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ARTICLE INFO ABSTRACT

Keywords: N-doped carbon nanotubes (NCNTs) with different contents of N were prepared by pre-oxidation and subsequent
Nitrogen containing groups N-doping strategy and employed as the supports to fabricate Cu-based catalysts for oxidative carbonylation of
Di513€r51_011 methanol. The supports and their corresponding catalysts were characterized thoroughly by BET, XPS, XRD, H,-
Interaction TPR, TEM, N,O chemisorption, CO-TPD, CH3OH-TPD and ICP-OES measurements. It is found that the increase of
Promotion .. s . . .

Stabilization oxygen containing groups generated by pre-oxidation can effectively improve the content of the nitrogen con-

taining groups during the subsequent N-doping process. The nitrogen containing groups, especially the pyridine
N groups, serving as the preferred anchoring site, significantly promotes the dispersion of Cu species. With the
increased content of N from 0 to 5.2%, the dispersion of Cu species increases from 11.0 to 21.6% and the space
time yield of DMC increases from 150.5 to 1789.6 mg g~ 'h™'. Moreover, the incorporation of nitrogen con-
taining groups enhances the interaction between Cu species and CNT support, which suppresses the auto-re-
duction of Cu?* to Cu™ and Cu®, while improves the anti-agglomeration, anti-oxidation and anti-leaching
properties of Cu species. From the perspective of stability, the space time yield of DMC for Cu/CNT decreases
from 150.5 to 86.9mg g~ ' h ™! after four consecutive runs, while that of Cu/NCNT200 slightly decreases from
1789.6 to 1557.9mgg~ ' h™ !, and the declined degrees are 42.3% and 12.9%, respectively. The superior dis-
persion, anti-agglomeration, anti-oxidation and anti-leaching properties of Cu species as well as the promotion
effect of pyridine N groups are contributed to the increased activity and stability of the Cu/NCNT200 catalyst.

Oxidative carbonylation

1. Introduction

With the shortage of nature resources and pressure from environ-
ment issues, the production of green chemicals is gaining momentum in
recent years, which demands us to develop green catalysts as well as
eco-friendly and efficient synthetic routes. Dimethyl carbonate (DMC),
an environmentally benign chemical, has been widely applied in the
organic synthesis, as electrolytes in lithium ion batteries, and the pro-
spective fuel additive, because of its low toxicity and bioaccumulation
as well as excellent biodegradability, solubility and reactivity [1,2].
Among many synthesis routes, the oxidative carbonylation of methanol
to DMC (2CH30H + CO + 1/20, — (CH30),CO + H,0) is considered
as a promising approach due to its less environmental impact, prefer-
able thermodynamics and high atom utilization rate [3-5].

The carbon supported CuCl, CuCl, and CuCl,-PdCl, catalysts show
high initial activity and selectivity, however, the Cl~ is easily eluted
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during the reaction process, which subsequently results in deactivation
of the catalysts, corrosion of equipment and also pollution of the en-
vironment [6-8]. Moreover, HCl is needed to supplement in the in-
dustrial production process to retard the deactivation of catalysts,
which inevitably increases the security risks. Considering this, great
attention has been paid to develop Cl~ free Cu-based catalysts.

The carbon supported Cu and CuO, catalysts exhibit the catalytic
activities comparable with that of Cl-containing ones and are con-
sidered as the “green” catalysts [9]. It is reported that the catalytic
activities of Cu and Cu,O are better than that of CuO, therefore, great
efforts have been made to improve the content or the dispersion of Cu
and Cu,O [10-12]. Generally, the precursors of the catalysts firstly
decompose and form CuO, which is subsequently reduced to Cu and
Cu,0 by carbon supports [13,14]. The increase of calcination tem-
perature can promote the reduction of CuO to Cu,O or Cu, however,
high calcination temperature leads to the decrease of dispersion and
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hence activity of the Cu species [14-16]. An efficient strategy to
overcome that is the incorporation of surface oxygen containing groups
on carbon support, which can act as anchoring sites to improve the
dispersion of Cu species and also promote the reduction of CuO to Cu,0
or Cu during the calcination process resulting in the improved catalytic
activity [12,17]. However, the agglomeration and oxidation of Cu
species occur easily during the reaction, resulting in the deactivation of
catalysts [9,12,18]. Hence, obtaining the catalyst with higher catalytic
activity and stability still remains the formidable challenge in state-of-
the-art Cu based catalyst.

In recent years, N-doped carbon materials as the support have at-
tracted much attention due to their unique properties [19-21]. The
incorporation of surface nitrogen containing groups can enhance the
hydrophilicity of carbon support, which allows the easy access of metal
salt solutions to carbon surface [22]. Moreover, the surface nitrogen
containing groups are regarded as more efficient and stable anchoring
sites for metal species than the surface oxygen containing groups [23].
The surface oxygen containing groups, especially the carboxylic groups,
could decompose during the calcination process resulting in the ag-
gregation of metal species [24,25]. Whereas, the surface nitrogen
containing groups play a crucial role in the stabilization of metal spe-
cies [26-31]. Li et al. [29] concluded that the surface nitrogen con-
taining groups inhibited the reduction of active center Au>* to Au’
during the calcinations and acetylene hydrochlorination process, thus
improved the catalytic activity and stability of Au/AC. Chen et al. [27]
reported that the surface nitrogen containing groups on CNT improved
the resistance of metallic Co against oxidation in ambient atmosphere.
Bulusheva et al. [30] found that the surface nitrogen containing groups
on CNF prevented the aggregation of Pt during the reaction process and
thereby led to an excellent stability for hydrogen production from
formic acid. Cabrele et al. [26] revealed that the surface nitrogen
containing groups on CNT had successfully suppressed the leaching of
Cu and thus improved the catalytic stability for A%-type coupling re-
actions.

This supports the fact that N-doping on carbon support could sig-
nificantly overcome the limitations, viz., oxidation, aggregation and
leaching of Cu species during the liquid phase oxidative carbonylation
process. Generally, direct N-doping of the pristine carbon support re-
sults in low content of nitrogen containing groups due to the chemical
inertness [28,32]. In the present work, we report a facile and efficient
strategy to tune the contents of surface nitrogen containing groups on
CNT by pre-oxidation and subsequent N-doping. The catalytic activity
and stability of the obtained Cu/CNT catalysts are evaluated for liquid
phase oxidative carbonylation of methanol to DMC. The influence of
surface nitrogen containing groups on the dispersion and composition
of Cu species as well as its stabilization during the oxidative carbony-
lation reaction are disclosed.

2. Experimental
2.1. Surface modification of the supports

2.1.1. Hydrothermal oxidation of the supports

The carbon nanotube (CNT, 0.5-2um long, ID = 5-10nm,
OD = 20-30 nm) was purchased from Chengdu Organic Chem. Co. Ltd.
(Chinese Academy of Sciences). 1.5 g CNT was added into 75 mL nitric
acid solution (0.5 mol/L) and the mixture was transferred to stainless
steel autoclave for hydrothermal oxidative treatment. Firstly, the au-
toclave was sealed and pressurized to 0.8 Mpa with nitrogen.
Subsequently, the temperature was gradually raised to 170 °C or 200 °C
at a ramping rate of 2 °C/min and maintained for 4 h under stirring at a
speed of 300 r/min. Then, the autoclave was cooled to RT and de-
pressurized. The mixture was filtered and washed by distilled water
until pH = 7. This was followed by drying in an oven at 100 °C for 10 h.
The pristine CNT sample was denoted as CNT, while the oxidized CNT
samples were denoted as OCNTX, where X represented the temperature
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of hydrothermal oxidative treatment.

2.1.2. High temperature N-doping of the supports

Typically, 1 g CNT or OCNTX sample was ground with melamine
keeping the mass ratio of melamine to CNT of 4. The mixture was an-
nealed at 700 °C for 4h in nitrogen atmosphere at a ramping rate of
2°C/min. Finally, the N-doped CNT sample was washed by distilled
water, filtered and dried at 100 °C for 10 h. The sample for N-doping of
pristine CNT was denoted as NCNT, while the samples for N-doping of
OCNTX were denoted as NCNTX, where X represents the temperature of
hydrothermal oxidative treatment.

2.2. Preparation of the catalysts

The catalysts with 8 wt.% Cu loadings (nominal) were prepared
using ultrasonic assisted impregnation. Firstly, 10 mL of Cu(NOs),
aqueous solution was added dropwise to CNT supports. Subsequently,
the mixture was ultrasonicated and stirred for 0.5 h followed by drying
at 40 °C for 10 h and then calcined at 350 °C for 4 h in nitrogen atmo-
sphere at a ramping rate of 2 °C/min. According to the different CNT
supports, the obtained catalysts were denoted as Cu/CNT, Cu/NCNT,
Cu/OCNTX and Cu/NCNTX.

2.3. Characterization of the supports and catalysts

The N, adsorption-desorption measurements were performed on a
Beishide 3H-2000PS2 apparatus at —196 °C after outgassing the sam-
ples under vacuum at 250 °C for 4 h. The specific surface area of the
samples were calculated by the Brunauer-Emmett-Teller (BET) method,
and the pore size distribution was measured using the Barrett-Joyner-
Halenda (BJH) model.

The X-ray photoelectron spectroscopy (XPS) data was collected on
an ESCALab220i-XL electron spectrometer (VG, UK) using 300 W AlKa
radiation. The samples were compressed into a pellet of 2 mm thickness
and then mounted on a sample holder by utilizing double-sided ad-
hesive tape for XPS analysis. The sample holder was then placed into a
fast entry air load-lock chamber without exposure to air and evacuated
under vacuum (< 10~° Torr) over night. Finally, the sample holder
was transferred to the analysis chamber for XPS study. The base pres-
sure inside the analysis chamber was usually maintained at better than
10~ '° Torr. The C1 s line (284.6 V) was taken as a reference to correct
for electrostatic charging.

The X-ray diffraction (XRD) measurements were performed on a
Bruker D4 X-ray diffractometer with Ni filtered Cu Ka radiation (40 kV,
30 mA). The patterns were recorded in steps of 0.01° with the scanning
rate at 4°/min from 5° to 85° under atmospheric pressure.

The actual Cu loading of the catalyst was determined with an in-
ductively coupled plasma-optical emission spectrometer (ICP-OES 730,
Agilent 7700). Before the measurements, ca. 100 mg prepared sample
was dissolved in the mixture solutions with 0.5 mL hydrofluoric acid
(40 wt %) and 2 mL concentrated nitric acid (65wt %).

The transmission electron microscopy (TEM) photographs were
taken with a JEOL JEM-2100 electron microscope, operating at 200 kV.
The powder samples were ultrasonically dispersed in ethanol at room
temperature for 30 min and transferred onto a carbon-coated copper
grid by dipping. The mean particle diameters were determined by nano
measurer software from TEM image analysis. Generally, at least 50 Cu
nanoparticles per sample were selected to estimate their size distribu-
tion and the average particle size of Cu species.

The temperature-programmed reduction (TPR) experiments were
carried out on Micromeritics Autochem 2920 equipment. Typically,
25mg of catalyst was loaded into a U-shape quartz autoclave, and
sample was degasified with argon (20 mL/min) at 200 °C for 2 h to re-
move physisorbed moisture. After cooling to room temperature, the gas
was switched to 10% H, in argon flow (20 mL/min), and the tem-
perature rose from 50 to 900°C with a heating rate of 10 °C/min.
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Fig. 1. N, adsorption-desorption isotherms of supports and the corresponding catalysts.

Effluent gas was passed through a cold trap to trap moisture in effluent
gas before reaching the thermal conductivity detector (TCD).

The CH30H temperature-programmed desorption (CH30H-TPD)
experiment was performed on a Micromeritics Autochem 2920 equip-
ment. The sample was first degassed at 200 °C under helium flow
(50 mL/min) for 1h. After degassing, the temperature of the sample
was maintained at 100 °C. CH3OH steam was then introduced to the
sample cell (He as carrier gas) to allow the sample to absorb CH3;0H
until saturated and then flushed with He to remove all physically ad-
sorbed molecules. The temperature of the sample was raised from
100 °C to 300 °C at a rate of 10 °C/min. The methanol released from the
sample was continuously monitored by TCD.

The CO temperature-programmed desorption (CO-TPD) experiment
was performed on a Micromeritics Autochem 2920 equipment. The
sample was first degassed at 140 °C under helium flow (50 mL/min) for
1 h. 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 rate of 10 °C/min in He flow.
The released CO from the sample was continuously monitored by TCD.

The total specific surface area and dispersion of Cu species were
determined by N,O titration in the same apparatus as for TPR. Firstly,
the fresh catalysts were first reduced in the procedure described in the
TPR experiment in a 10% H,/Ar mixture until 450 °C and the reactor
was purged with Ny to 50 °C. Then N,O was used to oxidize surface
copper atoms to Cu,O (s). The specific surface area of Cu was performed
by N-O dissociative adsorption on the surface of copper with the pulse
titration method based on the following equations: 2Cu (s) + N,O—
N3+ Cus0 (s). The evolution of N, was analyzed by thermal con-
ductivity detector (TCD) to detect the consumption of N,O (X).
Scu = 2XNa(1 +a)/1.4ax 10'°(m?/gc,), where, N, is Avogadro’s con-
stant, 1.4 x 10'° is the number of Cu atoms per square meter [33], a is
the actual copper loading determined by ICP = mc,/mcnr (%). Dis-
persion, D = 2XMc, (1 +a)/a, where, M, is the relative atomic mass of
copper (63.46 g/mol).

2.4. Catalytic evaluation

The catalytic performance for liquid-phase oxidative carbonylation
of methanol was evaluated in a 250 mL stainless-steel high-pressure
autoclave under continuous mechanical stirring. Typically, 30 mL me-
thanol and 0.3 g catalysts were placed into a stainless-steel autoclave.
The autoclave was sealed and subsequently pressurized with CO up to
2 MPa and then by O, up to 3 MPa (Pco: Py ratio of 2:1). The reaction
temperature was gradually raised to 110 °C and maintained for 1.5h.
The liquid-phase samples and the catalysts were obtained by filtration
after the autoclave was cooled to room temperature and depressurized.
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The liquid-phase samples including dimethyl carbonate (DMC), me-
thanol (MeOH), methyl formate (MF) and dimethoxymethane (DMM)
were detected using an Agilent 6890 GC instrument equipped with FID
detector. The response factor was defined as area/mole percent and that
of DMC, MeOH, MF and DMM were 1.0257 X 10%, 7.1093 x 10,
7.9139 x 10% and 1.7359 x 103, respectively. To evaluate the stability
of the catalysts, the catalysts were evaluated by repeating the experi-
ment four times under the same conditions. The conversion of methanol
(Cmeon), the selectivity (Spmc) and the space-time yield of DMC
(STYpmc) were defined as follows:

Amount of methanol converted (mol)

C = X 100%
MeOH Total amount of methanol (mol) 0
Souc = 2 x Amount of DMC product(mol) % 100%
Amount of methanol converted (mol)
STYouc = Amount of DMC product(mg)

Amount of catalyst(g)-t(h)

The turnover frequency of DMC (TOF) and the formation rate of
DMC (Rpwmc) were defined as follows:

_ Amount of DMC product (mol)
- NnegXt

TOF

Amount of DMC product(mol)

Rate = Scaxt

3. Results and discussion
3.1. Textural properties of the supports and catalysts

The N, sorption isotherms of all the supports (Fig. 1) are classified
as type IV with an obvious hysteresis loop at high relative pressures,
indicating the presence of mesopores in the samples [34]. The similar
N, sorption isotherms were observed for catalysts, suggesting the re-
tention of CNT structure upon Cu loading. The detailed textual prop-
erties of supports and catalysts are summarized in the Table 1. The
surface area and pore volume of NCNT, NCNT170, NCNT200, and
OCNT200 are lower than that of CNT. This is mainly due to the in-
troduction of surface oxygen or nitrogen containing groups upon che-
mical modification, which possibly blocks the entry of N, inside the
pores [35,36]. The surface area, pore volume and average pore size of
the supports decrease obviously after Cu loading, mainly owing to
blocking of pores of the support upon the introduction of Cu species
during the catalyst preparation [24,37]. Especially for CNT, the surface
area and pore volume are 180 m?/g and 0.85cm®/g, while after Cu
loading, the two parameters significantly decrease to 120 m?/g, and
0.58 cm®/g, respectively.
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Table 1
Textural properties of the supports and catalysts.

Samples BET Surface area Pore volume Average pore size
m?g™" (em®g™h (nm)
CNT 180 0.85 12.81
NCNT 171 0.83 12.60
NCNT170 136 0.75 15.19
NCNT200 134 0.65 13.08
OCNT200 147 0.71 13.02
Cu/CNT 120 0.58 12.31
Cu/NCNT 155 0.69 11.67
Cu/NCNT170 122 0.60 12.94
Cu/NCNT200 111 0.52 11.54
Cu/OCNT200 129 0.58 12.12

3.2. Surface chemistry of the supports

The surface chemistry of supports before and after Cu loading was
characterized by XPS and the detailed results are listed in Table 2. The
XPS survey spectra of supports are given in Fig. 2A. The peaks of Cl s
and O1 s are detected in all supports, while the peak of N1 s is detected
in N-doped supports including NCNT, NCNT170 and NCNT200. The
peak intensity of O1 s increases with the elevated temperature of oxi-
dative treatment, and the O atom percentage increases from 5.5% of
CNT to 10.6% of OCNT200 (Table 2). This indicates that elevating the
temperature of oxidative treatment could improve surface oxygen
containing groups of support, which is consistent with the study re-
ported by Silva et.al [38]. It is also seen from Fig. 2A that the peak
intensity of N1 s increases with the O atom content of supports before
N-doping, and the N atom percentage increases from 1.5% of NCNT to
5.2% of NCNT200 (Table 2). This evidently proves that the increase of
surface oxygen containing groups of supports can effectively improve
the nitrogen containing groups during the subsequent N-doping pro-
cess. The reason may be the decomposition of surface oxygen con-
taining groups could activate the adjacent C atom during the N-doping
process, which is beneficial to the substitution C atom for N atom
[39,40]. The corresponding elemental mapping images of Cu/NCNT200
(Fig. 5) indicates that N is homogeneously doped on the surface of
NCNT200.

In order to demonstrate the anchoring effect of surface nitrogen
containing groups for Cu species, the high-resolution N 1s spectra of
supports (NCNT, NCNT170, NCNT200) and catalysts (Cu/NCNT, Cu/
NCNT170, Cu/NCNT200) are presented in Fig. 2B and 2C. As presented
in Fig. 2B, the binding energy centered at 398.2eV, 399.7 eV and
404.2 eV corresponds to the pyridine N (N-6), pyrrole N (N-5) and
pyridine oxide-N (N-O), respectively [41,42]. It is found that N-doping
of CNT generates N-6 and N-5 groups, while N-doping of the oxidized
CNT (OCNT170, OCNT200) introduces N-6, N-5 and N-O groups. The
nitrogen containing groups are considered as anchoring sites for metal
species, if the metal nanoparticles are selectively anchored on some
kinds of nitrogen containing groups, the content of these groups would
decrease after loading of metal species [43]. As seen from Fig. 2C, the

Table 2
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contents of N-6 and N-O groups decrease while that of N-5 groups in-
crease after Cu loading. Especially for NCNT200, the contents of N-6
and N-O groups significantly decrease from 47.5% to 32.9% and from
31.0% to 18.1%, respectively, while the content of N-5 groups appar-
ently increases from 21.5% to 49.0% (Table 2). This strongly support
the inference that Cu species prefer to anchor on the N-6 and N-O
groups rather than N-5.

3.3. XRD and TEM of the fresh catalysts

The XRD patterns of the fresh catalysts are shown in Fig. 3. The
peaks at 26.1° and 43.1° correspond to the lattice planes of (002) and
(100) of graphite structure in CNT (JCPDS. 41-1487). The peaks at
35.4°, 38.7°, 48.8° and 53.7° are attributed to the lattice planes of (002),
(111), (202), and (020) in CuO (JCPDS. 44-0706), respectively, while
the peaks at 61.5° and 65.7° are related to the lattice planes of (220)
and (221) of Cu,O (JCPDS. 05-0667). As shown in Fig. 3, the char-
acteristic peaks of CuO are more intense than that of Cu,O indicating
the dominated Cu species are CuO in all the catalysts. Besides, it is clear
that the intensity and width of characteristic peaks of CuO and Cu,O
tend to vary with the supports. It is found for all the catalysts that the
peak width of CuO and Cu,O broadens, while the peak intensity de-
clines notably, after CNT treated by oxidation or N-doping when
compared with Cu/CNT. This result suggests that oxidation or N-doping
of CNT is favorable to the increased dispersion state of Cu species.

The dispersion state of Cu species was further characterized by TEM
(Fig. 4) analysis. The particle size distribution and the average particle
size are obtained by statistics at least 50 particles of each catalysts. As
presented in Fig. 4(a), most of Cu species aggregate on the opening of
CNT resulting in the formation of large Cu species particles except a
small quantity of tiny particles. This is mainly due to the lack of an-
choring sites for Cu species on the surface of CNT. However, for the
CNT treated by oxidation or N-doping, the Cu species are uniformly
dispersed on the surface with the particle size smaller than 5nm
(Fig. 4(b)-(e)). The XPS results show that oxidation or N-doping of CNT
generates more surface oxygen or nitrogen containing groups, which
enhances the hydrophily of CNT allowing the easy access of solutions
during the impregnation process, meanwhile, provides the additional
anchoring sites for metal species [22,44], and thus improves the dis-
persion of Cu species. The corresponding element mapping images of
Cu/NCNT200 are presented in Fig. 5, which suggests that Cu species are
homogeneously dispersed on the surface of NCNT200.

As presented in Fig. 4, the particle size distribution of Cu species
becomes narrower and the average particle size gradually reduces with
the increasing content of N. The average particle size of Cu species
drastically decreases from 10.5 to 2.6 nm with the increasing content of
N from O to 5.2%. Furthermore, the total contents of N and O for
NCNT170 are 5.5%, while the content of O for OCNT200 is 10.5%. By
comparison the particle size of Cu species for Cu/NCNT170 (3.8 nm)
and that for Cu/OCNT200 (4.4 nm), it can be deduced that the surface
nitrogen containing groups are more effective than oxygen containing
groups for well dispersion of Cu species, which is also observed in our

Surface compositions of carbon, oxygen and nitrogen for the samples obtained by XPS.

Samples element composition (at.%) percentage of different N containing groups (%)
C (0] N before Cu loading after Cu loading

N-6 N-5 N-O N-6 N-5 N-O
CNT 94.5 5.5 - - - - - - -
NCNT 90.4 8.1 1.5 38.8 61.2 - 20.7 79.3 -
OCNT170 92.2 7.8 - - - - - - -
NCNT170 94.5 2.4 3.1 33.4 46.7 19.9 29.3 58.3 12.4
OCNT200 89.4 10.6 - - - - - - -
NCNT200 89.1 5.7 5.2 47.5 21.5 31.0 32.9 49.0 18.1
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Fig. 3. XRD patterns of the fresh catalysts.

previous study [45]. The dispersion and surface area of Cu species were
further quantitatively characterized by N,O titration method as listed in
Table 3. The dispersion and surface area of Cu species are largely de-
pendent on the surface groups, and it apparently increases from 11.0%
and 74.3 mz/gcu to 21.6% and 146.6 rnz/gCu, respectively, with the
increasing content of N from 0 to 5.2%. This result is consistent with the
XRD and TEM characterizations suggesting that the incorporation of
surface nitrogen containing groups of CNT is an efficient strategy to
improve the dispersion of Cu species.

3.4. XPS and TPR of the fresh catalysts

The surface composition of Cu species for catalysts was determined
by XPS characterization. The Cu 2p3,» XPS spectra and their gaussian
fitting figures of catalysts are presented in Fig. 6. The Cu 2p3,, spectra
could be fitted into two peaks corresponding to Cu®>* and (Cu™ +Cu®)
for each catalysts. The binding energy in the range of 933.9-934.4 eV is
assigned to Cu®*, while that in the range of 932.1-932.9eV is

22
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attributed to (Cu* +Cu®) [46,47]. The percentage of the area of the
peaks represents the relative amount of Cu®>* and (Cu™ +Cu®) on the
surface, and the result is presented in Table 4. The percentage of
(Cu™ +Cu®) increases after CNT treated by oxidation while declines
after CNT treated by N-doping. Generally, the precursor of catalyst
firstly decomposes to CuO during the calcination process, which is
subsequently reduced to Cu,O and Cu by carbon support [13,14]. It is
found that the incorporation of oxygen containing groups on activated
carbon promotes the auto-reduction of CuO to CuO and Cu [12]. Be-
sides, Yang et al. [44] found that the incorporation of oxygen con-
taining groups on ordered mesoporous carbon promoted the auto-re-
duction of CoO to Co. Our results are in good agreement with these
reports. On the other hand, it is noteworthy that the percentage of
(Cu* +Cu® gradually decreases from 38.0 to 29.2% with the in-
creasing content of N from 0 to 5.2%. Similarly, Yang et al. [43] re-
ported that the incorporation of nitrogen containing groups on ordered
mesoporous carbons had improved the temperature of auto-reduction
for CoO, which was detrimental for the auto-reduction of CoO to Co.
This result implies that the incorporation of nitrogen containing groups
enhances the interaction between CuO and CNT, which suppresses the
auto-reduction of CuO to Cu,O and Cu during the calcination process.

The H,-TPR was carried out to elucidate the bulk compositions and
the state of Cu species of the catalysts. As shown in Fig. 7, all the cat-
alysts exhibit one obvious peak with temperature lower than 250 °C,
which is assigned to the reduction of CuO [48]. Besides, this very weak
peak at the temperature higher than 500 °C is attributed to the gasifi-
cation of the carbon support [49]. It is apparent that the dominated Cu
species are CuO in these catalysts, which is consistent with the XRD and
XPS characterizations. It should be noted that Cu,O was detected by
XRD and XPS characterizations, however, no obvious reduction peak
for Cu,0 is observed in the H,-TPR profiles of these catalysts. This
suggests the presence of low concentration of Cu,O on the surface of
these catalysts. Furthermore, after the treatment of CNT by oxidation or
N-doping, the reduction temperature of CuO becomes lower following
the sequence: Cu/CNT (214.4°C) > Cu/OCNT200 (190.6°C) = Cu/
NCNT (189.6 °C) > Cu/NCNT170 (180.6 °C) > Cu/NCNT200
(177.4°C). Generally, the reduction temperature of metal species is
closely related to its dispersion state over support, and the metal species
with higher dispersion are more easily reduced in H, atmosphere
[44,48,50,51]. This is due to the fact that the incorporated surface
oxygen or nitrogen containing groups enhances the interaction between
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Fig. 4. Representative TEM images and particle size distribution histograms of the fresh catalysts (a) Cu/CNT, (b) Cu/NCNT, (c) Cu/NCNT170, (d) Cu/NCNT200, (e)

Cu/OCNT200.

the support and the precursor resulting in the formation of smaller CuO
particles, which is in good agreement with the TEM and N,O titration
analyses of the catalysts.
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3.5. Catalytic activity and stability

The catalytic performance of catalysts for liquid phase oxidative
carbonylation of methanol is given in Table 5. It is well known that the
dispersion of Cu species plays a crucial role on the catalytic perfor-
mance of catalysts for oxidative carbonylation of methanol
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Fig. 5. Representative STEM images of Cu/NCNT200 and corresponding elemental mapping images of C, O, N and Cu elements.

Table 3
Surface areas and dispersion of Cu species determined by N,O titration.

Samples Cu dispersion(%) Scu (M2/gcy)
Cu/CNT 11.0 74.3
Cu/NCNT 13.7 92.8
Cu/NCNT170 16.1 108.8
Cu/NCNT200 21.6 146.6
Cu/OCNT200 14.5 98.2

[12,15,18,52]. As seen form Table 5, the Cu/CNT catalyst shows poor
catalytic performance. The conversion of methanol (Cygon), selectivity
of DMC (Spmc) and space-time yield of DMC (STYpymc) are 0.25%,
80.6% and 150.5mgg~'h™?!, respectively. However, dramatic im-
provement of catalytic performance is observed in terms of Cygon, Spmc
and STYpyc, after the modification of CNT by oxidation or N-doping.
This is mainly due to the increased dispersion of Cu species upon
modifications as evidenced from TEM and N,O titration. For the Cu/
OCNT200 catalyst, the Cyron and STYpyc reach 1.3% and 873.0 mg
¢ 'h™!, which are five times more than that of Cu/CNT catalyst. For
the N-doped catalysts, the Cygon and STYpyc for Cu/NCNT, Cu/
NCNT170 and Cu/NCNT200 are four times, six times and ten times
more than that of Cu/CNT catalyst, respectively. Among these catalysts,
Cu/NCNT200 shows the optimal catalytic performance, and the Cyron
and STYpyc achieve 2.4% and 1789.6 mgg~'h~!, which are nearly
twice as that of Cu/OCNT200.

The catalytic performances of other Cu-based catalysts reported
previously are also presented in Table 5 for comparison. It is worth
noticing that Cu species are mainly present in the form of CuO in this
study, while the dominated Cu species were Cu,0 or Cu in the recently
reported studies [10,11,52-54]. In general, the catalytic performance of
Cu,0 or Cu is better than that of CuO [14,16]. Even though, it is ap-
parent that Cu/NCNT200 shows better catalytic performance than Cu/
MSC [53], Cu/NG [54] and Cu@NHCSs [52] in terms of STYpyc and
TOF. The result may be due to the fact that the particle size of Cu
species in Cu/NCNT200 (2.6 nm) is much smaller than that of Cu/MSC
(3.8 nm), Cu/NG (7.5nm) and Cu@NHCSs (7.4 nm) [52-54], and the
activity of Cu species with small particle size is better than that with
larger ones.

In addition to the particle size effect, the promoting effect of surface
nitrogen containing groups should be taken into consideration too. It
has been proved that incorporation of surface nitrogen containing
groups enhanced the charge transfer of Cu species to graphene resulting
in the decrease of gas adsorption free energy [54]. Recently, the reac-
tion mechanism of Cu, Cu,O and CuO for oxidative carbonylation of
methanol to DMC has been proposed successively [55-57]. The reaction
mechanisms of Cu and Cu,O are the same and proceed according to the
following steps. Firstly, CH3OH is adsorbed and dissociated with the
formation of CH30 species. Secondly, adsorption and insertion of
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carbon monoxide into the CH30 species lead to the formation of
CH30CO species as an intermediate, which is the rate-limiting step of
DMC formation. At the end, the CH3;0CO species react with CH30
species to form DMC [55,57]. However, the reaction mechanism of CuO
is different from that of Cu and Cu,O. Firstly, CH;OH is adsorbed and
dissociated with the formation of CH30 species. Then, two CH30 spe-
cies react and form (CHsO0), species as an intermediate. At last, ad-
sorption and insertion of carbon monoxide into the (CH30), species
lead to the formation of DMC, which is the rate-limiting step of DMC
formation [56]. From the viewpoint of reaction mechanism, the ad-
sorption properties of CO and CH;0H play a vital role on the catalytic
performance of the catalysts. Considering that, CO-TPD and CH;OH-
TPD characterizations were carried out and the results are presented in
Fig. 8. Obviously, the adsorption capacities of CO and CH3OH are
greatly enhanced after the modification of CNT by oxidation or N-
doping and attain maximum for Cu/NCNT200.

The catalytic performance of Cu species anchored on different ni-
trogen containing groups of graphene is compared by DFT, and the
pyridine N groups are considered as the most efficient anchoring site for
Cu species in oxidative carbonylation of methanol [58]. The N 1s XPS
results of supports and catalysts confirm that Cu species prefer to an-
chor on the pyridine N groups of CNT. Hence, it is reasonable to deduce
that the superior catalytic performance of Cu/NCNT200 is attributed to
the small particle size of Cu species and the promoting effect of pyridine
N groups.

To further explore the influence of surface nitrogen containing
groups, the stability of consecutive four runs was also evaluated and the
results are presented in Table 5. After each cycle, the used catalysts
were collected by filtration and then washed with methanol. After dried
in vacuum overnight, the catalytic performance of catalysts was re-
evaluated under the identical conditions. As seen form Table 5, the
Cumeon, STYpmc and TOF of all catalysts drop to some extent with the
increased number of catalytic cycles. After consecutive four recycles,
the declined degrees in terms of STYpyc for Cu/CNT, Cu/NCNT, Cu/
NCNT170, Cu/NCNT200 and Cu/OCNT200 are 42.3%, 33.4%, 25.2%,
12.9% and 39.8%, respectively, with respect to their initial values
(Fig. 9). While, the declined degrees in terms of TOF for Cu/CNT, Cu/
NCNT, Cu/NCNT170, Cu/NCNT200 and Cu/OCNT200 are 29.4%,
26.3%, 19.2%, 9.7% and 33.7%, respectively. This further supports the
fact that the stability of the catalyst is increased to a great extent upon
modification of CNT with the surface nitrogen containing groups.

3.6. Characterization of the used catalysts

Generally, the agglomeration of Cu species is responsible for the
decline in the catalytic performance of Cu-based catalysts [59]. Since
the reaction of oxidative carbonylation of methanol was performed
under the CO and O, environment, the chemical state of Cu species may
change during the reaction process. As the evaluation of catalytic



G. Zhang, et al. Applied Catalysis A, General 579 (2019) 18-29

fresh Cu/NCNT200

fresh Cu/NCNT170

fresh Cu/NCNT

fresh Cu/CNT

_—
1 1 1 i
Binding energy/eV
Fig. 6. Cu2ps;,» XPS spectra of the fresh catalysts.
Table 4 190.6
Surface Cu compositions of the catalysts based on Cu2ps,» XPS deconvolution.
Cu/OCNT200
Samples BE of Area percentage of Cu2ps,»/% T
Cu2ps/»/eV iy L ———
cu** Cut+cu® Cu** Cut+Cu® R(Cu*+Cu®) =
o Cu/NCNT200
Fresh Cu/CNT 934.2 932.9 62.0 38.0 - ‘E’ 1866
Fresh Cu/NCNT 934.3 932.9 62.9 37.1 - =)
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Table 5
Catalytic performance for liquid-phase oxidative carbonylation of methanol.

Applied Catalysis A, General 579 (2019) 18-29

Catalysts Cwmeon (%) Spmc (%) Spmm (%) Swr (%) STYpmc (mgg ™ h™h) Rate (molm~2s~1)
Cu/CNT™* 0.25 80.6 2.2 17.2 150.5 1.0 x 1077 1.7
Cu/CNT?™ 0.23 72.1 4.1 23.8 125.0 - -
Cu/CNTd 0.20 70.6 10.9 18.5 101.5 - -
Cu/CNT*" 0.17 67.0 2.1 30.9 86.9 - 1.2
Cu/NCNT?*t 1.01 95.1 0.6 4.3 711.3 3.6 x 1077 7.6
Cu/NCNT?™ 0.87 93.7 0.7 5.6 607.7 - -
Cu/NCNT*4 0.78 93.7 0.5 5.8 550.3 - -
Cu/NCNT*® 0.67 94.5 0.4 5.1 473.5 - 5.6
Cu/NCNT170"* 1.71 96.9 0.4 2.7 1241.3 5.0 x 1077 12,5
Cu/NCNT170%™ 1.55 95.9 0.4 3.7 1115.3 - -
Cu/NCNT170%4 1.35 96.8 0.3 2.9 982.6 - -
Cu/NCNT170*™" 1.28 96.5 0.3 3.2 928.5 - 10.1
Cu/NCNT200"* 2.44 97.8 0.3 1.9 1789.6 5.2 %1077 17.6
Cu/NCNT200%™ 2.37 96.8 0.5 2.7 1724.1 - -
Cu/NCNT200% 2.26 97.4 0.3 2.3 1649.7 - -
Cu/NCNT200*" 2.13 97.4 0.4 2.2 1557.9 - 15.9
Cu/OCNT200"* 1.30 89.8 1.5 8.7 873.0 3.9x1077 8.9
Cu/OCNT200%™ 1.06 95.5 0.5 4.0 758.5 - -
Cu/OCNT200% 0.86 92.7 0.6 6.7 594.8 - -
Cu/OCNT200*" 0.75 93.8 0.5 5.7 525.0 - 5.9
Cu/MSC [53] 1.5 89.2 - - 495.1 - -
Cu/NG [54] 3.1 97.6 0.4 2.0 1665.0 - 16.9
Cu@NHCSs [52] 2.1 96.6 1.3 2.1 1528.0 - 11.0

performance of catalysts was carried out under stirring condition, the 2400

leaching of Cu may occur during the reaction process. Hence, the dis- s @ Cu/CNT (ZZZ) Cu/NCNT

persion state, chemical state and content of Cu species of the used 2000 B Cu/NCNT170 (28 Cu/NCNT200

Cu/OCNT200

catalysts after consecutive four recycles were further characterized by
TEM, XPS and ICP.

Fig. 10 shows the representative TEM images of the used catalysts.
Significant agglomeration of Cu species is observed for the used Cu/
CNT (Fig. 10a). It is apparent that the degree of agglomeration is de-
creased upon incorporation of surface oxygen or nitrogen containing
groups. As presented in Fig. 10b and Fig. 10e, the slight agglomeration
is observed for the used Cu/OCNT200 and Cu/NCNT. It should be noted
that no obvious agglomeration is found in the used Cu/NCNT170 and
Cu/NCNT200 (Fig. 10c and Fig. 10d) and the average particle size of Cu
species slightly increases from 3.8 to 5.5nm and 2.6 to 2.8 nm, re-
spectively. This result suggests that the incorporation of surface ni-
trogen containing groups effectively suppresses the agglomeration and
growing of Cu species, and this effect becomes more remarkable for
those with higher content of N.

The actual Cu loading of catalysts before and after reaction were
analyzed by ICP-OES as presented in Fig. 11. It is observed that the
actual Cu loading of fresh catalysts increases with the increasing

A
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content of N, and that attains the highest (7.8%) when the content of N
is 5.2%, which is very close to the nominal Cu loading (8.0%). This is a
result of the increased anchoring sites originating from surface nitrogen
containing groups. The content of Cu drops to some extent for all cat-
alysts indicating the leaching of Cu occurred during the reaction pro-
cess. The leaching levels of Cu for Cu/CNT, Cu/NCNT, Cu/NCNT170,
Cu/NCNT200 and Cu/OCNT200 are 16.4%, 9.9%, 7.1%, 3.8% and
7.0%, respectively. This suggests that the incorporation of surface ni-
trogen containing groups effectively suppresses the leaching of Cu
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species due to the enhanced interaction between CNT and Cu species,
especially for those with higher content of N.

In general, the catalytic reaction proceeds on the surface of cata-
lysts, and hence the analysis of change for surface Cu species is essential
to better understand the decline of the catalytic performance. The Cu
2p3,2 XPS spectra and their gaussian fitting figures of the used catalysts
are presented in Fig. 12. It is found that the content of (Cu™ +cu®)
decreases while that of Cu?* increases for all the catalysts after reaction
(Table 4). This result indicates that the Cu species tend to be oxidized
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Fig. 12. Cu2p3,, XPS spectra of the used catalysts.

rather than reduced during the reaction. Moreover, the degree of oxi-
dation varies with the change of surface groups. The decreasing extents
of (Cu™ +Cu® for Cu/CNT, Cu/NCNT, Cu/NCNT170, Cu/NCNT200
and Cu/OCNT200 are 35.8%, 13.7%, 10.2%, 1.7% and 34.2%, re-
spectively. This result proves that the increase of surface nitrogen
containing groups effectively suppresses the oxidation of Cu species
during the reaction process.

Chen et al. [27] found that the incorporation of surface nitrogen
containing groups on CNT improved the resistance of metallic Co

28

Applied Catalysis A, General 579 (2019) 18-29

against oxidation in ambient atmosphere. Recently, Wang et al. [60]
revealed that Ru nanoparticles supported on N-doped hierarchically
porous carbon were stable even aging in air for one year. Our results are
consistent with these reports. The possible reason is that the enriched
electron density of nitrogen containing groups has inhibited electron
transfer from Cu,O to O, and thus suppressed the oxidation of Cu
species. It is noteworthy that the dominated Cu species are CuO in this
study, however, the activity of surface Cu,O of catalysts should not be
ignored. Therefore, the oxidation of Cu species is also considered as one
of the factors leading to the decline in catalytic performance. Based on
the factors discussed above, it can be deduced that the superior stability
of Cu/NCNT200 is due to the enhanced anti-agglomeration, anti-oxi-
dation and anti-leaching properties of Cu species.

4. Conclusions

The CNTs containing different levels of N were successfully pre-
pared by pre-oxidation and subsequent N-doping at high temperature.
The incorporated surface oxygen containing groups by pre-oxidation
effectively improve the content of N on CNT during the subsequent N-
doping process. The nitrogen containing groups, especially the pyridine
N groups, serving as the preferred anchoring sites, significantly pro-
mote the dispersion of Cu species. The superior catalytic performance of
Cu/NCNT200 is attributed to the small particle size of Cu species and
the promoting effect of pyridine N groups. Furthermore, the presence of
N containing groups strengthen the interaction between CNT and Cu
species, which overcome the limitations, viz., agglomeration, oxidation
and leaching of Cu species during the reaction process and thus im-
proves the stability of catalysts. The catalyst, Cu/NCNT200 shows the
optimal stability due to the highest level of N doping.
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