cu/rGO-CB could be recovered to 95.8% of its initial level
after it is reduced in 10 vol% H, (diluted with N5 ), indicating that a
slight oxidation of Cu nanoparticles occurs during the reaction. In
addition, the deactivation of these catalysts is attributed to the loss
and agglomeration of Cu species. As shown in Table 2, the Cu con-
tents of catalysts were determined from XPS and AAS. The bulk Cu
concentration of Cu/rGO is decreased by about 15.37%, from 6.57

to 5.56 wt.%. However, it is only decreased about 1.96% (from 7.12
to 6.98 wt.%) for the Cu/rGO-CB catalyst. In addition, the surface
Cu concentration of both catalysts decreases by roughly the same
amount.

This means that CB intercalated graphene composites can sig-
nificantly improve the existence of Cu and further enhanced the
activity and stability of the catalyst. In addition, compared to rGO,
rGO-CB has more oxygen functional groups, which are beneficial
for the catalytic activity and stability [37] (Fig. 5).

4. Conclusions

In summary, rGO supported Cu NPs catalysts were synthesized
by conventional ultrasonication and a vacuum filtration method,
and used for the synthesis of DMC via liquid-phase oxidative car-
bonylation of methanol. The effect of rGO intercalated by CB on the
catalyst performance was also systematically investigated. Both the
Cu/rGO and Cu/rGO-CB catalysts are active for the DMC synthesis,
and the STYpyc of 2334 and 2757 mg/(g-h) have been obtained,
respectively. Based on the results of various characterization tech-
niques, it can be concluded that the intercalation of CB particles
into the layers of graphene leads to two positive effects. First, it
can effectively prevent coalescence of graphene layers, and further
increase the active surface area accessible for reactants to ensure
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the Cu active sites can be efficiently utilized. Second, it is difficult
to immobilize Cu NPs on graphene due to its smooth surface. How-
ever, CB contains abundant oxygen functional groups, which can
enhance the stability of the metal NPs through the electronic inter-
action with metal NPs and further improve the catalyst stability. In
addition, the catalyst was easily recycled by simple filtration and
can be reused several times without a significant reduction in its
catalytic activity. Even after five consecutive runs, the Cu/rGO-CB
catalyst exhibited preferable catalytic activity and stability com-
pared with Cu/rGO.
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