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ARTICLE INFO ABSTRACT
Artic{e history: A novel graphite supported Cu-Ni bimetallic nanocomposite catalyst for direct synthesis of dimethyl
Received 24 June 2008 carbonate (DMC) from CH3OH and CO, has been synthesized and investigated. The support and the
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synthesized catalysts were fully characterized using BET surface area, TG-DSC, Raman spectra, FTIR,
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SEM-EDX, TEM, XRD, TPR and XPS techniques. The catalytic activities were investigated by perform-
ing micro-reactions. It has been found that the nitrogen adsorption isotherm of graphite oxide support
showed a typical Type Il features. The layered structure of graphite was well maintained in the synthesized

L catalysts. Metal particles with an average size of 15.8 nm were uniformly dispersed on the support surface.
Carbon dioxide .. . . .
Bimetallic catalyst Metal phase and alloy phase of Cu and Ni in the catalyst were partially formed during the reduction and
Catalysis activation step. The Cu-Ni/graphite nanocomposite catalyst exhibited remarkably high activity, selectivity
and stability for the direct synthesis of DMC. The highest DMC yield was higher than 9.0% at 378 K and
1.2 MPa and the selectivity of DMC was higher than 88.0%. The high catalytic activity of Cu-Ni/graphite
nanocomposite catalyst in DMC synthesis could be attributed to the synergetic effects of metal Cu, Ni
and Cu-Ni alloy in the activation of CH3OH and CO,, the unique structure of graphite and the interaction
between the metal particles and the supports.
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1. Introduction is highly desired since such an approach is environmentally benign
by nature [1]:
Dimethyl carbonate (DMC) has attracted much attention in

terms of a non-toxic substitute for dimethyl sulfide and phosgene 2CH30H + €Oz — (CH30),CO + Hy0

that are toxic and corrosive as methylation or carbonylating agents
[1-3]. Moreover, DMC is also considered to be an option for trans-
portation fuels because of its high oxygen content (53.3%) and high
octane value [4]. Several commercial processes have been devel-
oped for the synthesis of DMC, including methanolysis of phosgene
[5], ester exchange process [1], carbon monoxide-methyl nitrite
process [1] and gas-phase oxidative carbonylation of methanol [6].
However, all these processes use toxic, corrosive, flammable and
explosive gases such as phosgene, hydrogen chloride and carbon
monoxide. Therefore, direct synthesis of DMC from CH3OH and CO,

Continuous emission of carbon dioxide (CO,) into the atmo-
sphere represents the main cause of greenhouse effect because
of the stratospheric ozone depletion. Recently, it has been well
recognized that the utilization of CO, is very important in terms
of the utilization of carbon resource, synthesis chemistry and
environment protection [7-9]. The possibility to convert CO, into
environmentally friendly chemicals not only could limit the green-
house environmental damages, but also constitutes a carbon source
alternative to petroleum, natural gas and coal, that are all energetic
resources destined to exhaust themselves. Besides, because of its
large-scale availability at low cost, CO, could represent a precursor
compound for the synthesis of useful chemical products, such as

¥ C . methanol, urea and salicylic acid. However, it is still a challenge for
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In recent years, the direct synthesis of DMC from CH30H and
CO, has attracted much attention in the view of the so-called
“Sustainable Society” and “Green Chemistry”. As a result, a great
variety of catalysts have been checked to date at very different reac-
tion conditions and with a variable degree of success. Wu et al.
reported on direct synthesis DMC over H3PO4-V,05 catalyst [10].
Under the optimal synthesis conditions, CH30H conversion only
reached 1.9% with DMC selectivity of 88.0%. When Cu-Ni/VSO was
used as a catalyst, DMC formation could reach 5.5 mmol with DMC
selectivity of 87.0% under the given conditions [11]. Wang et al.
reported 4.83% CH3OH conversion and 87.2% DMC selectivity over
the compound catalyst of Cu-(Ni,V,0)/SiO, with photo-assistance
[12]. Besides, other catalyst systems have been reported to be effec-
tive in this reaction, including organometallic compounds [13],
metal tetra-alkoxides [14], potassium carbonate [15], ZrO, [16,17],
and H3PW1,04-Zr0; [18]. Nevertheless, the yield of DMC obtained
via one-step synthesis is still very low due to the difficulties in
activation of CO, and due to the deactivation of catalysts by in
situ produced water. Therefore, novel catalysts with high catalytic
performance are required.

It is well known that support material plays an important role
in the final catalyst. Selecting a suitable supporting material is a
crucial factor to get highly effective catalysts. Graphite is a layered
material having the thinnest atomic layer of all layered materials.
Graphene sheets, one-atom-thick two-dimensional layers of sp?-
bonded carbon, are predicted to have a range of unusual properties.
Recent studies have indicated that individual graphene sheets had
extraordinary electronic transporting properties [19-22]. One pos-
sible route to harnessing these properties for applications would
be to incorporate graphene sheets in a composite material, such as
polymer/graphite and transition metal/graphite composites. Espe-
cially for transition metal/graphite composites having novel phys-
ical and chemical properties are very attractive for many organic
reactions [23-25]. Richard and de Lopez-Gonzalez et al. reported
that platinum and ruthenium particles supported on graphite
gave higher selectivity towards unsaturated alcohol in the hydro-
genation of cinnamaldehyde than the catalysts where the metals
supported on other supports [25-26]. In these studies, it was pro-
posed that the metal clusters were selectively located on the basal
plane of the graphite, which led to a strong interaction between the
metal particles and the m-electrons of the support medium. This
was responsible for the observed differences in catalyst activity.

Transition metal/graphite composites have been studied inten-
sively because these intercalation compounds are expected to
exhibit new unique catalytic properties in many organic synthe-
sis processes. However, because of the neutral properties of the
graphite walls, there is no driving force strong enough for a rigid
species to expand and prop the graphitic layers to form an open pore
system, although the weak van der Waals-type bonding between
the graphitic layers allows the formation of graphite intercalation
compounds (GIC) for electrochemical/tribological application [27].
Graphite oxide (GO) is an oxygen-rich carbonaceous material, syn-
thesized by the controlled oxidation of graphite. It shows excellent
swelling/exfoliation properties similar to clay minerals [28-33]. In
contrast to original graphite, the graphene derived sheets in GO
(GO sheets) are heavily oxygenated, bearing hydroxyl and epox-
ide functional groups on their basal planes, in addition to carbonyl
and carboxyl groups located at the sheet edges [30,31,34]. The
presence of these functional groups makes graphene oxide sheets
strongly hydrophilic, which allows GO to readily disperse in water
to form stable colloidal suspensions via swelling and exfoliation
[35]. Further, the GO shows unique absorption ability and acts as
ion exchangers and metal ion binders [28,36]. Notably, it has been
reported that graphite structure can be somewhat reduced after
thermal treatment or chemical reduction of the GO [37]. Because

of its particular properties, GO is considered as a catalyst support
material for the intercalation of catalytically active transition and
noble metal nanoparticles.

Graphite, inexpensive and available in large quantity, is widely
used in heterogeneous catalysis, but there is little information
available for DMC synthesis. In our previous work [38], carbona-
ceous materials (GO, expanded graphite, activated carbon and
carbon nanotubes) supported Cu-Ni bimetallic catalysts have been
prepared and applied successfully to the direct synthesis of DMC
from CH30H and CO,. From the study, it has been shown that the
obtained catalysts exhibited higher catalytic performances than
the traditional ones. We report herewith the preparation of GO
supported Cu-Ni bimetallic catalysts using conventional wetness
impregnation method, and the application of the as-made cata-
lysts for the direct synthesis of DMC. This is a first demonstration
that GO can be effectively used as catalyst support for the direct
synthesis of DMC.

2. Experimental
2.1. Sample preparation

Natural graphite powder (NGP) (C>99%, D=5 m) was used as
precursor. NGP was firstly treated with 5% HCI twice, followed by
filtering and washing with deionized water several times until neu-
tral, and dried at 90°C for 24 h. The GO used in this research was
synthesized from the graphite by graphite oxidation with KMnOyg4 in
concentrated H,SO4 according to modified Hummer’s method [39].
The typical procedures were depicted as follows: a blend of pure
NGP (10 g) and sodium nitrate (5 g) was added into cold (4 °C) con-
centrated H,SO4 (230 ml) cooled by ice-water bath. KMnO4 (30 g)
was added into the above solution gradually with vigorous stirring
and kept the temperature of the mixture below 20°C. The mix-
ture was stirred at 35 + 3 °C for 30 min; distilled water (460 ml) was
slowly added to the above mixture to cause an increase in tempera-
ture to 98 °C, and this temperature was kept for 15 min. The reaction
was terminated by the addition of a large amount of distilled water
(710 ml) and appropriate volume of H, 0, (5%). The mixture was fil-
tered, washed successively with 5% HCl completely until absence of
S042~ (detected with BaCl, aqueous solution). The synthesized GO
was dried at 50 °C for 24 h and conserved in desiccator before use.

Cu-Ni/graphite nanocomposite catalyst was prepared by tra-
ditional wetness impregnation method. The synthesis approach
for the nanocomposite is depicted in Fig. 1. Cu(NO3),-3H,0 and
Ni(NO3),-6H,0 were used as metal precursors. Prior to impreg-
nation GO was firstly subjected to disperse in ammonia solution
by ultrasonic vibration for 30 min. Simultaneously, Cu(NOs3),-3H,0
and Ni(NOs3),-6H,0 were dissolved in ammonia solution by stir-
ring. Then copper and nickel ammonia solution was added to the
GO colloidal solution under vigorous stirring. The resulting mix-
ture was stirred at ambient temperature for 24 h, ultrasonicated
for 30 min, and finally aged for 24 h, followed by rotavaporation to
eliminate the solvent. Thereafter, the residual mixture was dried at
90 °C until the weight was unchanged. Upon completion, the fully
dried product was crushed carefully in an agate mortar to give the
catalyst precursors (CuO-NiO/GO), which were then calcined in Ny
flow (30 ml/min) at 400 °C for 2 h with a heating rate of 0.5 °C/min,
and further reduced by 5% H, /N, mixture under 600 °C for 2 h with
a heating rate of 0.5 °C/min.

2.2. Characterization

2.2.1. BET measurement
Nitrogen adsorption/desorption isotherms were determined
by N, physisorption in liquid N, (77K) using a Micromeritics
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Fig. 1. Schematic illustration of Cu-Ni/graphite nanocomposite catalyst synthesis.

ASAP 2010 instrument. The Brunauer-Emmett-Teller (BET) and the
Barrett-Joyner-Halenda (BJH) approaches were used to determine
the surface area and the pore size distribution of samples, respec-
tively. Prior to analysis, the sample was outgassed at 523K for 8 h
in a stream of helium. The range of relative pressures (P/Py) varied
from 0.0009 to 1 and the equilibration time was 30s.

2.2.2. Raman, FTIR spectra and TG-DSC study

Raman spectra of samples (4000-50cm~!) were recorded
on Renoshaw inVia instrument. FTIR spectra of samples
(4000-400cm~1) were recorded on an Analect RFX-65A type
FTIR spectrophotometer. The spectra were recorded using the KBr
pellets containing 0.1% of sample. These pellets were dried under
infra light before the spectra were recorded. Thermogravimetric
(TG-DTG) analyses of samples were performed on a PerkinElmer
Pyris Diamond SII thermal analyzer. The samples were loaded
into a china pan and heated under a high-purity N, flow from
ambient temperature to 110 °C at a heating rate of 20°C/min, held
at this temperature for 20 min, and then increased temperature
to 700°C with a controlled heating rate of 10°C/min. Differential
scanning calorimeter (DSC) analysis was carried out in a flow of air
at temperature ramping rate of 10 °C/min using Seiko 220 thermal
analyzer. The sample loading was typically 30 mg.

2.2.3. Scanning electron microscopy (SEM)

The morphologies and microstructure of GO and metal particles
were examined using a scanning electron microscopy (JSM-5600LV
system of JEOL) equipped with an energy dispersive X-ray detector
(EDX). The accelerating voltage was 15 kV.

2.2.4. Transmission electron microscopy (TEM)

The morphology, size and size distribution of Cu, Ni particles
dispersed on the surface and interlayer of graphite were examined
by transmission electron microscopy (JSM-2010 system of JEOL).
The accelerating voltage was 200 kV. Sample preparation for TEM
examination involved the ultrasonic dispersion of the sample in
ethanol and placing a drop of the suspension on a copper grid,
followed by solvent evaporation. Several TEM micrographs were
recorded and analyzed for particle size distribution. At least 100
metal nanoparticles per sample were analyzed to determine their
sizes and size distributions.

2.2.5. Powder X-ray diffractive (XRD)

XRD patterns of samples were recorded on a D/Max-IIIA power
diffractometer in a step mode between 3° and 60° using Cu Ko
radiation (0.15406 nm), operated at 35 kV and 25 mA. The intensity
data were collected over a 26 range of 3-60° with a 0.02° step size
and using a counting time of 1s per point. The average crystallite
sizes were estimated by XRD line-broadening with the help of the
Debye-Scherrer equation.

2.2.6. Temperature programmed reduction (TPR)

TPR experiments of calcined catalyst precursors were carried
out using Quantachrom ChemBET 3000 apparatus. Samples were
subjected to degassing pretreatment at 250 °C for an hour at helium
flow (70 ml/min), and then cooled to room temperature. Thereafter,
10 mg of sample was placed in a quartz U-shaped tube, heated to

800°C in a flow system using 5% H,/He atmosphere (70 ml/min)
with 8°C/min temperature ramp. The signals of Hy consump-
tion by the sample, as a consequence of the temperature rise,
were continuously monitored by a thermal conductivity detector
(TCD).

2.2.7. X-ray photoelectron spectrum (XPS)

X-ray photoelectron spectrum of sample was obtained by using
an ESCALAB 250 (Thermo-VG Scientific) analyzer. The used Al (Ka)
radiation (1486.6eV, 15kV, and 150 W) was monochromatized.
Survey scan spectra in the 1100-0eV binding energy range were
recorded with pass energy of 20.0eV.

2.3. Direct synthesis of DMC from CH30H and CO,

The catalytic activity of synthesized Cu-Ni/graphite nanocom-
posite catalyst for synthesis of DMC from CH3OH and CO, was
evaluated using a continuous tubular fixed-bed micro-gaseous
reactor. The setup’s configuration used for DMC synthesis was
illustrated schematically in Fig. 2. The setup comprised of a micro-
gaseous reactor (with photo or without photo, it could be selected
freely), a CO, mass flow controller, a HLPC syringe pump, a six-
way valve, a back-pressure regulator and a gas chromatography
(GC). The six-way valve was placed into an oven. The oven, heater
and reactor were each equipped with a thermometer, measured by
thermocouples with an accuracy of +1 °C. The system pressure was
determined by pressure sensor and controlled by the back-pressure
regulator with an accuracy of +0.01 MPa.

A representative procedure is as follows: 1g of fresh cata-
lyst was first loaded into the reactor and the reactor was sealed
and purged using CO, gas flow for 10 min to exhaust the air
inside. Prior heating up CO, was charged into the reactor to
a certain pressure and the flow rate was measured and con-
trolled by the mass flow controller. When the heater, reactor and
oven were heated to the desired temperature, the methanol was
pumped into the system by the HPLC syringe pump. A 2:1 ratio
of CH30OH and CO, was kept during the reaction, which was con-
trolled via vaporization temperature of CH30H and the flux of
CO,. Amounts of CH30H and CO, were controlled by gas-flow
meter.

The catalytic reaction was carried out at different temperatures
(353-413K) and different pressures (0.4-1.6 MPa). The resulting
mixture was introduced into the on-line GC (GC7890F) equipped
with a flame ionization detector to analyze the composition and
concentration. The condensed liquid from the cut-off valve was col-
lected and analyzed by the gas chromatograph mass spectrometer
(GCMS-QP2010 plus) to confirm the DMC formation in the reac-
tion system. Catalyst activity is indicated by the CH3OH conversion,
DMC selectivity and DMC yield. These parameters are calculated
according to the following equations:

.o _ |CH30H reacted]
CH3OH conversion (%) = ~[CH,0H tofal]

o [DMC]
DMC selectivity (%) = [DMC] & [by-products]

DMC yield (%) = CH30H conversion x DMC selectivity x 100  (3)

x 100 (1)

x 100 (2)
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Fig. 2. Schematic diagram of apparatus for direct synthesis of DMC. (1) CO, cylinder; (2) pressure reducer valve; (3) filter; (4) pressure regulator; (5) mass flow controller;
(6) buffer; (7) one-way valve; (8) methanol carrier; (9) HLPC syringe pump; (10) three-way inlet wave; (11) blender; (12) heater; (13) photo-reactor; (14) six-way valve; (15)
cooler; (16) cooling separator; (17) cut-off valve; (18) back-pressure regulator and (19) gas chromatography.

3. Results and discussion
3.1. Synthesis of DMC from CH30H and CO,

3.1.1. Effects of total metal content and molar ratio in
Cu-Ni/graphite catalyst on the DMC synthesis

Table 1 shows the effects of total metal content and molar ratio
in Cu-Ni/graphite catalyst on the DMC synthesis. The total metal

Table 1
The dependence of CH3OH conversion and DMC selectivity on the loading and molar
ratio of metals in the catalysts.?.

Entry (CuO+NiO) Cu:Ni CH30H DMLC selectivity
(%) molar ratio conversion (%) (%)
1 0 0 None None
2 5 5:1 3.96 85.4
3 5 3:1 4.01 86.6
4 5 2:1 4.57 89.3
5 5 1:1 418 91.2
6 5 1:2 3.64 92.0
7 8 2:1 5.16 911
8 10 2:1 6.38 90.7
9 15 2:1 8.96 90.4
10 20 2:1 10.13 90.2
11 21 2:1 9.38 88.8
12 25 2:1 9.24 88.1
13 30 2:1 7.73 85.8
14 20 3:1 9.22 87.2
15 20 5:1 7.91 83.1
16 20 1:1 6.60 88.3
17 20 1:2 6.11 89.6
18 20 1:3 5.09 91.9
19> 2.51 923
20¢ 0.79 911

2 Reaction conditions: n(CH3OH)/n(CO;)=2/1, catalyst weight 1.0g, P=1.2 MPa,
T=100°C.

> Only Cu was loaded on the catalyst.

¢ Only Ni was loaded on the catalyst.

content in the catalyst varied from 0 to 30 wt.%, and Cu/Ni ratio
ranged from 1/5 to 5/1. For comparison, the catalytic activities of
Cu/graphite and Ni/graphite monometallic catalysts were investi-
gated. According to the experimental results, when no metal was
loaded on graphite, the reaction did not take place at all (see Table 1,
entry 1). With an increase in metal content, activity was found to
generally increase (see Table 1, from entry 2 to 10). When metal con-
tent reached 20 wt.% and Cu/Ni ratio reached 2/1, Cu-Ni/graphite
catalyst showed the best catalytic activity. Therefore, a total load-
ing of metal 20 wt.% (CuO +NiO) and the molar ratio of 2/1 (Cu/Ni)
were used in the optimized catalytic system. Interestingly, when
Cu/graphite monometallic catalyst or Ni/graphite monometallic
catalyst was alone used in the reaction, it could be seen that the
activity was very low (Table 1, entries 19 and 20). However, when
bimetallic catalyst was used in the reaction system, the activity was
promoted obviously under given metal content and molar ratio.
For example, the conversion of CH30H increased to 10.13% over
the Cu-Ni/graphite bimetallic catalyst system (nearly four times of
that over Cu/graphite alone). This was perhaps due to the syner-
getic effects of Cu, Ni and Cu-Ni alloy in the activation of CH30H
and CO,. These results will be further confirmed by the following
experiments.

3.1.2. Effects of catalytic reaction conditions

The catalytic performance of Cu-Ni/graphite bimetallic
nanocomposite catalyst in direct synthesis of DMC from CH3OH
and CO, was evaluated in a micro-reactor. To our delight, the
prepared Cu-Ni/graphite bimetallic nanocomposite catalyst can
efficiently catalyze the direct synthesis of DMC. It has been
reported that the temperature and pressure affect the catalytic
reaction considerably [10-12]. In this paper, these two factors
were investigated. Catalytic reaction was carried out at different
temperatures in a range of 353-403 K and different pressures in a
range of 0.8-1.5 MPa. The results are summarized in Fig. 3. Fig. 3(a)
shows the temperature dependence of DMC synthesis under a
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Fig. 3. The dependence of CH30H conversion, DMC yield and selectivity on temper-
ature (a) and pressure (b) over Cu-Ni/graphite nanocomposite catalyst.

constant pressure of 1.2 MPa. Obviously, temperature has great
effect on the DMC synthesis. The CH30H conversion and DMC
yield increased with increasing temperature from 353 to 378K
and reached a peak value (10.13% of CH3OH conversion and 9.02%
of DMC yield) at 378K, then decreased when temperature went
up to 403 K. This indicated that the optimized temperature was
378 K. The activation of CH30H and CO, was more favorable when
temperature increased, however, the DMC yield decreased dra-
matically at temperature above 378K, likely due to the decreased
CO, adsorption on catalyst at high temperature. Selectivity of DMC
dropped slowly when temperature was lower than 383 K. When
temperature was higher than 383 K, the selectivity decreased more
dramatically, probably due to the decomposition of DMC at higher
temperature. [n summary, under the optimal reaction conditions of
1.2 MPa and 378 K DMC yield of 9.02% with the DMC selectivity of
89.1% were obtained using the supported catalyst. The by-products
are CO, CH4, dimethyl ether (DME) and H,0O. Presumably, CO is
resulted from the cleavage of the C-O bond of the CO,~ species,
CH4 comes from the activation species of CH30H, while DME is
produced via the reaction between methoxy anion (CH30~) and
methylic species (CH3*), which are the main activated species of
CH30H by the catalyst.

Pressure also played an important role in the reaction. Fig. 3(b)
illustrates the pressure dependence of DMC synthesis. The CH30H
conversion, DMC yield and selectivity were enhanced when the
pressure increased from 0.8 to 1.5 MPa. DMC yield increased more
than 2.3 times (from 3.98% of 0.8 MPa to 9.33% of 1.4 MPa), and
selectivity of DMC also improved from 84.9 to 91.3%. The increasing
trend of DMC yield levelled off when the pressure reached 1.2 MPa
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Fig. 4. Stability of the Cu-Ni/graphite nanocomposite catalyst (reaction conditions:
T=383K; P=1.2 MPa; catalyst weight: 1g; and CH30H/CO; (molar ratio)=2:1). (W)
CH3OH conversion; ((J) DMC yield; (A) DMC selectivity.

(from 9.03% of 1.2 MPa to 9.33% of 1.6 MPa), indicating higher pres-
sure would have no significant effect on the reaction.

3.1.3. Stability test results of catalyst

The catalyst test was continued for 10 h to examine the stabil-
ity of the catalyst. The reaction was carried out at 378 K and under
1.2 MPa. The CH30H/CO, molar ratio was controlled to be 2:1, and
1 g catalyst was used. Fig. 4 shows CH3OH conversion, DMC yield
and DMC selectivity as a function of reaction time. It was found
that CH30H conversion decreased slowly from 10.17 to 9.80%, the
yield of DMC decreased from 9.21 to 8.84%, and the selectivity of
DMC decreased from 91.5 to 90.3%. The increased activity observed
at a reaction time of 0.5-3 h was likely due to the formation of
active species in the initial reaction stage. The decreasing trend of
CH30H conversion and DMC yield levelled off after 3-h reaction.
The continuous decrease in catalyst activity indicated that deacti-
vation of the composite catalyst proceeded gradually. Deactivation
of catalyst in the DMC synthesis process is likely due to a change in
oxidation state of metal. In addition, the increase of metal particles
size may be another factor contributing to the deactivation. Since
the active phases of the catalyst were metal phase of Cu, Ni and
Cu-Ni alloy, the changes in oxidation state and an increase in metal
particle size could result in the decrease in activity. These findings
indicate that the deactivated catalyst can be easily regenerated by
simple calcination and pre-reduction, leading to the re-dispersion
of metal species, formation of the metal phases and recovery of
the catalytic activity. The catalyst developed in this study exhibited
fairly good durability as well as activity in direct synthesis of DMC
under given experimental conditions. Companied with the advan-
tages including of high catalytic performance, low cost, large-scale
availability and readily regeneration, the catalyst developed in this
work will show a great potential in DMC industrialisation.

3.2. Investigation of support and catalyst structure

After oxidation, the black slurry of NGP became orange (yel-
low), indicating the formation of GO [37]. The oxidation result
of NGP was confirmed by elemental analyses (PerkinElmer 2400
series I CHNS/O analyzer), as the C/O ratio has been used as a con-
ventional measure of the oxidation degree of graphitic materials.
The C/O in GO was 4/2.4. BET measurement of GO at —196 °C indi-
cated that the dominate mesopores ranging from 30 to 100 nm were
mainly contained within GO structure besides a small quantity of
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micropores with the size of 10-30 nm (Figure SM 1, see Supplemen-
tary Material). In the Raman spectrum of GO and Cu-Ni/graphite
(Figure SM 2, see Supplementary Material), the prominent features
of graphitic materials were the well-known D and G bands. The
sharp D band at 1599 cm~! and G band at 1349 cm~! showed the
defective, crystalline structure of graphene nanosheets [40-42].
Compared with GO, the D band and G band of catalyst had a neg-
ative shift (from 1599 to 1588 cm~! and from 1349 to 1355cm™1,
respectively), indicating that some changes in the support surface
had taken place after impregnation. And also, reduction of catalyst
had somewhat effect on the structure and surface of graphite. In the
FTIR spectrums (Figure SM 3, see Supplementary Material), no peak
was found on NGP. GO showed four sharp peaks, 3431, 1714, 1625,
and 1045 cm~!, which corresponded to ~OH, C=0, free water and
C-0-C group, respectively [43,44]. In contrast, for Cu-Ni/graphite
catalyst, the peaks of (=0 and C-O-C were absent, and a new peak
at 1467 cm~! appeared. These changes implied that some inter-
actions were established between the metal precursors and the
supports in the impregnation, and also supported the reduction of
GO and the partial removal of the oxygen functional groups. In the
TG-DTG-DSC profiles of GO (Figure SM 4, see Supplementary Mate-

000 100 200 300 400 500 600 7.00 800 900 1000

keV

rial), GO exhibited a major weight loss around 200 °C (The weight
loss between room temperature and 200 °C was 19.0%), which was
attributed to the removal of organic groups, while the weak weight
loss below 100°C was due to the physically adsorbed water. This
result was similar to the high adsorbed water content observed by
Bourlinos et al. [45]. DSC of GO showed one strong extherthomic
peak at 204 °C, which was caused by the decomposition of organic
groups on GO sheets. FTIR and TG results implied that the prepared
GO had well hydrophilicity, which allowed GO to readily swell and
exfoliate in water. This specific surface characteristic of GO was very
important to prepare GO supported catalyst, for if the hydrophilicity
of the support increased remarkably, the deposition of active metal
would be very profitable in the aqueous solution. It is generally
accepted that the dispersion of active metal particles on the support
surface is a critical parameter for catalytic activity. Therefore, the
changes in surface properties of supports will have positive effects
on the morphology and, consequently, to final catalytic activities of
catalysts.

The typical SEM images of samples are shown in Fig. 5. Although
the layered structure of pristine NGP was maintained well in GO, the
value of the gallery spacing (0.335 nm) among carbon nano-sheets

1SkU X168, 6ea

& ~SEH

Fig. 5. SEM images of samples. (a) GO; (b) fresh Cu-Ni/graphite nanocomposite catalyst (3.5kx); (c) fresh Cu-Ni/graphite nanocomposite catalyst (5.0kx); (d) fresh
Cu-Ni/graphite nanocomposite catalyst (10.0kx); (e) EDX of (d) and (f) deactivated catalyst after 10-h reaction (5.0kx ).
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Fig. 6. TEM images of (a) Cu-Ni/graphite nanocomposite catalyst and (b) the magnification image of a selected metal particle (as the arrow shown in a), the inset image is

the diffractogram mode of metal particle of (b).

increased because H,O molecules and oxygen-containing func-
tional groups were intercalated into the layer of graphite (Fig. 5(a)).
Fig. 5(b)-(d) shows the SEM images of the fresh catalyst at differ-
ent magnification. It was evident that active metal particles (white
circular dot) were evenly dispersed in/on the lamellae or surface
of GO, meanwhile, the interlayer spacing among the carbon sheets
was expanded compared to that of original NGP (the SEM image
of NGP was not shown here). This was attributed to two factors.
Firstly, Cu?* and Ni* were intercalated into the lamellae of GO to
get an extended interlayer spacing under the cooperative effect
of adsorption and ion-exchange in the process of wet impregna-
tion; furthermore, GO layers could be exfoliated or delaminated
when subjecting to stirring and ultrasonic force, this force could
accelerate the intercalation and dispersion of Cu?* and Ni* thor-
oughly. This explanation could be further confirmed by the results
of XRD measurement. The energy dispersive X-ray detector (EDX)
suggested that these white circular dots include Cu, Ni elements
(Fig. 5(e)). Fig. 5(f) shows the SEM image of catalyst after 10-h reac-
tion, active metal particles in this image were uneven in size and
exhibited some aggregation. Further observation indicated that this
sample presented the broadest size distribution for active metal
particles. The increase in active metal particles size could be one
of the reasons for catalyst deactivation, as discussed in the former
section.

TEM is a powerful technique to gain insight into morphology and
microstructure of catalysts. Fig. 6 presents the TEM observations of
Cu-Ni/graphite catalyst and the corresponding selected area elec-
tron diffraction pattern of the metal particle. Some differences in
the size and morphological characteristic of metal particles on the
catalyst could be observed (Fig. 6(a)). From a survey of many areas
of the specimen, it was evident that metal particles were evenly
distributed over the graphite surface, and generally, the particles
adopted with spherical, rectangle and cubic shapes. As shown in
the electron diffraction pattern (inset image in Fig. 6(b)), the crys-
tallinity of the metal particle (as the arrow shows in Fig. 6(a) and
the corresponding magnification image in Fig. 6(b)) on graphite was
maintained well because the planar crystal lattice diffraction could
be observed. The diameter distribution of metal particles was in
range from 5 to 25 nm and the average size of these particles was
15.8 nm by TEM image analysis.

The XRD patterns of samples are displayed in Fig. 7. After
oxidation, the graphitic (002, 260=26.6° and 004, 20=54.8°)
diffraction peaks (Fig. 7(a)) completely disappeared and, instead,
were replaced by a well-defined peak at a lower diffraction angle
(Fig. 7(b), 260=13.0°), which corresponded to and interplanar dis-

tance of 0.858 nm. The absence of the characteristic 0 0 2 diffraction
of graphite at 26.6° confirmed the completion of oxidation [46],
resulting in the formation of a well-ordered, lamellar structure,
which was more open than that of graphite (0.335nm) and thus
more susceptible to intercalation [46]. The increase of basal spac-
ing of GO in the course of oxidation owing to the expansion of the
layer planes caused by accommodation of various oxygen species
and the changes of carbon hexahedron grid plane during oxidation
[47]. The interlayer spacing of GO (0.858 nm) was in the range of
the reported values (0.6-1.1 nm) [48]. The weak peak at 26 =20.6°
indicated the existence of some stacking structures. After being
reduced by H; (Fig. 7(c)), the diffraction peak of GO disappeared
and the graphitic (002) diffraction peak appeared again although
not as sharp as the original graphite, indicating that the structural
of GO was changed during the reduction. The interlayer distance
(260=26.6°) of the nanocomposite catalyst was 0.338 nm, which
was larger than that of NGP (0.335 nm) owing to the existence of

GO (001)

0.858nm
NGP(002)

0.335nm

(b)

0 10 20 30 40 50 60
2 Theta/deg.

Fig. 7. XRD patterns of (a) NGP; (b) GO and (c) Cu-Ni/graphite nanocomposite cat-
alyst.
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Fig. 8. TPR profiles of calcined catalyst precursors. (a) CuO/graphite; (b)
NiO/graphite and (c) CuO-NiO/graphite.

small quantity of O bonded in the graphite layer. For the XRD of
Cu-Ni/graphite (Fig. 7(c)), two new diffraction peaks at 260 =43.4°
(111)and50.7° (200) appeared, which could be assigned to diffrac-
tion of metal phase Cu and cubic phase Cu-Ni alloy. XRD results
indicated that metallic phases of Cu, Ni and alloy phase of Cu-Ni
were formed in reduction and activation step.

H,-TPR is a useful characterization technique for investigat-
ing the chemical properties of a metal catalyst. TPR can reveal
not only the reducibility and stability of the metal-supported or
unsupported catalysts, but also the more profound surface chem-
ical information, that is, metal species, metal distribution, and,
even quantitatively, the loading of different metal surface forms.
The TPR profiles of different samples are presented in Fig. 8. For
comparative purpose, the TPR of CuO/graphite and NiO/graphite
monometallic catalyst precursors were also characterized. It could
be seen that the CuO/graphite showed a main reduction peak at
646K and a shoulder peak at 569K, respectively (Fig. 8, trace a).
The main peak was related to a two-step reduction of CuO to
Cu,0 and Cu,0 to Cu, while the shoulder peak corresponded to
the reduction of the well-dispersed CuO species. For the reduc-
tion of NiO/graphite, the TPR profile showed only one distinct peak
(accompanied by a weak shoulder peak) in the range of 700-850K,
indicating that the sample was likely to have a single species on
the surface (Fig. 8, trace b). The main reduction peak observed at
785K was related to the reduction of NiO to Ni, while the weaker
shoulder peak detected at 728 K corresponded to the reduction of
the well-dispersed NiO species. Notably, the reduction tempera-
tures of CuO and NiO species were higher than those of bulk CuO
(503 K) and NiO (703 K), respectively [49], which was attributed to
the interaction between metal oxides and graphite. The TPR profiles
of CuO-NiO/graphite sample showed four reduction peaks (Fig. 8,
trace c). The peaks detected at 525 and 588 K were related to the
reduction of CuO species. The peak observed at 798 K was ascribed
to the reduction of NiO species. A distinct peak observed at 712 K,
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© Cu2p3 532eV
Ni2p3
5336V
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285eV
© M

Cils
284.58eV
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Fig. 9. XPS patterns of (a) NGP; (b) GO and (c) Cu-Ni/graphite nanocomposite cat-
alyst.

differed from that of reduction of CuO and NiO, was likely corre-
sponded to the reduction of CuO-NiO compounds. According to the
XRD results, CuO-NiO compounds changed into Cu-Ni alloy during
the reduction and activation step.

The samples were further analyzed by XPS to determine the
oxidative state of Cuand Ni and the interactions between metal par-
ticles and graphite. Fig. 9 shows the XPS patterns of various samples.
The survey scan spectra indicated the presence of C and O atoms on
the surface of both samples (curves a-c). The oxygen content of GO
was much higher due to the oxidative treatment, while for graphite
it could be explained by a slight atmospheric oxidation. For com-
parison, the binding energy levels of C 1s, O 1s were displayed in
Fig. 9. It could be found that the binding energy of C 1s and O 1s for
NGP stayed at the normal value of 284.58 and 532.52 eV, respec-
tively (Fig. 9(a)). However, they shifted to 285 eV of C 1s and 533 eV
of O 1s for GO (Fig. 9(b)). The 0.42 and 0.48 eV positive shifts, pre-
sumably due to the changes of chemical environments on graphite
surface (owing to introduction of some oxygen functional groups
such as hydroxyl and epoxide groups). After being reduced by Hs,
the binding energy shift for C 1s and O 1s, from 285 to 284.68 eV of
C1sand 533 to532eV of O 1s in Cu-Ni/graphite (Fig. 9(c)) could be
observed. The slightly negative shift was attributed to the reduction
of GO. The Cu (spy3) and Ni (spy3), located at 932.8 and 853.5eV,
respectively, were slightly different from those reported in litera-
ture [49]. These differences indicated that some changes in electron
density and chemical environmental of Cu and Ni took place in cata-
lyst preparation. Presumably, it was due to the interactions between
Cu, Ni metals and graphite, as well as the formation of Cu and Ni
alloy. These results could be confirmed by results of XRD and TPR.

4. Proposed reaction mechanisms

Based on the experimental results of this work and that of liter-
atures [50-52], a catalytic cycle for the direct synthesis DMC from
CH30H and CO, using the catalyst can be proposed in Fig. 10. M is Cu
or Nior Cuand Ni alloy. The catalytic cycle has three steps: (i) activa-
tion of CH30H on M surface to form CH3O-species; (ii) activation of
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Fig. 10. Possible catalytic mechanism for direct synthesis DMC from CH3;0H and
CO, over Cu-Ni/graphite nanocomposite catalyst.

CO, on M surface to form —C=O0 species, and (iii) reactions between
the resulting CH3O— species and —C=0 species leading to DMC and
regeneration of M. Electron transfer might play an important role in
the activation of reactants and formation of DMC. Selection of a suit-
able supporting material with extraordinary electronic transport
properties will likely favor the reaction.

Although the mechanism of the reaction is not well understood,
especially for the activation mechanism of reactant over the synthe-
sized catalyst, itis believed that the synergetic effects of metal Cu, Ni
and Cu-Ni alloy in the activation of CH3OH and CO, likely play a sig-
nificantrole. Moreover, the characteristics and structure of graphite
could be very important. GO is multifunctional inorganic mate-
rial with many functional groups and loose carbon sheets, which
may facilitate the dispersion of copper and nickel atoms, lead-
ing to higher surface area of active metal. Moreover, the graphite
sheets have extraordinary electronic transporting properties and
high electronic conductivity, and may induce electronic perturba-
tions in the metallic components, changes the electronic balance of
metal-support system, and thus improves metal-support interac-
tion, and affect the reactivity and selectivity of chemical reactions.
Moreover, low carbonic electro-negativity of graphite makes elec-
trons in the graphite can be released easily, which is a key factor in
the activation of CO,.

5. Conclusions

Based on the experimental results, we draw the following con-
clusions:

(1) Cu-Ni/graphite catalysts are effective in direct synthesis of DMC
from CH30H and CO,. Under the optimal reaction condition of
378K and 1.2 MPa, the highest DMC yield was higher than 9.0%
and the selectivity of DMC was higher than 88.0%.

(2) Cu-Ni alloy was formed partly in the reduction and activation
step. Metal phase of Cu, Ni and Cu-Ni alloy co-existed in the
synthesized catalyst. The synergetic effects of metal Cu, Ni and
Cu-Ni alloy played an important role in the activation of CH;OH
and CO,. In addition, the particular character of graphite, mod-
erate Cu-Ni-graphite interactions, and the dispersing states of
metal particles also contributed to the observed catalytic activ-

1ty.

(3) Graphite as a novel support used widely in heterogeneous cat-
alytic processes will trigger more intense research in catalytic
synthesis of DMC. Further improvement in the DMC yield and
acceleration of the reaction rate may provide a practical solu-
tion to CO, utilization. Compared to the scientific progress in
direct synthesis of DMC reported by peers, the findings of this
paper can be considered as a breakthrough.
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