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Recent years, heteroatoms modified porous carbon materials have attracted particular attention due to
their superior performance in adsorption, catalysis, or electrochemistry, etc. In this paper, we present a
method to synthesize porous nitrogen-doped carbon materials via hydrothermal carbonization and soft
templating process by using nitrogen-containing biomass derivative as precursor. The obtained materials
possess relatively large Brunauer—Emmet—Teller specific surface area (up to 980 m? g~ 1), pore volume,
as well as high nitrogen content (6.3 wt%). The morphology, porosity, and the functionalities were
investigated by using scanning and transmission electron microscope, nitrogen sorption instrument,
elemental analyzer, X-ray photoelectron spectroscope, and Fourier transform infrared spectrometer, etc.
The effects of soft template concentration and the pH value on the properties of the obtained materials
are discussed. Furthermore, the carbon materials exhibit relatively good properties for gas adsorption:
the carbon dioxide adsorption capacities (3.7—4.7 mmol g ) and the hydrogen adsorption capacity (up
to 9.0 mmol g~ 1).

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Porous carbons have attracted particular interests for their
special properties [1,2], such as large surface area, surface hydro-
phobicity/hydrophilicity, large pore volume, chemical inertness,
good mechanical and thermal stability, ease in handling, and low-
cost preparation [3,4]. These materials have already been used
and have great potential to be used in many important environ-
mental and industry applications, such as heterogeneous catalysis
[5,6], water and air purification [7,8], separation science [9], energy
storage [10,11], and electrodes components [12,13].

By using traditional porous carbon synthetic methods, such as
chemical activation, physical activation, and catalytic activation,
porous carbons were obtained by activating carbon precursors with
organometallic compounds or metal salts at high temperatures
(approximately from 500 to 900 °C) [14—17]. Though these ways of
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getting porous carbon are low-cost and easy for large-scale pro-
ducing, the obtained products normally have inhomogeneous
structure and wide spreading pore size distribution that limit their
applications. Since Knox and his co-workers adopted hard template
in the synthesis of porous carbon [18], porous carbon with homo-
geneous structure and uniform pore size has been synthesized by
using different inorganic materials as hard templates, such as silica
nanoparticles [19,20], zeolites [21], and anodic alumina membranes
[22]. Hard templating synthesis of porous carbon always contains
two procedures, the synthesis of regular hard template and the
removal of the template under harsh condition, which make the
process complicated and time-consuming [23]. Thus, this way does
not conform to energy saving and green chemistry requirements.
Using amphiphilic block-copolymers [24,25] or other supramolec-
ular aggregates [26,27] as soft templates to synthesize ordered
porous carbon is one way that overcomes some of the drawbacks
mentioned above. However, the reported carbon precursors are
mainly based on organic materials, which are not sustainable as
compared to cheaper precursors, such as biomass [28]. As the hy-
drothermal carbonization (HTC) method possesses the features of
mild reaction condition, low cost, controllable synthetic process,
and meets the demands of green chemistry, it has already been
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proven to be a sustainable way to obtain carbon materials from
biomass or biomass derived carbohydrates [29—34]. However, the
directly hydrothermally carbonized materials do not have much
porosity, and the specific surface areas of these materials are very
small, which limit their applications. Employing block copolymers
as soft template in the HTC synthetic process is a facile method that
can introduce porous structure into the hydrothermal carbon ma-
terials. The soft template is easy to be formed in the HTC process
without any intricate equipment. Kubo et al. have tried to combine
the hydrothermal carbonization and the soft templating method
together to synthesize ordered mesoporous hydrothermal carbons
[35]. Besides the pore structure of the final products is easy to be
controlled in the HTC process with the soft templating method, the
economic saving and easy handling processes also make it a pref-
erable method for synthesizing porous carbon materials.

On the other hand, to meet demands for special applications and
improve the performance of the porous carbon, surface function-
alization is required [36—41]. Heteroatoms, such as the group III
and group V elements, could be introduced to the system [42—50].
Among these, nitrogen-doped carbons have attracted particular
interest. Nitrogen-doped carbons were typically obtained by the
treatment of carbons in nitrogen-containing gases or carbonization
of organic nitrogen-containing compounds [51]. As discussed
before, the HTC method is a sustainable way to obtain carbona-
ceous materials from biomass. Zhao et al. have synthesized
nitrogen-doped carbons from chitosan and glucosamine via HTC
process [36]. As expected, the porosity of these materials is very
low. Thus, to find some methods to synthesize porous nitrogen-
doped carbons from these nitrogen-containing biomass related
precursors is interesting. As discussed before, soft templating
method is a facile process that can be combined with HTC to
introduce pores into the hydrothermal carbon materials, thus we
would like to add soft template into the HTC process to obtain
nitrogen-doped porous carbon materials, which could be used in
some important applications in environmental fields, such as car-
bon dioxide sequestration or hydrogen storage, etc.

Hereby, a series of porous nitrogen-doped carbons were syn-
thesized via HTC and soft templating process, where the glucos-
amine was used as carbon and nitrogen precursor, while a triblock
copolymer P123 (EO,0P0O70EO20) as the soft template. It is found out
that the pore structure of the resulting materials varies by changing
the ratio of soft template to carbon precursor and the pH value. The
morphology, surface area, pore structure, and the content of the
carbon materials were investigated. The largest Bru-
nauer—Emmet—Teller (BET) specific surface area is up to
980 m? g, Furthermore, these kinds of materials show relatively
high adsorption capacities for carbon dioxide (3.7—4.7 mmol g ')
and hydrogen (up to 9.0 mmol g~ 1).

2. Experimental
2.1. Materials

Poly(ethylene  glycol)-block-poly(propylene  glycol)-block-
poly(ethylene glycol) (P123, EO,oPO70EO,0, average molecule
weight 5800) and p-(+)-Glucosamine hydrochloride (GA) (>99.0%
crystalline) were purchased from Sigma—Aldrich Co. Glucose, hy-
drochloric acid (A. R., 36—38%) and anhydrous ethanol were pur-
chased from Beijing chemical works, China. The Millipore—ELIX
water purification system was employed to obtain ultra-pure water
(18.2 MQ cm). All the chemicals were used without further
purification.

2.2. Synthesis

A certain amount of P123 was dissolved in 30 mL ultra-pure
water (P123 solution), and hydrochloric acid was used to adjust
the pH of P123 solution. The solution containing a certain amount
of p-(+)-glucosamine hydrochloride with 30 mL ultra-pure water
was added to the P123 solution dropwise. The mixture was stirred
for 3 h at a constant temperature of 40 °C and then sealed into a
glass vial inside a PTFE inlets autoclave followed by hydrothermal
treatment at 180 °C for 20 h. The obtained black powder was
washed and filtered by water and ethanol for several times, then
the materials were dried at 80 °C overnight. Finally, the materials
were calcined at 600 °C in the nitrogen flow to remove the soft
template. The obtained hydrothermal porous nitrogen-doped car-
bons were named as HPNC-x (HPNC-1: P123 of 0.50 mmol and pH
value of 7.0, HPNC-2 to HPNC-4 with the molar amount of P123
from 0.25 to 1.0 and pH value of 2.0 (Table S1 in the Supplementary
file)). As a control experiment, a nitrogen-free carbon material
(HPC-3) was synthesized by using glucose as precursor through the
same synthetic process as HPNC-3 material.

2.3. Characterizations

Nitrogen and hydrogen sorption isotherms were obtained with
a Micromeritics ASAP 2020 M + C (Micromeritics, USA). Carbon
dioxide adsorption isotherm was obtained with a Micromeritics
TriStar II 3020 surface area and porosity analyzer (Micromeritics,
USA). The samples were degassed at 393 K overnight before mea-
surement. The nitrogen and hydrogen sorption isotherms were
measured at 77 K, while the carbon dioxide adsorption at 273 K.
The specific surface area is calculated with BET method. The scan-
ning electron microscopy (SEM) observations were carried out on a
Hitachi S4800 microscope (Hitachi Ltd., Japan) at an accelerating
voltage of 4 kV. Transmission electron microscopy (TEM) observa-
tions were performed with a Tecnai G? F20 U-TWIN microscope
(FEL USA) at an accelerating voltage of 200 kV. Infrared (IR) spectra
were recorded by using a Spectrum One Fourier transform infrared
(FTIR) spectrometer (Perkin—Elmer Instruments Co., Ltd. USA). X-
ray photoelectron spectroscopy (XPS) surface experiments were
taken by using a Thermo Scientific ESCALAB 250Xi electron spec-
trometer (Thermo Fisher, USA) with a monochromatic Al source
(hv = 1486.6 eV, 15 kV primary energy, 30 mA emission intensity),
with an analysis area of 500 x 500 um?. Solid-state '3C CP/MAS
NMR measurements were performed on a Bruker Avance III 400
spectrometer (Bruker, Switzerland). Elemental analysis was carried
out by a FLASH EA1112 elemental analyzer (Theromo Quest, Italy).
Thermogravimetric analysis (TGA) was performed using a Pyris
Diamond Thermogravimetric (Perkin—Elmer Instruments Co., Ltd.
USA) at a heating rate of 10 °C min~! under Nj.

3. Results and discussion

3.1. Synthesis and characterizations of porous nitrogen-doped
carbons

3.1.1. Supposed mechanism and morphology

As we know, the P123 composes of EO and PO segments, and the
EO segments are more hydrophilic than PO segments, thus micelle
is apt to be formed in water [4]. When glucosamine is added to
P123 solution, the functional groups of GA, like hydroxyl groups, are
helpful to make the biomass-derived precursor arrange along the
P123 micelle through the hydrogen bond. During the sol—gel pro-
cess, the soluble biomass derived carbohydrates interact with the
EO moieties of the P123 chain via hydrogen bond and co-assemble
[52]. Under the HTC condition of 180 °C, the carbohydrates, which
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