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A facile and scalable approach to efficiently tune microstructure and surface chemical properties of N-doped carbocata-
lysts through the controlled glucose hydrothermal treatment with diverse parameters and subsequent pyrolysis of pre-
treated carbonaceous materials with melamine (GHT-PCM) was presented. Various characterization techniques
including high resolution transmission electron microscopy (HRTEM), N2 adsorption desorption (BET), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy (Raman), and fourier transform infrared spectros-
copy (FTIR) were employed to investigate the effect of prior GHT on the microstructure and surface chemical properties
of N-doped carbocatalysts, as well as to reveal the relationship between catalyst nature and catalytic performance in
oxidant- and steam-free direct dehydrogenation (DDH) of ethylbenzene for styrene production. It was found that the
GHT process and its conditions significantly affect microstructure and surface chemical properties of the N-doped car-
bocatalysts, which subsequently influences their catalytic performance in DDH reaction dramatically. Interestingly, the
prior GHT can remove the carbon nitride layer formed on parent nanocarbon in the process of melamine pyrolysis, pro-
duce structural defects, and tune surface element component, through the “detonation” of polysaccharide coating on
nanocarbon. The as-prepared N-doped CNT (M-Glu-CNT) by the established GHT-PCM approach demonstrates higher
catalytic performance (4.6 mmol g21h21 styrene rate with 98% selectivity) to the common N-doped CNT (M-CNT, 3.4
mmol g21 h21 styrene rate with 98.2% selectivity) as well as to pristine CNT (2.8 mmol g21 h21 styrene rate with
96.8% selectivity), mainly ascribed to increased structural defects, enriched surface ketonic C@O groups, and improved
basic properties from N-doping on the M-Glu-CNT, those strongly depend on GHT conditions. The excellent catalytic
performance of the developed M-Glu-CNT catalyst endows it with great potential for future clean production of styrene
via oxidant- and steam-free conditions. Moreover, the directed GHT-PCM strategy can be extended to the other N-
doped carbonaceous materials with enhanced catalytic performance in diverse reactions by tuning their microstructure
and surface chemistry. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 2543–2561, 2015
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Introduction

Owing to the broad availability, good environmental
acceptability, high corrosion resistance, and unique surface
properties, nanocarbon materials have been demonstrated to
be promising and sustainable low-cost metal-free alternatives
to metal-based catalysts for diverse organic reactions.1–8

Especially, based on their unique physical and chemical
properties, N-doped carbonaceous materials including N-
doped graphene, carbon nanotube, fullerene, carbon nano-
sphere, diamond, nanofiber, nanosheet, carbon dot, porous
carbon, and their composites have been extensively applied
to diverse fields including catalysis (thermalcatalysis, photo-
catalysis, and electrocatalysis),9–16 nanoelectronics and pho-

tonics,17–19 Solar cells,20,21 sensors,22,23 lithium/sodium ion
battery,24,25 supercapacitors,26,27 CO2 capture,28,29 and so on.
The N-containing heteroatoms modification respents one of
the largest domains related to nanostructued carbonaceous
materials.30,31 The N-doped carbon materials can be synthe-
sized by two differnt methods: direct synthesis and post-
treatment. The former may have potential to fabricate
homogeneous heteroatoms-doped materials, but the fabrica-
tion of N-doped carbon nanostructures with diverse morphol-
ogies via direct synthesis still remains a challenge. However,
the post-treatment may be considered as a facile approach
for synthesizing many N-doped nanostructured carbona-
ceous materials like N-doped graphene, carbon nanotube,
fullerene, nanofiber, and so forth.1–29 Post-treatment
includes thermal treatment, plasma treatment, and N2H4

treatment.13 Thermal treatment refers to the method of
heating carbon nanostrctures in NH3 atmosphere or pyroly-
sis of carbon materials with N-containing precursors to pro-
duce N-doped nanostructured carbon materials,13,30,31
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which has been consider to be a facile, scalable, and gener-
ally used method to prepare N-doped carbon materials.
Moreover, the N-incorporation into carbon matrix entirely
takes place on the surface of carbon nanostructures by the
post-thermal treatment, where the reactions happen. There-
fore, the post-treatment by heating is a robust strategy to pre-
pare metal-free carbocatalysts.9–16

Owing to high toxicity and strong corrosiveness of NH3,
the pyrolysis of carbon materials with diverse N-containing
precursors like melamine, pyridine, urea, and so forth was an
extensively adopted method.30–34 Furthermore, the pyrolysis
of carbon materials with such solid N sources like melamine
can lead to more structural defects,35 which is favorable for
absorbing and activating reactants, and therefore, improves
the catalytic performance of carbocatalysts.36–38 Conversely,
this kind of pyrolysis method has its inherent disadvantage:
high temperature resulting in low doping level due to cutting
CAN bonds at such as high temperature, but low pyrolysis
temperature would lead to thicker CNx layer coating on car-
bon nanostructures, which may deteriorate their catalysis by
inhibiting surface active sites from reactants.32,39 To achieve
highly active carbocatalysts, it is highly desirable to create
surface CNx layer-free N-doped carbonaceous nanostructures
with higher N-doping level at a little lower pyrolysis
temperature.

In this work, we first present a controlled glucose hydro-
thermal treatment and subsequent pyrolysis of pretreated car-
bonaceous materials with melamine (GHT-PCM) strategy
(Scheme 1) to prepare N-doped CNT (M-Glu-CNT), through
which the microstructure and surface chemical properties can
be efficiently tuned. In this process, the pristine CNT was
hydrothermally pretreated by glucose aqueous solution, and
then the pretreated CNT was finely ground with melamine
and followed by pyrolysis at 7508C in N2 atmosphere. Inter-
estingly, the prior GHT can remove the carbon nitride layer

on CNT formed by pyrolysis of melamine, simultaneously
produce structural defects as well as tune surface chemical
component, through the controllable “detonation” of polysac-
charide coating on CNT surface by GHT approach in the
pyrolysis procedure. However, there are thick CNx layers
coating on N-doped nanostructured CNT (M-CNT) prepared
only by pyrolysis but without the prior GHT treatment.
Moreover, the created and increased structural defects on the
surface of nanocarbons may promote their catalytic
performance.36–38

Direct dehydrogenation (DDH) of ethylbenzene to styrene
is one of the commercially important reactions in chemical
industry. The commonly used catalyst is K-Fe; however, it
must be noticed that steam is used as excess molar amount
with respect to ethylbenzene (about 2-3:1 for current tech-
nology); the amount of spent energy is relatively high.40–42

Developing a robust catalyst with high coke-resistance under
low ratio of steam to styrene even under steam-free condi-
tions is highly desirable. The DDH reaction of ethylbenzene
to styrene under oxygen- and steam-free conditions was
reported using nanodiamond as an efficient metal-free cata-
lyst,43 which inspires many researchers to develop carbon-
based catalysts for this reaction. However, so far, the further
increase in catalytic activity is required. We previously dem-
onstrated that N-doping can efficiently improve the catalytic
performance of carbon materials.39,44,45 Recently, it was
reported that, besides the established ketonic C@O, the struc-
tural defects are also the active sites for DDH of hydrocar-
bons.46–48 Therefore, we envision that the catalytic
properties of carbon nanotube can be hopefully improved by
N-doping and defect formation. This may result in an excel-
lent catalyst for DDH reaction. Various characterization
techniques including high resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), Raman spectroscopy (Raman),

Scheme 1. Illustration of synthetic procedure for novel carbon nitride materials with tunable microstructure and
surface chemical properties (M-Glu-CNT or M-Glu-CMK-3) through a facile and scalable mechanical
milling and subsequent pyrolysis approach of the glucose hydrothermally pretreated carbonceous
materials like CNT or CMK-3 with melamine.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and fourier transform infrared spectroscopy (FTIR) were
employed to reveal the effect of prior GHT on the micro-
structure and surface chemical properties of N-doped carbo-
naceous materials. DDH reaction of ethylbenzene to styrene
was used as a model reaction to investigate the promoting
effect of GHT pretreatment on the catalytic performance. The
optimized M-Glu-CNT demonstrates 1.35 and 1.64 times the
steady-state styrene rate of the M-CNT prepared without
GHT treatment and the pristine CNT, respectively. Correlated
the reaction results to the carbon materials nature, the
structure-performance relationship for DDH reaction was
revealed. The superior catalytic performance of the developed
M-Glu-CNT catalyst in this work can be ascribed to
increased structural defects, decreased size of in-plane crys-
tallites, enriched surface C@O group, and improved basic
properties by the promoting N-doping on the M-Glu-CNT by
surface hydroxyl groups from GHT. The directed prior con-
trolled GHT and subsequently pyrolysis approach can be
extended to the other N-doped carbonaceous materials.

Experimental Section

Synthesis of mesoporous silica SBA-15

SBA-15 was prepared according to the procedure reported
by Zhao et al.49,50 In a typical synthesis, 4.0 g of Pluronic
P123 purchased from Sigma-Aldrich Co. was dissolved in
30 g of deionized water and 120 g of 2 M HCl solution with
stirring at 358C. Then, 8.50 g of TEOS was added into the
above solution with stirring at 358C for 20 h. The resulting
mixture was aged at 808C overnight. The obtained solid
product was recovered, washed, and then dried at room tem-
perature. The final product was calcined at 5008C for 6 h.

Synthesis of mesoporous carbon CMK-3

According to Ref. 51, CMK-3 was also prepared. Briefly,
1 g of calcined SBA-15 was added to a solution containing
1.25 g of sucrose, 0.14 g of H2SO4, and 5 g of H2O. The mix-
ture was placed in a drying oven at 1008C for 6 h, and then the
temperature was increased up to 1608C and kept this tempera-
ture for 6 h. The resultant solid, containing silica template,
partially polymerized and carbonized sucrose, was treated
again at 1008C, and then at 1608C using the same drying oven
after the addition of the solution containing 0.8 g of sucrose,
0.09 g of H2SO4, and 5 g of H2O. The carbonization was per-
formed by pyrolysis at 9008C in nitrogen atmosphere. The
obtained carbon-silica composite was washed with 5 wt % HF
at room temperature to remove the silica template. The silica
template-free carbon product was obtained by filtering, then
washing with ethanol, and finally drying at 1208C overnight.

Glucose hydrothermal pretreatment of multiwalled CNT
and CMK-3

Typically, the pristine multiwalled CNT (purity> 95%,
outer diameter< 8 nm, with a length of 10–30 lm) purchased
from Chengdu Organic Chemicals Co., Chinese Academy of
Sciences was dispersed in the 16.7 wt % glucose aqueous
solution. The suspension was transferred into a 50-mL Teflon-
lined hydrothermal autoclave and then maintained at 100–
1408C for 10–40 h. After the hydrothermal procedure, the
mixture was filtered and washed with deionized water and
then with ethanol, followed by drying at about 1008C over-
night. Then, the hydrothermally pretreated multiwalled CNT
was obtained, which is denoted as Glu-CNT-0. By changing

hydrothermal conditions including glucose concentration,
hydrothermal temperature, and hydrothermal time, a series of
glucose hydrothermally treated CNTs were obtained. Using
the same procedure, the glucose hydrothermal pretreated
CMK-3 (Glu-CMK-3) was also prepared.

Pyrolysis procedure of carbonaceous materials with
melamine

Typically, the prior glucose hydrothermal-treated Glu-
CNT-0 was finely ground with melamine in an agate mortar
(1:30) and then heated up to the desired temperature in N2

atmosphere for pyrolysis process at the established ramp rate
to obtain the final N-CNT (Scheme 1), and it is denoted as
M-Glu-CNT. Using the different CNTs pretreated by differ-
ent glucose concentrations (9.1, 16.7, and 28.6 wt %), vari-
ous hydrothermal temperature (100, 120, and 1408C), and
diverse hydrothermal time (10, 20, and 40 h), a series of
novel N-doped CNTs were prepared, which are named as M-
Glu-CNT-9.1%, M-Glu-CNT-16.7%, M-Glu-CNT-28.6%,
M-Glu-CNT-100, M-Glu-CNT-120, M-Glu-CNT-140, M-
Glu-CNT-10, M-Glu-CNT-20, and M-Glu-CNT-40, respec-
tively. The common N-doped CNT prepared by the pyrolysis
of pristine CNT and melamine but without glucose hydro-
thermal pretreatment was also prepared and labeled as M-
CNT. To find out whether the presented GHT-PCM strategy
can be efficiently extended to the other N-doped carbona-
ceous materials, the novel N-doped CMK-3 was also pre-
pared by pyrolysis of Glu-CMK-3 and melamine. The
as-prepared N-doped mesoporous carbon is denoted as M-
Glu-CMK-3.

Characterization of samples

X-ray diffraction (XRD) patterns were collected from 10 to
808 at a step width of 0.028 using Rigaku Automatic x-ray Dif-
fractometer (D/Max 2400) equipped with a CuKa source
(k 5 1.5406 Å). Transmission electron microscopy (TEM)
images were obtained using Tecnai F30 HRTEM instrument
(FEI Corp.) at an acceleration voltage of 300 kV. The XPS
spectra were carried out on an ESCALAB 250 XPS system
with a monochromatized Al Ka x-ray source (15 kV, 150 W,
500 lm, pass energy 5 50 eV). The Raman spectra were meas-
ured using a laser with an excitation wavelength of 532 nm at
room temperature on a Thermo Scientific DXR Raman micro-
scope. FTIR spectroscopy characterization of samples was
performed at 508C under ultrahigh vacuum using a Bruker
EQUINOX55 infrared spectrometer. Nitrogen adsorption and
desorption isotherms were determined on a Beishide apparatus
of model 3H-2000PS1 system at 21968C. The specific surface
areas were calculated by the N2 adsorption desorption (BET)
method as well as the micropore and mesopore size distribu-
tions were calculated from adsorption branch of the isotherm
by H-K and BJH model, respectively.

Catalytic performance measurement

DDH of ethylbenzene, as model reaction, was carried out at
5508C for 20 h in a stainless steel, fixed bed flow microreactor.
Typically, 25 mg catalyst was placed at the center of the reac-
tor between two quartz wool plugs. The system was heated to
6008C and kept for 30 min in Ar for pretreatment of catalyst.
After the system was cooled down to 5508C and kept for 10
min, the reactant of 2.8% ethylbenzene with feed flow rate
10 mL min21 and Ar as balance was then fed into the reactor
from a saturator kept at 408C at atmospheric pressure. The
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effluent from the reactor was condensed and absorbed in two
traps containing certain amount of ethanol connected in a
series. The condensed material was cooled externally in an ice
water bath. Quantitative analysis of the collected reaction
products (ethylbenzene, styrene, toluene, and benzene) was
performed on a FULI 9790 II GC equipped with HP-5 column,
30 m 3 0.32 mm 3 0.25 lm, and FID detector. The resulting
carbon balance was above 100 6 4% in all reactions (Calcula-
tion method: the percentage of actually measured carbon atom
number for the unreacted ethylbenzene, produced styrene, and
the side products benzene and toluene per hour by internal
standard method to the carbon atom number of ethylbenzene
flowing through the reactor per hour; the same measurement
process as above was performed five times). The styrene rate
and selectivity of styrene are employed to compare the cata-
lytic performance of the fabricated catalysts for DDH reaction.
The styrene rate is calculated as the formed styrene molar
amount per gram catalyst per hour, and the selectivity of sty-
rene is denoted as the percentage of the desired styrene to the
total products including the desired styrene and the by-
products that containing benzene and toluene. The steady-state
rate and selectivity are employed as the index for evaluating
the developed catalysts. Catalytic performance measurements

over series of N-doped CNTs and mesoporous carbon prepared
by the developed GHT-PCM approach (M-Glu-CNT-9.1%,
M-Glu-CNT-16.7%, M-Glu-CNT-28.6%, M-Glu-CNT-100,
M-Glu-CNT-120, M-Glu-CNT-140, M-Glu-CNT-10, M-
Glu-CNT-20, and M-Glu-CNT-40, M-Glu-CMK-3) and the
common N-doped carbonaceous materials (M-CNT and M-
CMK-3) were performed. For comparison, the catalytic
properties of the pristine CNT, Glu-CNT (was obtained by the
annealing of Glu-CNT-0 under the same conditions as those
for pyrolysis procedure but in the absence of melamine).

Results and Discussion

Effect of glucose hydrothermal pretreatment

Figure 1 presents the typical HRTEM images of M-Glu-
CNT, M-CNT, Glu-CNT, and pristine CNT samples. In com-
parison with pristine CNT (Figures 1j–l), the visible CNx
layer on the M-CNT prepared by pyrolysis of pristine CNT
and melamine can be observed (Figures 1g–i). The presence
of N element on this sample has been confirmed by the fol-
lowing XPS experiment, and the CNx can be produced by
the pyrolysis of melamine. However, no CNx layer on the
M-Glu-CNT sample can be observed (Figures 1a–c),

Figure 1. HRTEM images of (a–c) M-Glu-CNT, (d–f) Glu-CNT, (g–i) M-CNT, and (j–l) the pristine CNT samples.
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although the existence of N element on the surface of this
sample identified by XPS analysis. Interestingly, we can
clearly see the enhanced structural defectiveness on both M-
Glu-CNT prepared by pyrolysis of GHT pretreated CNT in
the presence of melamine and Glu-CNT (Figures 1d–f) by
annealing process of GHT pretreated CNT without melamine
at the same pyrolysis temperature. In comparison with M-
CNT, the disappearance of CNx and the formation of surface
structural defects on the M-Glu-CNT may be resulted from
the explosive decomposition of coated polysaccharide on
CNT produced by glucose polymerization in the GHT pro-
cess.52,53 It was previously demonstrated that the maximum
structural defectiveness promoted diverse catalytic rea-
tions,36–38 also the DDH of propane on annealed nanodia-
mond.46 We envisioned that the created or enhanced
structural defectiveness on M-Glu-CNT sample by GHT-
PCM approach (also called as glucose hydrothermal pre-
ptreatment assisted pyrolysis of CNT with melamine) may
improve the catalytic performance of the N-doped CNT in
DDH reaction of ethylbenzene. This has been confirmed by
the following reaction results in this work.

As shown in Figure 2, the microstructure and macrostruc-
ture have been changed due to the treatments. Especially,
the lowest surface area on M-CNT can be observed, ascribed
to the CNx layer or carbon fragment covering on CNT as
confirmed by HRTEM. The surface area rankings of the
three modified CNT is Glu-CNT>M-Glu-CNT>M-CNT,
suggetsing that the glucose hydrothermal process may inhibit
the decrease in surafce area caused by the CNx layer or car-
bon fragment covering on CNT through the explosive
decomposition of polysaccharide. This is in consistent with
results obtained from HRTEM. The high surface area and
pore volume can favor the accessibility of active sites to
reactants, and therefore, enhances the catalytic reaction.

As shown in Figure 3, Raman peaks appear at around
1337 and 1585 cm21 on the four samples assigned to D and
G peaks can be observed, which correspond to A1g mode in

disorder carbon or surface structural defects and to E2g
mode for ideal graphitic carbon, respectively. The larger ID/
IG of M-Glu-CNT than that of Glu-CNT, as well as larger
ID/IG of M-CNT than that of pristine CNT can be observed,
indicating more structural defects, disordered carbon, and lat-
tice edge produced by N-doping.34,54,55 Interestingly, more
structural defect, disordered carbon, and lattice edge on the
Glu-CNT and M-Glu-CNT in comparison of pristine CNT
and M-CNT can be observed, which demonstrates the effect
of prior GHT before pyrolysis process. Besides, the intensi-
fied D0 peak appears as a shoulder peak of G-band on
M-Glu-CNT sample in comparison with that of M-CNT,
implying the enhanced structural defectiveness,56 which
agrees with the results from HRTEM experiments. Further-
more, the larger ID/IG for M-Glu-CNT in comparison to that
for M-CNT also indicates the smaller in-plane crystallite size
of M-Glu-CNT prepared by GHT-PCM approach to M-CNT
by pyrolysis of pristine CNT and melamine without GHT
process.34,54 Also, we can see a shift to lower wavenumber
toward G-peak on M-CNT in comparison that of the other
samples, which may be due to the different surface carbon
structure (CNx layer from melamine pyrolysis). This is con-
sistent with the results from the HRTEM. All in all, the
intensified structural defectiveness on the surface of M-Glu-
CMT can be obtained by the explosive decomposition of
formed polysaccharide in the GHT process of pristine CNT,
identified by HRTEM and Raman characterization results.
The intensified surface structural defectiveness may promote
the catalysis of the samples for diverse reactions including
but not limited to DDH reaction.

The structure of the developed M-Glu-CNT, Glu-CNT, M-
CNT, the calcined CNT and the pristine CNT was further
investigated by XRD analysis. From Figure 4, the strong dif-
fraction peaks at around 268, 43.38, 44.68 corresponding to
(002), (100), (111) planes on M-Glu-CNT, Glu-CNT, cal-
cined CNT, and pristine CNT can be clearly resolved, indi-
cating the well-formed graphitic carbon structure.39,44

However, weak peak toward (002) plane and no peaks corre-
sponding to (100) and (111) facets on the M-CNT can be
observed. This suggests the existence of CNx layer on M-
CNT, identified by the HRTEM and the XPS data. By care-
fully comparing the peaks for (002) plane, the GHT leads to

Figure 2. Nitrogen adsorption–desorption isotherms of
the M-Glu-CNT, Glu-CNT, M-CNT, and the
calcined CNT samples. Insets: Barrett–Joy-
ner–Halenda adsorption mesopore size distri-
bution, Horvath–Kawazoe adsorption
micropore size distribution, and specific sur-
face area.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Raman spectra of M-Glu-CNT, Glu-CNT, M-
CNT, and the pristine CNT samples.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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XRD peak shifting from 25.588 (M-CNT) to 25.948 (M-Glu-
CNT), which corresponds to the 0.343 nm of d-spacing for
M-CNT and 0.348 nm for M-Glu-CNT. The value for M-
Glu-CNT is larger than that for pristine graphite (0.34 nm)
as the result of swelling of graphitic sheets produced by the
release of oxygenated functional groups.57 The much stron-
ger XRD peak for M-Glu-CNT than that for M-CNT sug-
gests the higher graphitization led by the GHT process.
However, as for the Raman results for M-Glu-CNT and M-
CNT, the 1.21 of much higher ID/IG value for the former
than that (0.92) for the latter can be clearly observed. Corre-
lated to Raman results to XRD patterns, the more disordered
carbon on M-Glu-CNT can be ruled out, and the higher ID/
IG value for Raman spectra of M-Glu-CNT should be
ascribed to more structural defects and lattice edge produced
by the possible explosive decomposition of polysaccharide.
It was demonstrated that the defects also can activate the
CAH bond of alkanes,46 the enriched surface defective sites
on the M-Glu-CNT may allow it to be a highly active cata-
lyst for DDH reaction.

The catalytic performance of carbocatalysts is significantly
dependent on their microstructure especially surface micro-
structure and surface chemical properties.2,44,58,59 Herein, the
XPS analysis on M-Glu-CNT and M-CNT was carried out to
investigate the surface chemical properties corresponding to
the nature and coordination of the carbon, nitrogen, and oxy-

gen for the samples. The Glu-CNT-0 (prepared by the same
process as that for M-Glu-CNT except for the absence of
melamine) and pristine CNT are also included for compari-
son. The XPS spectra and quantitative analysis results are
presented in Figure 5,9 and Table 1, 2 respectively.

The XPS survey spectra of the M-Glu-CNT, Glu-CNT, M-
CNT, and pristine CNT presented in Figure 5a show that the
C, N, and O elements appear on M-CNT and M-Glu-CNT,
and only C and O on Glu-CNT and pristine CNT samples.
From Table 1, 1.8 and 1.9 At % of N element on M-CNT
and M-Glu-CNT, respectively, is shown. Generally, the
explosive decomposition of polysaccharide can lead to a
decrease in N-doping level, and even can lead to the decom-
position of formed CNx layer from melamine and the forma-
tion of structural defects identified by above characterization
results. However, the explosive decomposition does not lead
to a decrease in N atom content on N-doped CNT sample
(M-Glu-CNT). On the contrary, a slight higher N content on
M-Glu-CNT than that on M-CNT can be obtained. In our
opinion, the explosive decomposition of polysaccharide may
lower the N-doping level, but the hydrogen bond effect
between melamine and the hydroxyl groups of polysaccha-
ride can increase the N-doping level. From Table 1, the
decreased surface O content on the M-CNT (1.6 At %) in
comparison with pristine CNT (4.1 At %) results from the O
release in the pyrolysis process at high temperature. How-
ever, the 4.2 At % of O content on the Glu-CNT sample can
be observed although it suffered from the same annealing
process. The increased O content may be caused by the
polysaccharide on the CNT formed by the GHT process or
the more defect sites anchored O-containing species.46 Fur-
thermore, the 7.4 At % of the higher O content on M-Glu-
CNT than that of the others, and even than Glu-CNT is
seen. This is possibly resulted from the formed polysaccha-
ride on the CNT, the inhibition of O release by the presence
of melamine, and the anchored O-containing species on
defect sites. The C 1s peak region in the XPS spectra of the
M-Glu-CNT and M-CNT samples (Figure 5b and Table 1)
was deconvoluted to five peaks at around 284.6, 285.2,
286.0, 287.0, and 288.1–288.3 eV corresponding to C@C,
CAN, CAC, CAO, and C@O/C@N, respectively.2,34,54–61

The presence of CAN and/or C@N peaks indicates the N
incorporation into carbon matrix. The N 1s XPS peak (Fig-
ure 5c and Table 1) illustrates that the N atoms in M-Glu-
CNT and M-CNT have been doped into the graphene lattice
in a form of “pyridinic N,” “pyrrolic N,” graphitic N, and
oxidized N, which appear at around 398.6, 400.2, and 401.5,
404.0–404.9 eV, respectively.34,60–63 This suggests the N
incorporating but not absorbing on the materials surface.

Figure 4. XRD patterns of M-Glu-CNT, Glu-CNT, M-
CNT, as well as the pristine and calcined
CNT samples.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. XPS Quantitative Analysis Results for M-Glu-CNT, Glu-CNT, M-CNT, and CNT Samples

Sample
C-1a

(%)
C-2a

(%)
C-3a

(%)
C-4a

(%)
C-5a

(%)
Nb

(%)
N-1c

(%)
N-2c

(%)
N-3c

(%)
N-4c

(%)
Od

(%)
O-1e

(%)
O-2e

(%)
O-3e

(%)

CNT 77.7 – 10.4 5.3 6.5 – – – – – 4.1 15.8 47.8 36.4
M-CNT 58.4 19.5 10.8 5.3 5.9 1.8 50.1 27.9 14.2 7.8 1.6 31.2 58.8 10.0
Glu-CNT 78.2 – 12.8 4.3 4.7 – – – – – 4.2 6.7 53.5 39.8
M-Glu-CNT 70.3 7.5 14.2 2.3 5.7 1.9 43.1 34.2 11.9 10.8 7.4 10.0 56.5 33.5

aPercentage of various nitrogen species occupying in the total C content; C-1, C-2, C-3, C-4, and C-5 are denoted as C@C, CAN, CAC/CAO, C@O/C@N, and
OAC@O, respectively.
bThe surface N content of the materials from XPS.
cPercentage of various nitrogen species occupying in the total N content; N-1, N-2, N-3, and N-4 are denoted as pyridinic N, pyrrolic N, graphitic N, and oxi-
dized N, respectively.
dThe O atom molar percentage on the material surface from XPS analysis.
ePercentage of various nitrogen species occupying in the total O content; O-1, O-2, and O-3 are denoted as C@O, O@CAO, and CAOH/CAOAC, respectively.
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Furthermore, from Table 1, the more pyrrolic N and oxidized
N species on the M-Glu-CNT than those on M-CNT can be
observed, which may be one of the reasons for superior cata-
lytic performance of G-M-CNT in DDH reaction. The main
side-products for the catalytic DDH of ethylbenzene are ben-
zene and toluene produced by the cracking of ethylbenzene,
which is consistent with the results reported in litera-
tures.39,43,44,46 The surface phenolic hydroxyl group and/or
possible COOH may promote the cracking of ethylbenzene
due to its acidity, as acid sites are active for cracking reac-
tion of hydrocarbon.64 The incorporated N atom into carbon
matrix can increase the electron density of carbon materials,
and therefore, strengthens the basic properties but weakens
the acidity of the catalyst, which may result in an improve-
ment in catalytic activity for styrene production and simulta-
neously compressing the benzene and toluene
formation.39,43,46 The O 1s XPS spectra can be deconvoluted
into three peaks with the binding energies at around 531.5,
532.6, and 538.8–535.3 eV, assigned to C@O, O@CAO, and
CAOAC/CAOH containing groups, respectively (Figure 5d
and Table 1).65 From Table 1, the surface O content on the
CNT, M-CNT, Glu-CNT, and M-Glu-CNT is 4.1, 1.6, 4.2,
and 7.4 At %, respectively. The pyrolysis procedure and
CNx coating leads to the decreasing surface O content on
M-CNT in comparison to that on CNT. However, the prior
GHT process leads to a significant increase in surface O con-
tent on M-Glu-CNT in comparison to that on M-CNT.
Besides the defect sites,46 the surface ketone-type C@O con-
tent of the following materials, CNT, M-CNT, Glu-CNT,
and M-Glu-CNT is 0.65, 0.50, 0.28, and 0.74%, respectively.
N-doping by pyrolysis of glucose hydrothermal-treated CNT

and melamine may increase the catalytic active sites amount,
and therefore, significantly improved the catalytic perform-
ance in DDH reaction.

From the above characterization results for the microstruc-
ture and surface chemistry, the GHT approach before pyroly-
sis for preparing N-doped CNT can lead to the
disappearance of CNx layer formed by melamine pyrolysis
and the enhanced surface defectiveness by explosive decom-
position of polysaccharide, as well as can enrich surface N
(possibly through the hydrogen-bond effect between mela-
mine and hydroxyl groups of polysaccharide) and O con-
tents. To further confirm the formation of polysaccharide on
CNT and also to probe why the GHT has significant effect
on material feature and the catalysis of N-doped CNT, the
HRTEM, Raman, FTIR, XPS experiments (Figures 6–9)
were performed on the Glu-CNT-0 (glucose hydrothermal
pretreated CNT, used as parent carbon nanostructured material
for preparing M-Glu-CNT by pyrolysis) and pristine CNT.

From Figures 6a–c, the carbon fragments coating on the
CNT for Glu-CNT-0 can be observed, suggesting the forma-
tion of polysccharide by GHT process. However, clean sur-
face for pristine (Figures 6d–f) is seen. Moreover, the carbon
fragments are quitely different from the CNx layer formed
by pyrolysis of melamine on the M-CNT sample (Figures
1g–i). From Figure 7, the significantly different Raman spec-
tra between Glu-CNT-0 and pristine CNT further indicate
the different surface feature between Glu-CNT-0 and pristine
CNT. By comparing FTIR spectra of Glu-CNT-0 and pris-
tine CNT (Figure 8), the much stronger peaks corresponding
to C@O and CAOH/CAOAC at around 1703 and
1184 cm21, respectively, on Glu-CNT-0 than those on

Figure 5. XPS spectra of M-Glu-CNT, Glu-CNT, M-CNT, and the pristine CNT samples. (a) Suvery spectra; (b–d) C
1s, N 1s, and O 1s, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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pristine CNT can be observed, further demonstrating the
existence of polysccharide coating CNT on the Glu-CNT
sample. From Figure 9 and Table 2, the increase in surface
O atom on the Glu-CNT-0 in comparison with pristine CNT
is another proof for the existing polysaccharide, which is
consistent with the results from HRTEM, Raman spectra,
and FTIR spectra.

Oxidant- and steam-free DDH of ethylbenzene catalyzed
by metal-free carbocatalysts has been considered as sustain-
able and robust strategy for the styrene production.39,43,44

Herein, the catalytic performance of the developed samples
for DDH reaction of ethylbenzene was performed. Figure 10
presents the reaction results for DDH reaction over M-Glu-
CNT, Glu-CNT, M-CNT, and pristine CNT. From Figure 10,
the steep decline of catalytic activity initially for all samples
can be observed, and is consistent with the reported results
for the DDH reaction catalyzed by carbocatalysts.39,43,44 The
rapid decrease in activity at the initial period may ascribed

to the hydrogen passivation.2 The initial activity decreases,
but reaches steady state at about 15–20 h of time on
stream.44 In this work, the steady-state rate was used as an
index to compare the catalytic activity of the diverse
samples, and the focus was put into the effect of glucose
hydrothermal pretreatment and the GHT conditions on the
steady-state rate. The N-doped CNTs including M-Glu-CNT
and M-CNT show superior catalytic activity and slight
higher selectivity to the undoped CNT and Glu-CNT,
ascribed to the N-doping as well as the produced defect and
increased surface ketone-type C@O amount on samples
resulted from N-doping, confirmed by HRTEM, Raman, and
XPS results.39,44 Moreover, we can see the Glu-CNT shows
slight higher catalytic activity than the pristine CNT. How-
ever, XPS results demonstrate the Glu-CNT has lower sur-
face C@O content. From HRTEM and Raman spectra, the
intensified structural defectiveness on the Glu-CNT in com-
parison with pristine CNT allows it to render superior

Figure 6. HRTEM images of (a–c) Glu-CNT-0 and (d–f) pristine CNT samples.

Figure 7. Raman spectra of Glu-CNT-0 and pristine
CNT samples.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. FTIR spectra of Glu-CNT-0 and pristine CNT
samples.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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activity, although it has lower surface C@O content. This
could show that the surface structural defect sites may also
active sites for CAH activation, which is consistent with the
reported results in Ref. [46]. The developed M-Glu-CNT by
GHT-PCM approach exhibits higher catalytic activity (4.6
mmol g21 h21 of steady-state rate) with similar selectivity to
M-CNT (3.4 mmol g21 h21 of steady-state rate), which may
be ascribed to the tuning in microstructure (increased surface
structural defect, larger d-spacing, and absence of CNx in
comparison with pristine CNT) and surface chemistry
(increased surface C@O and N content) as identified by the
HRTEM, BET, Raman, XRD, and XPS analytical results.
The surface ketonic C@O and the structural defects are the
active centers for the CAH activation, and high surface area
and pore volume increase the accessibility of active sites to
reactants, thus enhances the DDH. The developed M-Glu-
CNT demonstrates 1.35 and 1.64 times the steady-state sty-
rene rate of the M-CNT prepared without GHT process and

the pristine CNT, respectively, which allows it to be a prom-
ising candidate for DDH reaction.

Effect of hydrothermal conditions

From above, it can be found that the GHT approach
before pyrolysis for preparing N-doped CNT can efficiently
tune the microstructure and surface chemistry. It can increase
structural defects and d-spacing for graphene sheet as well
as result in the increase in surface N and ketonic C@O
group. As a result, the catalysis in DDH reaction can be effi-
ciently enhanced. The effect of GHT conditions including
glucose concentration, hydrothermal temperature, and hydro-
thermal time on the microstructure, surface chemistry, and
the catalysis in DDH reaction is addressed below.

From HRTEM presented in Figure 11, the increase in glu-
cose concentration can strengthen the structural defective-
ness, but the 26.8% concentration is too high and leads to
the existence of many carbon fragments on N-doped CNT

Figure 9. XPS spectra of Glu-CNT-0 and pristine CNT samples. (a) Suvery spectra, (b) C 1s, and (c) O 1s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 2. Comparison of XPS Quantitative Analysis Results for Glu-CNT-0 with Those for Glu-CNT and Pristine CNT

Samples

Sample
C-1a

(%)
C-2a

(%)
C-3a

(%)
C-4a

(%)
C-5a

(%)
Nb

(%)
N-1c

(%)
N-2c

(%)
N-3c

(%)
N-4c

(%)
Od

(%)
O-1e

(%)
O-2e

(%)
O-3e

(%)

CNT 77.7 – 10.4 5.3 6.5 – – – – – 4.1 15.8 47.8 36.4
Glu-CNT-0 76.0 – 11.9 7.8 4.3 – – – – – 6.7 16.0 56.0 28.0

aPercentage of various nitrogen species occupying in the total C content; C-1, C-2, C-3, C-4, and C-5 are denoted as C@C, CAN, CAC/CAO, C@O/C@N, and
OAC@O, respectively.
bThe surface N content of the materials from XPS.
cPercentage of various nitrogen species occupying in the total N content; N-1, N-2, N-3, and N-4 are denoted as pyridinic N, pyrrolic N, graphitic N, and oxi-
dized N, respectively.
dThe O atom molar percentage on the material surface from XPS analysis.
ePercentage of various nitrogen species occupying in the total O content; O-1, O-2, and O-3 are denoted as C@O, O@CAO, and CAOH/CAOAC, respectively.
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sample. The wafted carbon fragments may inhibit the active
sites from availability to reactants. As a result, the catalytic
activity may be suppressed. As shown in Figure 12, the
increase in the glucose concentration for the glucose hydro-
thermal process from 9.1 to 28.6% leads to the continuous
decrease in surface area and pore volume but with similar
pore distribution, suggesting the possible covering of the
CNT surface by carbon fragment and/or the possible void-

filling in the CNT by carbon fragments, which supports the
observations by HRTEM.

From the XPS data in Figure 13 and Table 3, the increase
in glucose concentration from 9.1 to 16.7% can increase sur-
face N and O atom amount, ascribed to enhanced

Figure 10. Catalytic performance of M-Glu-CNT, Glu-
CNT, M-CNT, and the pristine CNT samples
as a function of time on stream for direct
dehydrogenation of ethylbenzene to styrene
under oxidant- and steam-free conditions.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. HRTEM images of (a–c) M-Glu-CNT-9.1%, (d–f) M-Glu-CNT-16.7%, and (g–i) M-Glu-CNT-28.6% samples.

Figure 12. Nitrogen adsorption–desorption isotherms
of the M-Glu-CNT-9.1%, M-Glu-CNT-16.7%,
and M-Glu-CNT-28.6% samples. Insets:
Barrett–Joyner–Halenda adsorption meso-
pore size distribution, Horvath–Kawazoe
adsorption micropore size distribution, and
specific surface area.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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defectiveness,59 increased polysaccharide amount and inten-
sified hydrogen bond of melamine with hydroxyl groups of
polysaccharide. However, the further increase in glucose
concentration leads to the decrease in surface N and O con-
tents. This ascribed to the prohibition effect from floating
carbon fragments (confirmed by HRTEM and BET measure-
ment) on N and O incorporation into carbon matrix.

Figure 14 depicts the catalytic performance of the N-doped
CNTs prepared by GHT-PCM approach with diverse glucose
concentrations for DDH reaction of ethylbenzene. Results
show that the increase in glucose concentration from 9.1 to
16.7% leads to the increase in steady-state rate from 3.9 to 4.6
mmol g21 h21. However, the further increase in glucose con-
centration up to 28.6%, a decreasing activity (4.3 mmol g21

h21) can be observed. The N-doped CNT prepared by GHT-

PCM approach with optimum glucose concentration exhibits
higher catalytic activity to the others, ascribed to more defect
sites and larger amount of surface ketonic C@O group. The
lower catalytic activity of M-Glu-CNT-28.6% in comparison
with M-Glu-CNT-16.7% may be caused by the possible inhi-
bition effect of floating carbon fragments blocking active sites
from reactant. Also, there is a decrease in surface C@O,
confirmed by HRTEM and BET experiments. Correlated the
reaction results (reaction rate: 3.9, 4.6, and 4.3 mmol g21 h21)
to the XPS data (N percentage: 1.8, 1.9, and 1.6; C@O per-
centage: 0.48, 0.74, and 0.69), the Raman and HRTEM char-
acterization results of the three samples M-Glu-CNT-9.1%
M-Glu-CNT-16.7%, and M-Glu-CNT-28.6%, respectively, it
can be concluded that the catalytic performance of modified
CNT is strongly dependent on the microstructure and surface

Figure 13. XPS spectra of M-Glu-CNT-9.1%, M-Glu-CNT-16.7%, and M-Glu-CNT-28.6% samples. (a) Suvery spectra
and (b–d) C 1s, N 1s, and O 1s, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. XPS Quantitative Analysis Results for M-Glu-CNT Samples Prepared with Diverse Glucose Mass Concentrations for

the Controlled Hydrothermal Pretreatment of Pristine CNT for N-CNT Preparation Through a Facile Pyrolysis Approach in

the Presence of Melamine

Sample
C-1a

(%)
C-2a

(%)
C-3a

(%)
C-4a

(%)
C-5a

(%)
Nb

(%)
N-1c

(%)
N-2c

(%)
N-3c

(%)
N-4c

(%)
Od

(%)
O-1e

(%)
O-2e

(%)
O-3e

(%)

M-Glu-CNT-9.1% 65.6 14.8 9.4 3.4 5.8 1.8 40.1 34.9 17.6 7.4 4.2 11.5 56.5 32.0
M-Glu-CNT-16.7% 70.3 7.5 14.2 2.3 5.7 1.9 43.1 34.2 11.9 10.8 7.4 10.0 56.5 33.5
M-Glu-CNT-28.6% 74.7 5.8 7.1 5.6 6.9 1.6 26.0 52.6 10.4 11.0 2.8 24.9 61.1 14.0

aPercentage of various nitrogen species occupying in the total C content; C-1, C-2, C-3, C-4, and C-5 are denoted as C@C, CAN, CAC/CAO, C@O/C@N, and
OAC@O, respectively.
bThe surface N content of the materials from XPS.
cPercentage of various nitrogen species occupying in the total N content; N-1, N-2, N-3, and N-4 are denoted as pyridinic N, pyrrolic N, graphitic N, and oxi-
dized N, respectively.
dThe O atom molar percentage on the material surface from XPS analysis.
ePercentage of various nitrogen species occupying in the total O content; O-1, O-2, and O-3 are denoted as C@O, O@CAO, and CAOH/CAOAC, respectively.
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properties. The surface C@O and structural defects are the
main active sites for DDH with N-doping promoting the
reactivity.

The glucose hydrothermal temperature may affect the
polymerization degree (O content) of polysaccharide coating
on CNT and also the amount of polysaccharide, which sub-
sequently affects the microstructures and surface chemistry

of as-synthesized N-doped CNTs by GHT-PCM approach.
Therefore, the microstructures and surface chemistry of M-
Glu-CNTs prepared by GHT-PCM method with diverse
hydrothermal temperatures (100, 120, 1408C, and the opti-
mized 16.7% glucose concentration was used for preparing

Figure 14. Catalytic performance of M-Glu-CNT-9.1%,
M-Glu-CNT-16.7%, and M-Glu-CNT-28.6%
samples as a function of time on stream for
direct dehydrogenation of ethylbenzene to
styrene under oxidant- and steam-free con-
ditions.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 15. HRTEM images of (a–c) M-Glu-CNT-100, (d–f) M-Glu-CNT-120, and (g–i) M-Glu-CNT-140 samples.

Figure 16. Nitrogen adsorption–desorption isotherms
of the M-Glu-CNT-100, M-Glu-CNT-120, and
M-Glu-CNT-140 samples. Insets: Barrett–
Joyner–Halenda adsorption mesopore size
distribution, Horvath–Kawazoe adsorption
micropore size distribution, and specific
surface area.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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M-Glu-CNT-100, 120, and 140) were investigated by
HRTEM (Figure 15), BET (Figure 16), and XPS (Figure
17). The catalytic performance of each was evaluated using
DDH as a model reaction (Figure 18).

From Figure 15, increased defectiveness can be seen as the
hydrothermal temperature increases from 100 to 1208C,
ascribed to more polysaccharide on CNT surface. However, no

more defective sites but the clear floating carbon fragments on
the M-Glu-CNT-140 surface can be seen. Interestingly, in
comparison with M-Glu-CNT-28.6% prepared by GHT-PCM
with higher glucose concentration, the M-Glu-CNT-140 pre-
pared by GHT-PCM with 1408C of high hydrothermal temper-
ature possesses visibly different morphology and surface
features (Figures 11g–i and 15g–i). Besides the floating carbon
fragment, we can also see carbon fragment layer coating on
CNT surface, but it is different from the CNx on the M-CNT
sample. Moreover, the higher hydrothermal temperature may
result in increased polymerization of glucose for the formation
of polysaccharide on CNT. The lower O content in polysac-
charide may also lower surface O content on the as-
synthesized N-doped CNT, which is unfavorable for DDH
reaction. The change in the morphology and surface structure
led by the different GHT temperature may affect the catalytic
performance of N-doped CNT.

Figure 16 presents the nitrogen adsorption–desorption
isotherms of the M-Glu-CNT-100, M-Glu-CNT-120, and M-
Glu-CNT-140 samples. From Figure 16, the increasing hydro-
thermal temperature results in the decrease in surafce area, and
especially the 373 m2 g21 of very low surface area for the M-
Glu-CNT-140 can be observed. This is ascribed to the carbon
fragment layer coating on CNT surface identified by HRTEM.
Moreover, in comparison with the other two samples, the M-
Glu-CNT-140 has smaller mesopore diameter. This is possibly
caused by the carbon fragment from polysaccharide pyrolysis
filling into the CNT. The BET results can efficiently support
the observation on the samples by HRTEM.

Figure 17 presents the XPS spectra including survey, C1s,
N1s, and O1s for the M-Glu-CNT-100, M-Glu-CNT-120,

Figure 17. XPS spectra of M-Glu-CNT-100, M-Glu-CNT-120, and M-Glu-CNT-140 samples. (a) Suvery spectra and
(b–d) C 1s, N 1s, and O 1s, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 18. Catalytic performance of M-Glu-CNT-100,
M-Glu-CNT-120, and M-Glu-CNT-140 sam-
ples as a function of time on stream for
direct dehydrogenation of ethylbenzene to
styrene under oxidant- and steam-free con-
ditions.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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and M-Glu-CNT-140. Table 4 gives the quantitative XPS
results. From Figure 17a and Table 4, we can see the contin-
uously increased N content as the hydrothermal temperature
rises from 100 to 1408C, which is due to the promoting
effect of hydrogen bond between the formed polysaccharide
and melamine on N-doping. Interestingly, the M-Glu-CNT-
140 (Figures 17a, c and Table 4) has higher N content in
comparison of M-Glu-CNT-28.6% (Figure 13 and Table 3)
although both of them have floating carbon fragments. From
Figures 15g–i, besides the floating carbon fragment, we can
see the carbon fragment layer coating on CNT (also con-
firmed by BET measurement), which is favorable for the N-
doping by the forming hydrogen bonds. Furthermore,
although the explosive decomposition of polysaccharide, the
N-content on M-Glu-CNT-140 is even higher than that on
M-CNT, which further confirms the promoting effect of
GHT process on N-doping. As a result, the surface N content
may be increased on the as-prepared M-Glu-CNT-140 by the
GHT process with a higher temperature. From 14b, the C1s
spectra of the three samples can be deconvoluted into five
speaks corresponding to C@C, CAN, CAC/CAO, C@O/
C@N, OAC@O, linked with the N 1s spectra, the N atom
incorporation into carbon matrix can be clearly confirmed.
Furthermore, From Figure 17d and Table 4, with the increase
in hydrothermal temperature from 100 to 1208C, surface O
atom content is increased from 5.1 to 7.4 At %, resulted
from higher O atoms from more polysaccharide levels
formed by GHT process at higher temperature. However, the
further increase in hydrothermal temperature up to 1408C
may lead to higher polymerization degree, which lowers the
O concentration in polysaccharide. As a result, the lower O
content on M-Glu-CNT-140 can be observed.

From Figure 18, as the hydrothermal temperature is
increased from 100 to 1208C, the steady-state styrene rate
increases from 3.3 to 4.6 mmol g21 h21. Correlated to the
characterization results by HRTEM and XPS, the higher cat-
alytic activity may be ascribed to the heightened surface
structural defectiveness and richer surface C@O. However,
the decrease in styrene rate on M-Glu-CNT-140 in compari-
son with M-Glu-CNT-120 can be observed, which might be
ascribed to the lowering C@O content and the inhibiting
effect of floating carbon fragment confirmed by HRTEM and
BET measurement on the active sites accessibility. More-
over, although M-Glu-CNT-140 has 5.8 At % of highest N
content, it exhibits medium activity, suggesting that N-
doping can enhance the catalytic performance of CNT, but it
cannot have decisive effect on catalytic performance. From

Refs. 39 and 51, the surface ketonic C@O group and struc-
tural defects are active species for CAH activation. The cata-
lytic activity is also strongly dependent on accessibility of
active species. The M-Glu-CNT-120 possesses increased
structural defects and enriched ketonic C@O, but no floating
carbon fragment or carbon fragment layers on its surface.
Therefore, it demonstrates much better catalytic activity with
similar selectivity than the other two samples.

Moreover, hydrothermal time is another factor influencing
the formed polysaccharide. However, it mainly affects the
amount of polysaccharide, but not the polymerization
degree. This differs from the effect of hydrothermal temper-
ature. Therefore, the effect of hydrothermal time on the
microstructure, surface chemistry, and the catalytic perform-
ance in DDH reaction was investigated. Figure 19 presents
the HRTEM images of the N-doped CNTs prepared by the
developed GHT-PCM approach in this work using opti-
mized 16.7% glucose concentration but with diverse hydro-
thermal times (M-Glu-CNT-10, M-Glu-CNT-20, and
M-Glu-CNT-40). From Figure 19, no floating carbon frag-
ment can be observed on the M-Glu-CNT-10, M-Glu-CNT-
20, and even on M-Glu-CNT-40. The longer hydrothermal
time can lead to more polysaccharide formed on CNT, but
not polymerization degree, and therefore, more O atoms
exist in polysaccharide. This is different from the effect of
hydrothermal temperature. As a result, there is different
change in microstructure of N-doped CNTs, although the
increase in either hydrothermal time or temperature can
enlarge the amount of polysaccharide. Although the surface
structural defects formed by explosive decomposition of
polysaccharide can be strengthened by prolonging hydro-
thermal time, too long of a hydrothermal time may lead to
the formation of carbon fragments on N-doped CNT (M-
Glu-CNT-40, Figures 19g–i). The HRTEM observation can
be further identified by the BET analysis shown in Figure
20. Although the hydrothermal time does not affect the pore
distribution, the continuous decrease in both surface area
and pore volume can be observed along with the extension
of the hydrothermal time from 10 to 40 h. This suggests
possible covering of carbon fragment on the surface or fill-
ing into the CNT. Shorter hydrothermal times cannot pro-
duce enough polysaccharide for structural defect production
and surface O enrichment; however, longer hydrothermal
times lead to the formation of many carbon fragments,
which may decrease the accessibility of active sites to reac-
tants by the inhibition effect of floating carbon fragment or
the carbon covering on the CNT.

Table 4. XPS Quantitative Analysis Results for M-Glu-CNT Samples Prepared with Diverse Glucose Hydrothermal Tempera-

tures for the Controlled Hydrothermal Pretreatment of Pristine CNT for N-CNT Preparation Through a Facile Pyrolysis

Approach in the Presence of Melamine

Sample
C-1a

(%)
C-2a

(%)
C-3a

(%)
C-4a

(%)
C-5a

(%)
Nb

(%)
N-1c

(%)
N-2c

(%)
N-3c

(%)
N-4c

(%)
Od

(%)
O-1e

(%)
O-2e

(%)
O-3e

(%)

M-Glu-CNT-100 75.2 4.3 10.8 3.0 6.7 1.2 40.0 47.7 5.0 7.3 5.1 10.2 53.4 36.4
M-Glu-CNT-120 70.3 7.5 14.2 2.3 5.7 1.9 43.1 34.2 11.9 10.8 7.4 10.0 56.5 33.5
M-Glu-CNT-140 70.4 3.1 15.6 5.4 5.5 5.8 44.7 32.4 16.9 5.9 5.1 13.9 59.7 26.4

aPercentage of various nitrogen species occupying in the total C content; C-1, C-2, C-3, C-4, and C-5 are denoted as C@C, CAN, CAC/CAO, C@O/C@N, and
OAC@O, respectively.
bThe surface N content of the materials from XPS.
cPercentage of various nitrogen species occupying in the total N content; N-1, N-2, N-3, and N-4 are denoted as pyridinic N, pyrrolic N, graphitic N, and oxi-
dized N, respectively.
dThe O atom molar percentage on the material surface from XPS analysis.
ePercentage of various nitrogen species occupying in the total O content; O-1, O-2, and O-3 are denoted as C@O, O@CAO, and CAOH/CAOAC, respectively.
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In Figure 21 and Table 5, the higher polysaccharide
amounts from increasing hydrothermal time from 10 to
40 h can continuously increase both N and O contents of
the N-doped CNTs. However, like the effect of glucose
concentration, only slight changes can be observed. No sig-

nificant increase in N content can be observed even if the
hydrothermal time is increased from 10 to 40 h. Interest-
ingly, from Figure 21a and Table 5, we observe that the O
content on N-doped CNTs continuously rise from 1.4 to
9.8 At % as the hydrothermal time increases from 10 to
40 h. However, with the increase in glucose concentration
or hydrothermal temperature, the O atom content on N-
doped CNTs first increases and reaches the maximum, and
then decreases. The data show that the increased polysac-
charide is achieved by increasing glucose concentration,
raising hydrothermal temperature, or prolonging hydrother-
mal time in order to increase the O content on the surface
of N-doped CNTs. However, the decreased O content on
both M-Glu-CNT-28.6% and M-Glu-CNT-140 can be
observed (Table 3 and Supporting Information Table S4).
Correlated the XPS data for M-Glu-CNT-28.6%, M-Glu-
CNT-140, and N-Glu-CNT-40 to the HRTEM images, it
can be proposed that increase in glucose concentration,
hydrothermal temperature, and hydrothermal time has dif-
ferent influence on the component and structure of the
polysaccharide, although all of them can increase the
amount of polysaccharide. As a result, the microstructure
and surface chemical properties of N-doped CNTs can be
efficiently tailored, which subsequently affects their cata-
lytic performance. Although M-Glu-CNT-40 has highest
surface O atom content, the lower C@O content on its sur-
face is observed (Figure 21d and Table 5), which may lead
to lower catalytic performance in DDH reaction.

From Figure 22, the steady-state styrene rate rises from
3.7 to 4.6 mmol g21 h21 as the hydrothermal time is
increased from 10 to 20 h, ascribed to the more surface

Figure 19. HRTEM images of (a–c) M-Glu-CNT-10, (d–f) M-Glu-CNT-20, and (g–i) M-Glu-CNT-40 samples.

Figure 20. Nitrogen adsorption–desorption isotherms
of the M-Glu-CNT-10, M-Glu-CNT-20, and
M-Glu-CNT-40 samples. Insets: Barrett–Joy-
ner–Halenda adsorption mesopore size dis-
tribution, Horvath–Kawazoe adsorption
micropore size distribution, and specific
surface area.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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defects and higher C@O content. The decrease in reaction
rate can be obtained as the hydrothermal time is further pro-
longed from 20 to 40 h, ascribed to lower surface C@O
amount (Table 5) and also lower accessibility of active sites
to reactants inhibited by obstructing carbon fragment (Fig-
ures 19g–i). The M-Glu-CNT-40 exhibits higher catalytic
activity than M-Glu-CNT-10, although the former has lower
amount of surface ketonic C@O than the latter, possibly
ascribed to the intensified promoting effect by increased N
content. From above, the microstructure and surface chemis-
try of N-doped CNTs can be efficiently tuned by the intro-
duction of glucose hydrothermal pretreatment before
pyrolysis and the conditions for the GHT process. As a
results, the amount and the accessibility of active sites espe-
cially surface ketonic C@O group/structural defects can be
subsequently modulated. The as-prepared N-doped CNTs by

the developed GHT-PCM approach exhibits higher catalytic
performance to the M-CNT prepared by pyrolysis of pristine
CNT with melamine but without GHT process.

Extending GHT-PCM approach to other carbocatalysts

To investigate whether the developed GHT-PCM approach
can be extended to the farbication of the other N-doped car-
bonaceous materials with enhanced catalysis, a comparison
of the catalytic performance of the M-Glu-CMK-3 with M-
CMK-3 and CMK-3 for DDH reaction was made. The reac-
tion results are illustrated in Figure 23. The results show that
the M-Glu-CMK-3 catalyst prepared by the developed GHT-
PCM method demonstrates higher catalytic performance to
the M-CMK-3 catalyst prepared by traditional pyrolysis
method by heating the mixture of mesoporous carbon and
melamine. The results illustrate that the directed GHT-PCM

Figure 21. XPS spectra of M-Glu-CNT-10, M-Glu-CNT-20, and M-Glu-CNT-40 samples. (a) Suvery spectra and (b–d)
C 1s, N 1s, and O 1s, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 5. XPS Quantitative Analysis Results for M-Glu-CNT Samples Prepared with Diverse Glucose Hydrothermal Times for

the Controlled Hydrothermal Pretreatment of Pristine CNT for N-CNT Preparation Through a Facile Pyrolysis Approach in

the Presence of Melamine

Sample
C-1a

(%)
C-2a

(%)
C-3a

(%)
C-4a

(%)
C-5a

(%)
Nb

(%)
N-1c

(%)
N-2c

(%)
N-3c

(%)
N-4c

(%)
Od

(%)
O-1e

(%)
O-2e

(%)
O-3e

(%)

M-Glu-CNT-10 77.1 2.6 8.4 6.0 5.9 1.9 21.6 30.5 42.5 5.5 1.4 38.4 47.1 14.5
M-Glu-CNT-20 70.3 7.5 14.2 2.3 5.7 1.9 43.1 34.2 11.9 10.8 7.4 10.0 56.5 33.5
M-Glu-CNT-40 60.0 13.4 14.5 5.3 6.8 2.4 42.0 33.3 17.1 7.6 9.8 2.5 61.5 36.0

aPercentage of various nitrogen species occupying in the total C content; C-1, C-2, C-3, C-4, and C-5 are denoted as C@C, CAN, CAC/CAO, C@O/C@N, and
OAC@O, respectively.
bThe surface N content of the materials from XPS.
cPercentage of various nitrogen species occupying in the total N content; N-1, N-2, N-3, and N-4 are denoted as pyridinic N, pyrrolic N, graphitic N, and oxi-
dized N, respectively.
dThe O atom molar percentage on the material surface from XPS analysis.
ePercentage of various nitrogen species occupying in the total O content; O-1, O-2, and O-3 are denoted as C@O, O@CAO, and CAOH/CAOAC, respectively.
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approach developed in this work may be extended to prepare
diverse N-doped carbonaceous materials with promoted cata-
lytic performance. These novel and efficient materials and
techniques can be used for the DDH reaction for styrene pro-
duction and possibly in other such reactions.

Conclusions

In summary, we present a facile and scalable prior con-
trolled GHT and subsequently pyrolysis approach for fabri-
cating N-doped carbonaceous materials with controllable
microstructure and surface chemical properties. The charac-
terization results demonstrate that the prior GHT and its con-
ditions including glucose concentration, hydrothermal
temperature, and hydrothermal time significantly affect mate-
rial microstructure and surface chemical properties of the
as-prepared N-doped carbonaceous materials, which subse-
quently influences the catalytic performance in DDH reaction
for styrene production. The optimized M-Glu-CNT catalyst
demonstrates 1.35 and 1.64 times the steady-state styrene
rate of the M-CNT prepared without GHT treatment and the
pristine CNT, respectively, which endows it with great
potential for future clean production of styrene over metal-
free carbocatalyst under oxidant- and steam-free conditions.
The surface kenotic C@O and structural defect are active
sites for the DDH reaction; the improved nucleophilicity of
C@O and basic properties of materials caused by N-doping
can efficiently intensify the performance of active sites.43–48

The superior catalytic performance of the developed M-Glu-
CNT catalyst in this work can be ascribed to increased struc-
tural defects, enriched surface ketonic C@O group, and the
promoted N-doping on the M-Glu-CNT by surface hydroxyl
groups from GHT. Furthermore, the hydorthermal conditions
can significantly change the microstructure and surface
chemistry of the modified CNT catalysts. Insufficient hydor-
thermal conditions cannot produce enough polysaccharide
formation for increasing structural defects and removing the
heavy CNx from melamine and enriching suraface oxygen.
However, overly severe hydorthermal conditions can lead to
carbon fragments from polysaccharide decomposition. The

produced structural defects and surface C@O can activate
the CAH bonds and catalyze the DDH reaction of ethylben-
zene. However, the residual carbon fragments can depress
the accessibility of acive sites to reactants to decrease the
catalytic activity. The appropriate hydorthermal conditions
are essential to fabricate the C@O and defect-rich N-doped
CNT catalysts. The established prior controlled GHT and
subsequently pyrolysis approach can be extended to the fab-
rication of the other N-doped carbonaceous materials.
Results show that the novel N-doped mesoporous carbon
(M-Glu-CMK-3) by the directed approach indicates 1.47
times the styrene rate of the common N-doped CMK-3 (M-
CMK-3, without glucose hydrothermal pretreatment). There-
fore, we can safely say that the developed prior controlled
GHT and subsequently pyrolysis strategy in this work would
be considered as a facile and efficient strategy for fabricating
diverse N-doped carbonaceous catalysts with excellent cata-
lytic performance in DDH reaction with possibly extension
to the other metal-free carbocatalytic reactions.
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