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a b s t r a c t

N-doped carbons (NCs) have attracted considerable attention for their outstanding physicochemical
properties, including tunable porosity, electronic features and modified surface. Here, we report the
preparation of hierarchically porous NCs derived from the direct pyrolysis of ZIFs (ZIF-7 and ZIF-8) and
polyemephenylenediamine-covered carbon black (PmPDA-C) for the stabilization of Cu nanoparticles
(NPs). The configuration of N species can be effectively regulated by changing the ligand of ZIFs and
pyrolysis atmosphere. A remarkable N configuration synergistic effect is observed in the oxy-
carbonylation of methanol to dimethyl carbonate with molecular oxygen. The results indicate that the
Cu NPs on pristine carbon have a turn over frequency (TOF) of 4.4 h�1 for the reaction, while those on
NCs from ZIF-8 and ZIF-7 present TOF values as high as 17.9 h�1 and 28.5 h�1, respectively. The extensive
characterizations reveal that NCs with a nitrogen content of 2e5 wt% and a pyrrolic-/pyridinic-N molar
ratio of 2e3 are vital for the performance enhancement of Cu NPs. This work shows that the stabilization
and enhanced performance of active Cu NPs on NCs are realized by the rational design of precursors to
generate the proper N configurations.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon-based materials have been viewed as one of the most
important catalysts or catalyst supports in many practical appli-
cations, such as electrochemistry [1e6], drug delivery [7e10], gas
capture and separation [11e13], catalysis including oxidation and
hydrogenation [14e19], and oxy-carbonylation [20e23]. However,
pristine carbon materials are relatively chemically inert to anchor
an active metallic phase because of insufficient bonding sites on the
surfaces, leading to inferior dispersion and stability of the metal
nanoparticles. Active carbon-based materials with functionalized
surfaces, tunable porosity and electronic properties are desperately
needed. Many efforts have been made to fabricate functionalized
carbon materials with heteroatoms, such as N, B, P, and S. The
introduced heteroatoms can alter the charge distribution of a car-
bon surface and expand the potential applications. The N hetero-
atom has beenmost extensively studied among the various dopants
because the similar atomic radius of N and C does not result in
lattice mismatch after the incorporation of N into carbon supports.
There are many works on either the preparation method or

catalytic impact of N-doped carbon materials (NCs). In particular,
NCs have been used for stabilizing metal active species in different
heterogeneous catalytic reaction systems [24e26]. Usually, NCs can
be obtained by chemical vapor deposition [27,28], laser ablation
[29,30], and carbonization of N-containing polymers [31,32]. These
methods can only prepare randomly N-doped carbon materials
after multistep reaction processes without precisely controlling the
type and concentration of N, which retards understanding the
structural nature of the catalysts. Insight into the role of N in NCs is
mostly reported in ORR systems. For example, Nakamura group
showed that pyridinic N species are the active sites for the ORR in
acidic media [33]. Yu group reported that the ORR activity corre-
sponded with the ratio of pyridinic N to graphitic N in NCs under
alkaline conditions [34]. However, for heterogeneous catalysis re-
action systems, relevant studies are rare and unclear.

Taking the oxy-carbonylation of methanol reaction system as an
example, Cu-based catalysts supported on carbon materials have
been widely studied. Li group proved that Cu-based catalysts sup-
ported on a certain concentration of nitric acid-treated activated
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carbon (AC) exhibited optimal catalytic activity with 12 nm Cu
particles [22]. Cu@HCS (HCS represents hollow carbon spheres)
showed highest methanol conversion with 2 nm Cu particles and
200 nm carbon spheres [23]. During these studies, the regulation of
Cu particles had been the focus of research by modifying the sur-
face structure of pristine carbon support to improve the catalytic
performance. Recently, there were some reports about the use of
NCs to control the dispersion of Cu species and improve the yield of
dimethyl carbonate (DMC) in the reaction. For example, Cu/NCNTs
(NCNTs: N-doped carbon nanotubes) catalysts had highest yield of
DMC when the size of Cu species was 2.6 nm. The Cu dispersion
increased with increasing the N content from 0 to 5.9 wt%. The N
content was affected by the Oecontaining groups of carbon mate-
rial [35]. Ren and Li groups reported Cu@NHCS (NHCS represents N-
doped hollow carbon spheres) had the highest TOF value (11.0 h�1)
with 7.4 nm Cu particles and 4.0 wt% N content. The DMC yield
decreased with further increasing the N content to 5.4 wt%. The
effective N species were simply considered to be pyridinic and
graphitic N [20]. Cu/NG (NG: N-doped graphene) had highest cat-
alytic performance when the N content was as high as 7.6 wt% with
7.5 nm Cu particles [21]. Nevertheless, the N content in most of
literature was all below 10 wt% with ambiguous understanding on
the effects of N configuration, and the effect of O containing group
was difficult to exclude. Until now, the reports on the effects of
different N species on structure and performance of active metal
species through a rational systematical regulation of N configura-
tion are sporadic. The difficulties of research lie in the blending and
inhomogeneity of different N types in NCs, mainly including pyr-
rolic, pyridinic and graphitic N. Therefore, it is highly demanded to
further investigate the regularity among N species, Cu species and
catalytic performance by using a rational method to prepare NCs
coupled with a series of characterizations.

Metal-organic frameworks (MOFs), consisting of metal ions and
organic ligands, have been proven to be feasible sacrificial tem-
plates to fabricate various functionalized carbon-based materials
[4,15,36e41]. Among them, zeolitic imidazolate frameworks (ZIFs),
a subfamily of MOFs, are ideal candidates to fabricate NCswith high
N content and thermal stability via facile synthesis by controllable
pyrolysis [42,43]. These N-rich MOFs have the potential to generate
structural integrity and high electrical conductivity of NCs to
facilitate electron transfer and enhance catalytic activity [2,15,44].
Many NCs derived from MOFs have been widely applied in elec-
trochemical reactions [2,45e48], sensing and gas adsorption
[49e51] with outstanding performances. However, few studies
have focused on these NCs supported catalysts in gas-liquid catal-
ysis due to the complex reaction process and low yield of NCs,
which increase the difficulty of investigating the structure-
performance correlations. As far as we know, there is no report
on the use of NCs derived from ZIFs as supports for the oxidative
carbonylation of methanol to DMC.

In this work, we report a method for efficiently producing NCs
using ZIFs (ZIF-7 and ZIF-8) as platforms with adjustable N species
and concentration in the range of 0e20 wt%. Additionally, a series
of NCs-supported Cu NPs are prepared and employed for the oxy-
carbonylation of methanol to DMC with highly dispersed Cu spe-
cies before and after the reaction. This work aimed to investigate
the relationship among N configurations, Cu species and catalytic
performance for a reaction.

2. Experimental

2.1. Catalyst preparation

2.1.1. Synthesis of ZIF-8
The ZIF-8 nanocrystals were prepared by following a modified
procedure reported in the literature [52,53]. Typically, 2.790 g of
Zn(NO3)2$6H2O and 3.080 g of 2-methylimidazole (MeIM) were
dissolved in 75 mL methanol to create a homogeneous solution at
room temperature. The Zn(NO3)2$6H2O methanol solution was
dropped into the 2-methylimidazole (MeIM) methanol solution
under vigorous stirring. Then, the ZIF-8 nanocrystals were grown at
35 �C under static conditions for 24 h. The as-prepared precipitates
were separated by centrifugation, washed with methanol three
times and then dried in air at 100 �C overnight.

2.1.2. Synthesis of ZIF-7
The ZIF-7 nanocrystals were synthesized by following reported

procedures [54]. Typically, 2.720 g Zn(NO3)2$6H2O was dissolved in
100 mL N,N-dimethylformamide (DMF), which was added into
100 mL methanol containing 2.400 g benzimidazole (PhIM) under
vigorous stirring for 3 h at room temperature. Then, the above
mixture was centrifuged and washed with copious amounts of
methanol. Finally, white ZIF-7 was dried at 100 �C overnight.

2.1.3. Synthesis of PmPDA-C
Commercial carbon black (C) was treated in HNO3 at 100 �C for

16 h. The PmPDA-C precursors were prepared using a modified
method according to the previous literature [18]. Briefly, m-phe-
nylenediamine (3.0 g) and carbon black (0.4 g) were dispersed and
stirred in a concentrated HCl aqueous solution under ice water bath
conditions. Then, precooled (NH4)2S2O8 (2.0 M, 28 mL) was drop-
ped slowly into the suspension to oxidize m-phenylenediamine.
After a period of 24 h for stirring, the suspension solution was
filtered and washed with deionized water until the filtrate was
neutral. Then, the sample was dried at 100 �C overnight to obtain
the N-doped carbon material, which was named PmPDA-C.

2.1.4. Preparation of NCs from ZIFs and PmPDA-C
The porous NCs were fabricated using ZIFs (ZIF-7 and ZIF-8) as

self-sacrificed templates by calcining at different temperatures
(700 �C, 800 �C, 900 �C,1000 �C and 1100 �C) with a rate of 2 �C/min
under an Ar atmosphere for 4 h. Next, the as-synthesized samples
were immersed in HCl (3 M, 100 mL) at room temperature for 24 h
to remove the metal Zn component. Subsequently, the samples
were isolated by filtration and washed with deionized water until
the pH of the filtrate was neutral before drying at 100 �C overnight.
Similarly, the NCs from PmPDA-C precursor were also obtained by
directly pyrolysis in an Ar atmosphere without HCl washing. The
obtained materials from ZIF-8, ZIF-7 and PmPDA-C are abbreviated
as NCs-T, NCs-T* and NCseP-T, where T indicates the calcination
temperature of the precursors, and P means polymerization.

2.1.5. Construction of NCs with controllable N species and content
To explore and regulate the N species in the NCs, a strategy was

adopted by using high-temperature steam to selectively etch car-
bon species and thus to control the N type and content in the NCs.
In a typical procedure, taking NCs-900 as an example, after the ZIF-
8 nanocrystals were heated to 900 �C at the rate of 2 �C/min under
an Ar atmosphere for a certain time, the Ar flowwas switched to go
through an ultrapure water tank to obtain a water-steam contain-
ing atmosphere for pyrolysis. Thewhole pyrolysis timewas 4 h. The
steam-treated carbon materials were denoted as NCs-900-t (t
means the time of the steam treatment).

2.1.6. Preparation of Cu-based catalysts supported on NCs
The supported Cu catalysts were then obtained by using

different NCs and commercial active carbon (XC72) as carriers and
copper salts as the precursor through a conventional impregnation
method. The theoretical Cu loading was set as 2.0 wt%, 4.0 wt%,
6.0 wt%, 8.0 wt% and 10.0 wt%. Typically, the supports were added



Fig. 1. Schematic illustration of the synthetic route for NCs-T and Cu/NCs-T.
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into the copper solution and ultrasonically treated for 30min. Then,
the muddy mixture was held under static conditions for 5 h to
guarantee impregnation balance and then stirred until solvent
evaporation at 70 �C. The as-obtained catalyst precursors were
dried at 100 �C overnight and treated in an Ar atmosphere at 400 �C
for 2 h at a rate of 2 �C/min. The prepared catalysts were labeled as
Cu/NCs-T, Cu/NCs-900-t, Cu/NCs-T*, Cu/NCseP-T, and Cu/XC72.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku IV diffractometer, equipped with graphite mono-
chromatized CueKa radiation (l ¼ 1.5418 Å) as the X-ray source.
The scanning speed was set as 10�/min from 4� to 90�. MDI Jade 6.5
software was used to process and assign the diffraction peaks.

The Raman spectra were collected using a 532 nm excitation by
a 13 mW HeeCd laser source on a Renishaw Invia Raman micro-
scope with the CCD detector. The exposure time was 10 s.

The specific surface area and porous properties of the catalysts
were measured by N2 adsorption/desorption isotherms at 77 K on
the Micromeritics ASAP 2020 instrument. Before the analysis, the
catalysts were pretreated under vacuum at 100 �C for 5 h. The
Brunauer-Emmett-Teller (BET) method was used to calculate the
specific surface area of the samples (SBET). The mesoporous surface
area (Smeso) was evaluated by the t-plot and Barret-Joyner-Halenda
(BJH) methods.

Transmission electron microscopy (TEM) was performed to
observe the morphological structure of samples on a Phillips
Analytical FEI TECNAI F20 electron microscope with a 300 kV
electron acceleration voltage. The STEM system was chosen to
investigate the element dispersion of the catalysts in the dark field.
The samples were dispersed in ethanol under ultrasound and then
dropped onto a copper TEM grid.

H2etemperature programmed reduction (H2eTPR) measure-
ments were recorded using a Micromeritics AutoChem II 2920 in-
strument with a thermal conductivity detector (TCD). Fifty
milligrams of catalyst was loaded into the U-shaped quartz tube
and pretreated at 150 �C for 3 h at 30 mL/min N2 atmosphere. Then
the gas was switched to 5 vol% H2/Ar after cooling to 50 �C. The
H2eTPR curves were recorded by the TCD from 50 to 900 �C with a
heating rate of 10 �C/min.

Inductively coupled plasma mass spectrometry (ICP-MS) was
used to determine the actual Cu content in catalysts on an Agilent
ICP-MS 4500 instrument. Thermoegravimetric analysis (TGA) was
conducted on a TA209F1 analyzer with a ramp rate of 10 �C/min
under air atmosphere to explore the interactions between Cu and
NCs. Element analysis was measured to detect the N content on a
Vario EL III analytical instrument. Electrochemical impedance
spectroscopy (EIS) was performed to investigate the electron
transfer between metal species and supports in catalysts using a
CHI660E electrochemical station.

X-ray photoelectron spectroscopy (XPS) was carried out on a
Qtac-100 LEISS spectrometer with a 300 W monochromatic AleKa

excitation source. The binding energies of the catalysts were cor-
rected according to the C1s peak at 284.6 eV.

2.3. Catalytic reaction

The oxy-carbonylation of methanol was evaluated in a fixed-bed
reactoregas chromatograph (GC) combined system. For each cat-
alytic evaluation, 100 mg catalyst mixed with 400 mg of quartz
grains was loaded into a quartz tubular reactor with a 7 mm inner
diameter. Methanol vapor, which was supplied from a bubbling
generator at 283 K, was introduced by the gas mixture of CO
(26 mL/min) and O2 (2 mL/min) into the catalyst bed with the
defined reaction temperature. The reaction pressure was set as
1.0 MPa. The hot gas products were collected by an online six-way
valve (DC6UWT) and detected by using an online gas chromato-
graph (GC-2060, Shanghai, China). Methanol, DMC and the
byproducts dimethyl ether (DME), methyl formate (MF) and
dimethoxymethane (DMM) were analyzed with a flame ionization
detector (FID) and a capillary column (KB-WAX, 60 m � 0.32
mm � 0.33 mm).

The conversion of methanol (CMeOH), DMC selectivity (SDMC),
and turnover frequency (TOF) were determined as follows:

CMeOH ¼ Moles of methanol converted
Total moles of methanol

SDMC ¼ 2�Moles of DMC produced
Moles of methanol converted

TOF ¼ Moles of methanol converted
Cu atoms� Time

3. Results and discussion

3.1. Structure and morphology of catalysts

The porous NCs and Cu-based catalysts were successfully pre-
pared by thermolysis and postimpregnation steps. For example,
Fig. 1 displays the preparation of Cu/NCs-T. The synthetic process
can fully utilize the textural advantages of the ZIF-8 to obtain a high
N content. Moreover, the N configuration and doping level can be
adjusted effectively by controlling the pyrolysis temperature or
modifying the organic ligand in the ZIF-8. The structures of ZIFs
nanocrystals, NCs and supported Cu-based catalysts were charac-
terized by XRD (Fig. 2 and S1). The diffraction peaks of ZIFs
(Fig. S1a) are consistent with those reported in literature [46,53],
illustrating the successful preparation of ZIFs with specific struc-
tures. The XRD patterns of NCs-T and corresponding Cu/NCs-T



Fig. 2. Powder XRD patterns of Cu/NCs-T and Cu/XC72 catalysts with 4 wt% Cu loading.
(A colour version of this figure can be viewed online.)
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catalysts are drawn together under the same scale. The NCs-T from
ZIFs exhibited similar diffraction peaks as the pure carbon XC72
(Fig. S1b). They all had one broad peak at approximately 24.0�,
which corresponds to the (002) diffraction of graphitic NCs, indi-
cating a disordered carbon structure and imperfect crystallinity
[21,31]. The diffraction peak at approximately 44 �C, attributed to
the (100) plane of NCs, was slightly enhanced with increasing py-
rolysis temperaturewhether for NCs-Tor Cu/NCs-T (Figs. S1b and 2).
This change implied that small-scale graphene sheets were formed
and the graphitization of NCs increased [55e57]. The tendency is
not significant especially for NCs-T obtained at relatively low tem-
peratures. However, the following characterizations by Raman and
XPS proved that the graphitization of NCs-T was promoted with
increasing pyrolysis temperature. The XRD patterns in Fig. 2 indi-
cated that no diffraction peaks were assigned to Cu-containing
crystalline phases, which suggested that there were no large Cu
particles in Cu/NCs-T catalysts.

The C configuration was investigated by Raman. As shown in
Fig. S2a the NCs-T supports exhibited two characteristic peaks
located at round 1340 cm�1 (D band) and 1590 cm�1 (G band),
which implied the defect level in graphitic structure and the in-
plane vibration of graphitic sp2 carbon in supports [58]. The inte-
grated intensity ratio of the D band and G band (ID/IG) reflects the
structure defect of carbon material [18]. The plot of ID/IG values of
NCs-T as a function of pyrolysis temperature is shown in Fig. S2b.
The ID/IG value decreased gradually when the pyrolysis tempera-
ture rose from 800 �C to 1100 �C, indicating that it was more
favorable to promote the graphitization of NCs-T supports than
create more defect sites by increasing the pyrolysis temperature.
This results are consistent with the reports in literature [59].
Combinedwith the following the experimental results, it was found
that the graphitization of C configuration had a positive effect on
the catalytic activity.

The specific surface area and porosity of the ZIF-8 nanocrystals,
NCs-T supports and Cu/NCs-T catalysts were investigated by N2
adsorption/desorption measurements (Fig. S3 and Table S1). The I-
type isotherms and hysteresis loop of NCs-T and Cu/NCs-T proved
their micro/mesoporous structures from the inheritance of the ZIF-
8 texture and Zn evaporation during the calcination process [1]. The
SBET and Smeso of NCs-T increased with the pyrolysis temperature
increasing from 800 �C to 1000 �C, indicating that the evaporation
of Zn facilitated the generation of mesopores. When the
temperature increased to 1100 �C, the surface area of NCs-1100
decreased due to the increase in the graphitic and stacking de-
grees [1]. After Cu loading, the SBET and Smeso of Cu/NCs-T increased
further. The presence of mesopores guarantees efficient mass
transport and facilitates the promotion of catalytic activity [4,45].
However, the following catalytic results proved that the activity
would not depend on the increase in the surface area.

TEM and HAADF-STEM images were taken further to observe the
morphology and structure information as shown in Fig. 3. It can be
seen that the geometric structures of ZIF-8 nanocrystals were typical
of a polyhedral morphology, similar to the results reported previ-
ously [4,60]. NCs-T samples maintained structural integrity and high
dispersion with slightly crumpled surfaces due to high-temperature
calcination (Fig. 3b and c). For Cu/NCs-900 and Cu/NCs-1000 cata-
lysts, Cu specieswere highly dispersed on the NCs-T supports, and no
significant agglomeration was observed in Fig. 3d and e. Moreover,
no obvious Cu species were observed in the bright-field images of
Cu/XC72, which might be covered by an overlapping carbon layer.
The results are coincided with the analysis results of the corre-
sponding XRD patterns. The STEM mapping further verified that the
Cu species were relatively uniformly dispersed on the NCs-T sup-
ports (Fig. 3g). The TGA results of Cu/XC72, Cu/NCs-1000 and Cu/
NCs-1100 are shown in Fig. S4. These samples consisted of 4 wt%
Cu and 96 wt% support including carbon and nitrogen species. As for
Cu/NCs-800 and Cu/NCs-900, after air treatment from 35 �C to
1000 �C, the weight loss was approximately 84 wt% and 90 wt%,
respectively. Considering the fact of much higher N content in NCs-
800 than NCs-900 (Table 2), the finding implied that Cu species
should have a strong interaction with N in NCs-T.

3.2. Catalytic performance

The oxy-carbonylation of methanol to DMCwas carried out over
a series of Cu/NCs-T catalysts. The effects of Cu loadings and ZIF-8
pyrolysis temperatures on catalytic activity were systematically
investigated. The catalytic activity could be improved to some
extent by increasing the loading of Cu, as shown in Fig. S5. The
conversion of methanol was only 6.5% with 92.3% DMC selectivity
when the Cu loading was 2 wt%. Increasing Cu loading to 4 wt%, the
methanol conversion and DMC selectivity increased to 41% and
97.3%, respectively. The conversion of methanol was further
improved with 6 wt% Cu loading. Then, the methanol conversion
remained almost constant, even with increasing the Cu loading to
10 wt%. Based on these experimental results, we chose the catalysts
with 4 wt% Cu loading for further investigations.

Fig. 4a shows that the conversion of methanol increased with
increasing ZIF-8 pyrolysis temperature for a series of Cu/NCs-T
catalysts. Simultaneously, the DMC selectivity was retained above
95% for pyrolysis temperatures ranging from 950 to 1100 �C. Cu/
NCs-1000 and Cu/NCs-1100 both showed higher catalytic activity
than Cu/XC72. Moreover, taking Cu/NCs-900 and Cu/NCs-1000 as
examples, there is a large gap in the catalytic activity. For Cu/NCs-
900, the methanol conversion was lower than 5% with 82.3%
selectivity to DMC. However, the Cu/NCs-1000 exhibited better
catalytic performance with 40% methanol conversion and 97.3%
DMC selectivity. This change indicated that the N configuration and
amount have a great influence on the catalytic activity.

A series of experiments were carried out by altering the pyrol-
ysis atmosphere or organic ligand in the ZIF-8 synthesis process to
investigate the role of N configuration. Fig. 4b displays the perfor-
mance of Cu/NCs-900-t catalysts, which showed higher catalytic
activity than Cu/NCs-900 (Fig. 4a). After steam treatment for 1 h,
the catalytic activity increased slightly. Upon extending the steam-
treated time to 2 h, the conversion of methanol further increased
with 91.1% DMC selectivity. When prolonging the treatment time to



Fig. 3. TEM images of (a) ZIF-8, (b) NCs-900, (c) NCs-1000, (d) 4 wt% Cu/NCs-900, (e)
4 wt% Cu/NCs-1000, and (f) 4 wt% Cu/XC72; STEM image of (g) 4 wt% Cu/NCs-1000 for
elemental mappings of C, N, and Cu in the red rectangle of (g).
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3 h, Cu/NCs-900-3 h showed the highest catalytic activity with
32.7% conversion of methanol and 97.3% selectivity to DMC. When
continuing to extend the steam-treatment time, the methanol
conversion declined to 28% but the selectivity to DMC remained
above 95%.

On the other hand, ZIF-7 nanocrystals were also prepared as
precursors by using benzimidazole instead of 2-methylimidazole to
tailor the N species in catalysts. Cu/NCs-900* from ZIF-7 nano-
crystals displayed better catalytic activity than Cu/NCs-900 (35%
methanol conversion and 97.6% DMC selectivity). Compared with
Cu/NCs-1000, the methanol conversion for Cu/NCs-1000* was
increased by more than 20% with high selectivity to DMC (98.5%).
The activity was similar to that of the Cu/NCs-1100 catalyst. When
the pyrolysis temperature increased to 1100 �C, the conversion of
methanol and DMC selectivity remained above 60% and 98%,
respectively. These results demonstrated that the structure of the
NCs-T supports was closely related to the catalytic activity. It is very
important to explore the differences among the NCs-T supports.

The TOF values based on total Cu atoms were calculated to
further probe the intrinsic activity of catalysts with methanol
conversion below 20%. The results are summarized in Table 1. The
Cu/NCs-700, Cu/NCs-800 and Cu/NCs-900 catalysts showed low
TOF values. The TOF values over Cu/NCs-1000 and Cu/NCs-1000*
were 17.9 h�1 and 28.5 h�1, respectively, which were 4e6 times
higher than that of Cu/XC72. Because the total Cu content was
around 4.0 wt% as determined by ICP-MS, the difference in TOF
values might be mainly attributed to the variation of N species.
Moreover, compared with the other N doped carbon supported Cu-
based catalysts reported in literature, Cu/NCs-1000 and Cu/NCs-
1000* showed better performance with higher TOF values even if
the data were calculated based on total Cu content.

3.3. Relationship between catalytic performance and the structure
of N species in NCs

The intrinsic activity of catalysts is usually related to the surface
structure of catalysts, the electronic transfer and the synergistic
effect between the supports and metal sites. In our work, because
the Cu loading in the catalyst was similar, we mainly examined the
surface structure of the supports and electronic interactions with
Cu species.

The N content of the Cu/NCs-T catalysts was measured by
elemental analysis as shown in Table 2. This analysis indicated that
the N content in the Cu/NCs-T samples gradually decreased from
18.4 wt% to 2.0 wt% with increasing pyrolysis temperature. Corre-
spondingly, the molar ratio of N/Cu declined from 22.9 to 2.2.
Combined with the catalytic performance, the methanol conver-
sion rate was promoted rapidly when the molar ratio of N/Cu was
less than 5.1. To study the role of N, an experiment was designed by
increasing the Cu loading to 8 wt% on NCs-900. The molar ratio of
N/Cu in 8 wt% Cu/NCs-900 decreased to approximately 5.5, similar
to that of 4 wt% Cu/NCs-1000 (Table S2). The conversion of meth-
anol changed in the following order: 4 wt% Cu/NCs-1000 > 8 wt%
Cu/NCs-900 > 4 wt% Cu/NCs-900 (Fig. S6). For 4 wt% Cu/NCs-900
and 8 wt% Cu/NCs-900, the methanol conversion could be
improved by increasing the Cu loading to some extent. Comparing
8 wt% Cu/NCs-900 and 4 wt% Cu/NCs-1000, the variation in
methanol conversion might be attributed to the influence of the N
species in the catalysts because they have similar N/Cumolar ratios.
It can be speculated that the structure and amount of N have
important effects on the catalytic performance.

To control the N species in Cu/NCs-T catalysts, two strategies
were adopted: (1) introducing water-steam into the pyrolysis
process to selectively etch carbon species; (2) choosing a similar
ligand instead of 2-methylimidazole to prepare ZIF-7 nanocrystals.



Table 1
The catalytic performance for DMC synthesis on a series of Cu-based catalysts.

Catalyst Mass/mg Cua/wt% Methanol conv./mol% DMC selec./mol% TOF/h�1

Cu/NCs-700 100 4.3 1.5b 47.1 0.13
Cu/NCs-800 100 4.4 2.6b 64.9 0.23
Cu/NCs-900 100 4.2 3.7b 82.3 0.34
Cu/NCs-1000 10 4.2 19.6b 98.3 17.9
Cu/NCs-1000* 10 4.0 19.3c 98.5 28.5
Cu/XC72 10 3.9 4.5b 96.8 4.4
Cu/NHCS [20] 100 9.8 2.1 96.6 11.0
Cu/NCNTs [35] 300 8.0 2.4 97.8 17.6
Cu/NG [21] 100 7.0 3.1 97.6 16.9

Reaction conditions: T ¼ 110 �C, P ¼ 1.0 MPa, CH3OH ¼ 0.8 mol% b, CH3OH ¼ 1.2 mol% c.
a Obtained by ICP-MS.

Table 2
Element analysis of Cu/NCs-T catalysts.

Catalyst N/Cua/molar ratio C/N Content/wt%

N C H

Cu/NCs-1100 2.2 36.3 2.0 72.5 2.0
Cu/NCs-1000 5.1 15.0 4.8 72.0 2.3
Cu/NCs-950 7.6 12.9 6.4 82.7 3.6
Cu/NCs-900 11.4 6.3 9.8 62 2.0
Cu/NCs-800 15.2 3.1 15.8 48.9 3.0
Cu/NCs-700 22.9 2.3 18.4 41.4 3.4

a The Cu content was determined by ICP-MS.

Fig. 4. Catalytic activity over (a) 4 wt% Cu/NCs-T from ZIF-8 and 4 wt% Cu/XC72, and (b)
4 wt% Cu/NCs-T-t from ZIF-8 and 4 wt% Cu/NCs-T* from ZIF-7. Reaction conditions: 0.1 g
catalyst, T ¼ 110 �C, t ¼ 8 h, P ¼ 1.0 MPa, WHSV ¼ 16800 mL/g/h, CH3OH ¼ 0.8 mol%.
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The catalytic activity over Cu/NCs-900-t and Cu/NCs-T* has been
discussed above (Fig. 4b). The N content in these catalysts is
explored in Table S2. For Cu/NCs-900-t catalysts, the results proved
that the N content decreasedwith increasing steam treatment time,
while the catalytic performance was promoted. After steam treat-
ment for 2 h, the N content in Cu/NCs-900-2 h declined to 7.4 wt%,
and the conversion of methanol only increased by 3.8%.When the N
content decreased to 4.0e5.0 wt%, the catalytic activity was sharply
promoted, which proved that the N content had a significant in-
fluence on the catalytic performance. Based on the above experi-
mental results, we found that the NCs-supported Cu catalysts with
similar Cu loading could show higher activities when the N content
was 2e5 wt% (Table 2 and S2). Moreover, comparing Cu/NCs-900*,
Cu/NCs-900-3 h and Cu/NCs-1000 show they have different
methanol conversion, although they have similar N contents. The
methanol conversion on Cu/NCs-1000* was approximately 25%
higher than that on Cu/NCs-1000, and the N content in both cata-
lysts differed by only approximately 2%. The results showed that the
catalytic performance was also related to the structure of N species
in the NCs-T supports.

XPS is a valid technique to discriminate the different N species of
NC supports. Fig. 5a shows the N 1s XPS profiles of the three NCs-T
supports. The N species weremainly deconvoluted into three peaks
in the form of pyridinic N (N1), pyrrolic N (N2), and graphitic N (N3)
[1,4,61,62]. Fig. 5b displays the concentration distribution of the
three N species in NCs-T as a function of pyrolysis temperature. The
concentration of N1 decreased with increasing pyrolysis tempera-
ture. In terms of NCs-900, the N species were dominated by N1
species (50.8%) and contained 40.3% N2 structure. Compared with
that in NCs-900, the N1 concentrations in NCs-1000 and NCs-1100
decreased to 38.6% and 26.7%, respectively, while the N2 species
increased to 51.5% and 58.6%, respectively. Simultaneously, the N3
species also slightly increased. The finding indicates that increase of
pyrolysis temperature could promote the formation of N2 and N3
species. The change trend of the N species agrees with the literature
results [25,48,63]. Interestingly, in a similar report by Song et al.
[31], the concentration of N2 species declined up to 600 �C. The
different experimental results proved that the stability of N species
could be affected by the small differences in the properties and
treatment conditions of the precursors. To further explore the ef-
fects of pyrolysis temperature on NCs-T supports, we conducted the
measurements of C1s and O1s XPS, which are shown in Fig. S7. The
C1s peaks were deconvoluted with three different components
located at 284.6 ± 0.1 eV, 285.6 ± 0.1 eV and 286.6 ± 0.1 eV, which
belonged to sp2 hybridized C]C, C]¼N and sp3 structural CeN
respectively [59,64]. The concentration of different C species was
listed in Table S3. With increasing pyrolysis temperature, the con-
centration of sp2 hybridized carbon species (C]C and C]N)
increased while that of sp3 carbon (CeN) decreased. This reflected



Fig. 5. N 1s XPS profiles of (a) NCs-T supports and (b) concentration of different N
species including pyridinic N (N1), pyrrolic N (N2), and graphitic N (N3).
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the higher pyrolysis temperature promote graphitization of NCs-T,
which could effectively enhance the electron transfer [65]. The
results corresponded with the Raman spectra and TEM images. The
O 1s spectra are typically fitted into two components associated
with singly and doubly bonded O atoms at 532.5 ± 0.1 eV and
531.2 ± 0.1 eV respectively [66]. Singly bonded O atomsmaymainly
be present as hydroxyl groups (CeOH), while doubly bonded O
atoms may be present as carbonyl groups (C]O). The O1s XPS re-
sults showed that there were no significant changes in O configu-
ration with increasing pyrolysis temperature (Table S3).

The fitting results for N species in the NCs-900-t and NCs-T*
supports are shown in Fig. S8 and Table S4. For NCs-900-t, water-
steamwas introduced into the pyrolysis process for a given time at
900 �C, which could effectively regulate the amount and type of N
by etching carbon atoms to form COx due to the different water
affinities of N adjacent to C species [67]. The etching process was
also explored by XPS (Fig. S9 and Table S3). The C 1s XPS spectra all
showed a dominant peak belonged to sp2 hybridized carbon
structure at 284.6 ± 0.1 eV which indicated the water-steam
treatment had not destroyed the C structure (Fig. S9a) [59,64].
The O 1s XPS spectra proved the concentration of doubly bonded O
atom increased with prolonging the water treatment time. The
tendency showed the introduction of water promoted oxidation
process of the carbon in support surface to form COx. The N1 con-
centration in NCs-900-2 h and NCs-900-3 h decreased rapidly in
comparison with that in NCs-900, while the concentration of N3
species increased substantially. It is worth noting that the con-
centration of N2 species slowly increased. The results of these N
species changes are not exactly the same as those reported in the
literature [67], which might contribute to the difference in the
steam treatment time. For NCs-T*, the total N content was lower
than the corresponding NCs-T (Table 2 and S2). The N 1s XPS results
indicated that the N1 concentration declined and the N3 concen-
tration increased. The graphitic N atoms facilitated electron transfer
from the NC support to themetal sites [68e70]. Additionally, the N2
concentration in NCs-T and NCs-T* was similar, except the N2
concentration in NCs-900* was approximately 6% higher than that
in NCs-900. The experimental results demonstrated that the N
content and type could be regulated by controlling the steam
treatment time and the ligand in the ZIF.

The yield of DMC was plotted against the concentration of the
different N types in Fig. S10. The yield of DMC was negatively
related to the N1 concentration and positively correlated with the
concentrations of N2 and N3, indicating that the N2 and N3 species
are active N sites on the surface of NC supports for the oxy-
carbonylation of methanol to DMC. The effect of N3 species on
the catalytic activity was in accordance with the results reported by
Li and Ren et al. [20] using the N-doped hollow carbon sphere
encapsulated Cu catalyst for the same oxy-carbonylation of meth-
anol to DMC in a stainless-steel autoclave. However, the relation-
ship between methanol conversion and N1 concentration was
inconsistent with that reported in the literature [20,71]. Thus, much
more analysis and characterizations are needed to investigate the
role of different N types.

There is some scattering for the relationship between the three N
types and DMC yield as shown in Fig. S10. The scattering was much
larger for N3 than for the N1 and N2 species. These observations
suggest that the N1 and N2 species are more closely related to the
active sites for the oxy-carbonylation reaction. Because of the de-
viation of N1 andN2 species in the plot, further efforts were devoted
to construct a better relationship between the concentration of N1
and N2 species and the catalyst activity. Cu/NCseP-900 and Cu/
NCseP-1000 were prepared and tested for the oxy-carbonylation of
methanol as comparisons with Cu/NCs-T and Cu/NCs-T* because of
the presence of abundant N2 species on the surface of NCseP-T in
Fig. S11. As for the relationship between the DMC yields over Cu-
based catalysts on different NC supports as a function of N2/N1
molar ratio (Fig. 6), we can see that the catalytic performance first
increased in the range of N2/N1 from 0.6 to 3.1 and then decreased
when the ratio of N2/N1 increased to above 4.0. Combined with the
corresponding N content, we can obtain that the NCs with an N
content of 2e5wt% andN2/N1molar ratio of 2e3 are vital for the Cu
catalysts to show a performance enhancement.

3.4. Investigation of the interaction between Cu species and NCs

The H2eTPR characterization can provide powerful information
on the interaction between metal and supports. Fig. 7 shows the
H2eTPR profiles of Cu/XC72, Cu/NCs-T and the corresponding
supports. There are two reduction peaks for Cu/XC72 in the tem-
perature range of 130e280 �C and 280e430 �C, which are assigned
to the reduction of highly dispersed and bulk Cudþ species,
respectively. The peak centered at approximately 500e750 �C is
attributed to the reduction of functional groups on the XC72 sur-
face. As for the Cu/NCs-T with different N contents, the primary
reduction peak at 280e430 �C evidently splits into two peaks and
the reduction peaks of Cu species shifted towards higher temper-
ature due to the introduction of N species, indicating the interaction



Fig. 6. Plot of DMC yield against the molar ratio of N2/N1 in NCs-T supports. (A colour
version of this figure can be viewed online.)

Fig. 7. H2eTPR profiles of Cu/XC72, Cu/NCs-T catalysts and the corresponding supports.
(A colour version of this figure can be viewed online.)

Fig. 8. EIS plots of Cu/NCs-T, Cu/NCs-T* and Cu/XC72 catalysts.
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existed between the Cu and N species. The split reduction peaks for
Cu/NCs-1100, Cu/NCs-1000 and Cu/NCs-900 gradually shifted at
higher temperatures with increasing N content from 2.0 to 9.8
(Table 2). This shift suggests that the more N content in the sup-
ports, the stronger the interaction between Cu and N species
[72,73].

It is important to know that the interfacial interaction of the Cu
and N groups in the NCs plays a critical role in the valence of Cu
species, which is closely related to the catalytic performance. The
Cu 2p XPS measurements were performed to gain the information
of Cu valence on the catalysts with different N contents and the
results are displayed in Fig. S12 and Table S5. The Cu 2p3/2 spectra
were fitted to two peaks at 934.6 ± 0.3 eV and 932.8 ± 0.3 eV, which
were assigned to Cu2þ and (Cu0þCuþ) species, respectively
[21,74,75]. The Cu2þ concentration in both Cu/NCs-T and Cu/NCs-T*
was higher than that in Cu/XC72. For Cu/NCs-900, the presence of
Cu2þ increased to above 80% due to the presence of a high N con-
tent. The findings indicate that the interaction of Cu and N species
can weaken the reduction of Cu2þ during the calcination process;
the higher the N content, the more difficult reduction the Cu2þ

species. When NCs-900 was treated by water-steam for 3 h, the
obtained Cu/NCs-900-3 h catalyst contained a lower concentration
of Cu2þ species due to the decrease of N content. Thus, a proper
ratio of (Cu0þCuþ)/Cu2þ coupled with 2e5 wt% N content was
needed for the catalysts to show an enhanced performance.

To further investigate the relationship between the catalyst
structure and catalytic performance, EIS was used to explore the
electron transport process across the interface of Cu and the sup-
ports. The results are displayed in Fig. 8. The size of the semicircle
diameter represents the electron transfer resistance at the interface
of the samples. The larger the diameter of the semicircle, the higher
the electron transfer resistance. Cu/XC72 showed a larger semi-
circle diameter than the series of Cu catalysts supported on NCs,
indicating that the introduction of N could promote the electron
transfer process [76]. Among the series of Cu-based catalysts sup-
ported on NCs, Cu/NCs-1000* exhibited the smallest electron
transfer resistance, which contributed to the high graphitization of
NCs-1000* [65]. This result is consistent with the XPS results. All
these findings confirm that the N introduction has a great influence
on the catalytic performance by altering the electron transfer and
interaction of Cu and N species.

3.5. Catalytic stability

The stability of the catalysts was further examined in the oxy-
carbonylation of methanol to DMC, and the results of Cu/XC72,
Cu/NCs-1000 and Cu/NCs-1000* are incorporated in Fig. 9. Cu/NCs-
1000 and Cu/NCs-1000* catalysts showed superior stability than
Cu/XC72 because the introduction of N could anchor and stabilize
Cu species by the interaction. However, after reaction in stream for
60 h, the conversion of methanol decreased by approximately 10%
over the Cu/NCs-1000 and Cu/NCs-1000* catalysts. To explore the
reason behind the decline in the catalytic activity, a series of
characterizations were used to investigate the structure of catalyst
after reaction. Taking Cu/NCs-1000 as an example, after 60 h re-
action, no diffraction peaks of Cu appeared as shown in Fig. S13.
This finding indicated there was no large-scale agglomeration of Cu
species during the reaction and the size change of Cu species was
not an important factor in the activity decline. The valence of Cu
species was probed by XPS in Fig. S14 and Table S5. The concen-
tration of Cu2þ in the Cu/NCs-1000 declined sharply by 18% after
60 h with the increase of low-valent Cu species (Cu0þCuþ) con-
centration. The findings suggested that the change in the Cu
valence might be the main cause of the decline in catalytic activity.



Fig. 9. Catalytic stability of Cu/NCs-1000, Cu/NCs-1000* and Cu/XC-72.
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4. Conclusions

We systematically investigated the synergistic effects of N
configurations on the catalysis of Cu NPs in the oxy-carbonylation
of methanol to DMC. The interaction between NCs and Cu species
could purposefully improve catalytic activity by tailoring the N
configuration. The N type and content can be readily regulated by
changing the pyrolysis atmosphere or ligand of ZIFs. The NCs with
an N content of 2e5 wt% and a pyrrolic N/pyridinic N molar ratio of
2e3 endowed with Cu NPs show higher performance. The TOF of
4.4 h�1 over Cu NPs on pristine carbon markedly increased to 17.9
h�1 and 28.5 h�1 over Cu NPs on NCs from ZIF-8 and ZIF-7,
respectively. This work constructs an efficient and stable hetero-
geneous Cu catalyst for the synthesis of DMC by the oxy-
carbonylation of methanol with molecular oxygen and, more
significantly, provides an in-depth understanding of N configura-
tion effects on NC-supported metal nanocatalysts.
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