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Nitrogen doped porous carbon hollow spheres (N-PCHS) with ultrahigh
nitrogen content of 15.9 wt% and high surface area of 775 m’g" were
prepared using Melamine-Formaldehyde nanospheres as hard templates
and nitrogen source. The N-PCHS were completely characterized and were
found to exhibit considerable CO, adsorption performance( 4.42 mmol*g

Y,

Porous carbon hollow nanostructures have attracted increasing
attention because of their unique properties such as low density,
high surface-to-volume ratio, shell permeability, good chemical
stability and electrical conductivity. They have also exhibited
promising applications in catalysis,[l’ 4 adsorption,[a'sl lithium-ion
batteries'®  and oxygen reduction reactions.® At the same time,
the intrinsic chemical inertness of carbon materials also limits their
performance in the above-mentioned applications, in this regard,
previous reports suggested that modification of carbon matrix with
heteroatoms (N, S and P) B9 can minimize such limitations.
Among several possible choices, nitrogen doping has been studied
widely, and relevant researches revealed that the surface polarity,
electrical conductivity, surface basic sites and electron-donor
tendency can be improved largely through such doping.[lz'm]
Generally, there are two approaches available for successfully
introducing nitrogen into porous carbon matrix, which can be
broadly categorized into using N-containing gas (NH3)[17] and using
N-rich solid reagentslg‘m]as N source. Comparing with N-containing
gas (NHs), N-rich solid reagents such as melamine (67 wt% N) and
urea (47 wt% N) possess strong interaction with carbon matrix,
which can efficiently introduce N into carbon matrix via
hydrothermal treatment or carbonization. However, there have
been only a few papers to-date on the synthesis and application of
N-doped porous carbon hollow nanostructures. Oh’s group
reported preparation of N-doped hollow carbon spheres through
pyrolysis of core—shell ZIF-8@polystyrene spheres.[‘” Han etal used
sulfonated polystyrene spheres as templates and polyaniline as N
source for fabricating N-doped hollow carbon spheres with a high
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nitrogen content of 6.7 9.0 Recently, Zhao’s group also reported
synthesis of N-doped hollow carbon spheres exhibiting considerable
performance in CO, capture using SiO, spheres as hard templates
and melamine as N source.” Although the obtained materials
exhibited high nitrogen content and high surface area, these
strategies involved removal of the hard templates, which is
multistep, complex, time-consuming, and requires hazardous
reagents (HF solution). Moreover, KOH or CO, are used in some
activation processes to obtain materials with high porosity.[g’zo’m
Therefore, it still remains a great challenge to prepare N-doped
porous carbon hollow nanostructures with high nitrogen content
and high surface area through a simple and efficient process.

Herein, we report a one-step carbonization route to Nitrogen-
doped Porous Carbon Hollow Spheres (N-PCHS) using melamine-
formaldehyde (MF) nanospheres both as a hard template and the
nitrogen source and resorcinol-formaldehyde (RF) resin as carbon
precursor. The core-shell MF@RF spheres were first prepared
through coating the MF nanospheres with a uniform RF shell via sol-
gel process. When carbonizing the MF@RF spheres under Ar
atmosphere, the internal MF core transformed to N-rich gas and
the external RF shell transformed to porous carbon framework,
which is attributed to the difference in their frameworks.
Importantly, with slowly effused of the N-rich gas from interior,
nitrogen atom was effectively introduced into the outer carbon
matrix, resulting in N-PCHS. Owing to the activation process of the
other acidic gases, the obtained N-PCHS showed abundant pores,
high surface area (775 mz-gfl) and ultrahigh nitrogen content (8.9
wt% even under a carbonization at 900 B). Furthermore, the N-
PCHS exhibited considerable CO, sorption performance with a
capacity of 4.42 mmol-g'l, a notable value among porous carbon
materials.
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Scheme 1 Illustration of the formation process of the N-PCHS.

The fabrication process of N-PCHS is illustrated in Scheme 1.
First, MF nanospheres with a diameter of approximately 300 nm
(Fig.S1A) were synthesized via a hydrothermal process. Then the
MF nanospheres were coated with uniform RF shells via a sol-gel
process, @ leading to the formation of core-shell MF@RF spheres.
The SEM and TEM image in Fig.S2 revealed that the MF@RF
possessed a spherical morphology with a diameter of approximately
500 nm, suggesting a RF shell with a thickness of 100 nm. Finally,
the N-PCHS was obtained after a simple carbonization process.
From the TEM image (shown in Fig.1B), a hollow sphere with a shell
thickness of 50 nm could be clearly observed. Additionally, some
broken spheres indicated by white arrows also provided evidence of
a hollow structure (Fig.1A). As typically observed in the synthesis of
porous carbon materials, the RF shell and the MF@RF spheres in
the current work also experienced shrinkage during calcination, and
the thickness of RF shell and the diameter reduced to 50 nm
and 300 nm, respectively. Furthermore, to understand the
formation process of the hollow structure, we also carbonized the
MF@RF spheres at lower temperature from 600 @ to 800 B.
Interestingly, the core-shell structure first transformed to a yolk-
shell structure, as shown in the TEM images of Fig.1, and then to
hollow carbon sphere. It is worth mentioning that no residue was
observed in the void space in the hollow interior of the sample
obtained at 800 & from TEM image, which was consistent with the
TG result (Fig. S2) that only 2.38 wt% residue was present for MF
after 800 @ carbonization. These results clearly revealed that the
internal MF core gradually decomposed to some gases effusing out
while the external RF shell transformed to porous carbon
framework, along with the pyrolysis of core-shell structured
MF@RF spheres. (18,22]
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Fig. 1 (A) SEM and (B) TEM image of N-PCHS obtained via carbonizing at
900 @, and the inset in (A) is the TEM image of single N-PCHS. TEM images of
sample obtained via carbonizing at different temperature (C) 600 B, (D)
700@, (E) 800@. (F) STEM image and the corresponding elemental mapping
of (G) C, (H) N, (1) O of single N-PCHS.

The structure and framework of N-PCHS carbonized at 900
were further investigated by the STEM and X-ray photoelectron
spectroscopy (XPS) analyses. The STEM image of single N-PCHS
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sphere, as shown in Fig. 1F, further confirms the hollow
nanostructure with a shell thickness of about 50 nm. The
corresponding elemental mapping (Fig.1G, H, 1) also showed a
homogeneous distribution of C, N and O elements. Moreover, XPS
spectra were obtained to get more information about the surface
states of N-PCHS, showing three typical peaks of Cls, N1s and O1s
(Fig.S4), and the corresponding content of every elements are also
displayed. The spectrum of N1s can be resolved into three peaks
(Fig.S5), pyridinc-N (398.3 eV, 30.87%), pyrrolic-/pyridonic-N (400
eV, 2.75%) and graphitic-type quaternary-N structure (401 eV,
66.38%),[9’ 221 \which correspond to disordered graphitic structure
derived from the XRD spectra.m] In addition, the peak at 287.71 eV
resolved from the spectrum of C1s (Fig.S6) suggests the existence of
C=N bond™. It is well known that graphitic-type quaternary-N is
the most stable functionality at temperatures higher than 600 . =
This can explain the increase in proportion of the graphitic-type
quaternary-N with respect to the total nitrogen content, as
observed from the XPS spectra, when the carbonization
temperature was raised. The relative IR spectra (Fig.S3) show bands
at 1248 cm™ and 1589 cm'l, which can be assigned to the vibrations
of aromatic C-N stretching bond and aromatic ring, respectively.ml
The weak band at 1390 cm™ suggests the presence of the C-N
stretching vibration and the existence of triazine rings in the carbon
matrix.”” Furthermore, the elemental analysis results revealed that
the N-PCHS-900 is composed of C, H, N, and O elements, and the
nitrogen content was as high as 8.9 wt% (Table S1), which was
corresponds well with the EDX results (Fig. S8). The nitrogen
content of N-PCHS obtained through carbonizing at 600 Bwas as
high as 15.9 wt%. All these results clearly indicated that nitrogen
was effectively doped into the framework of hollow C shell and the
hard template MF sphere could be effectively removed via this one-
step carbonization route.

The pore structure and BET surface area of N-PCHS-900 were
also studied by nitrogen sorption analysis. The nitrogen sorption
isotherm shows a type IV curve with a H4 hysteresis loop and a
distinct uptake condensation step in the range of P/Po< 0.1. The
distinct uptake at low pressure indicates the existence of abundant
micropore structure. The hysteresis loop at 0.45< P/Py< 0.9 can be
attributed to the large void space (hollow interior) of the N-PCHS-
900. Moreover, a sudden drop in P/P, at about 0.5 in the desorption
branch could also be observed, which is in agreement with the
phenomenon of a large pore encapsulated by a matrix with
relatively small pore sizes. Owing to this hierarchical porous
structure, the N-PCHS-900 exhibited a high BET surface area of 775
mz.g'l, of which the micropore surface area was 630 mz.g"1 .

A point to note is that the nitrogen content of N-PCHS-900
measured via XPS analysis (2.02 wt%) was far less than that
obtained from the elemental analysis (8.9 wt%). This result
suggested that the nitrogen content of the inner surface of the
hollow C shell was higher than that of the outer surface, considering
the fact that XPS is a surface analysis technique (5 nm thickness).
The above observation can be explained as follows. The gas stream
was dissolved in deionized water during carbonization under Ar
atmosphere. As expected, the pH value of the collected solution
was about 9, indicating the formation of some N-rich alkaline gases
such as NH; 2930 from the internal MF core during the
carbonization process. Prior research has reported that N-rich
alkaline gases are the direct nitrogen source to introduce nitrogen
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atoms into carbon framework."” Since N-rich gases , continuously
produced in situ, gradually effused out from hollow interior and
flowed through the RF shell, it is reasonable to argue that the
nitrogen content of the inner surface of the hollow C shell was
higher than that of the outer surface after completion of the
carbonization. Along with these N-rich alkaline gases, some acidic
gases, such as CO, were also produced, which reacted with the
carbon shell (CO,+C=CO) to activate the carbon shell to generate
more micropores. 22] This was also demonstrated by the nitrogen
sorption analysis, in which both the uptake amount at low pressure
(P/Py < 0.1) and the micropore surface area of relevant samples
increased with the rised carbonization temperature (Table S2). To
summarize, this one-step carbonization method involves three
different processes at the same time: removal of template,
introduction of nitrogen and activation of the C shell. Compared
with other hard template approaches (such as SiO, spheres),
obviously, this strategy exhibits several advantages: (1) it is facial
and simple through a one-step route; (2) the N atom can be doped
into the framework more efficiently; (3) the activation of gases
endows the hollow shell more abundant pore structures.
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Fig. 2 CO, adsorption isotherms at 273K of N-PCHS obtained at different
carbonization temperature: 900 @ (red), 800E(yellow), 700 @ (green), 600
(blue); CO, adsorption isotherm at 298K of N-PCHS-900 (black).

Since our N-PCHS-900 possessed fine micropore area (630
mz-g'l) and high nitrogen content (8.39 wt%), the potential of our
N-PCHSs in CO, adsorption were further examined. The relevant
sorption isotherms for N-PCHS-900 show an adsorption of CO, of
4.42 mmol-g'1 at 1.0 bar and 273K and even 2.96 mmol-g'1 at 298K,
which are higher than many other materials[sl, and even match with
some activated carbon samples[9‘31], as illustrate in table S3. CO,
uptake at 273K and 1.0 bar for N-PCHSs prepared at the
temperature of 600, 700, 800 were also performed and showed
capacities of 3.19, 3.66, and 4.04 mmol-g'l, respectively, whereas

the nitrogen content decreases steadily in the same order(Table S2).

As well known, the key factors contribute to the CO, uptake at
ambient conditions are ultramicropores (micropores < 0.7nm) [32,33]
and presence of basic sites, like suitable nitrogen species [20,23,52,33]
According to previous reports, nitrogen species facilitate CO,
uptake through forming N—H:--O hydrogen bond 34, Considering
that our H-PCHSs contain mainly pyridine and quaternary-N
structure, which can not form hydrogen bonds with CO, molecules,
we believe that ultramicropore is the leading factor in CO, uptake
for our N-PCHSs. As expected, the total surface area, micropore
surface area and ultramicropore volume of our samples increased
significantly with elevated carbonization temperature (Table. S2).
The increment in surface area to N ratio (from 22.94 to 92.37, Table
S2) further confirms our hypothesis. This is also in line with Sethia’s
result that CO, uptake is strongly dependent on the occurrence of
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ultramicropores and much less on the nitrogen content 1381, N,

adsorption at 273 K and 298 K were also performed as comparisons
(Figure S11, S12). Based on the initial slopes of N, and CO,
adsorption isotherms, the adsorption selectivity for CO, to N, of the
sample N-PCHS-900 was 35 at 273K and 21 at 298 K, respectively.
The selectivity was also higher than many other carbon materials
(table S4). Since our strategy is facial and simple, it can offer more
opportunity for future practical application in CO, adsorption.

In summary, we have developed a novel and feasible one-step
carbonization strategy to prepare nitrogen-doped porous carbon
hollow spheres using MF spheres as both hard template and
nitrogen source and RF resin as carbon precursor. While the
external RF shell transformed to porous carbon framework, the MF
sphere gradually decomposed to some gases effusing out. The N
rich alkaline gases can efficiently introduce nitrogen into the C shell.
Moreover, the acidic gases such as CO, can activate the C shell to
produce more micropores. As a result, the obtained N-PCHS
exhibited a high nitrogen loading content (8.9 wt% even under a
carbonization at 900&) and high surface area of 775 mz-g'l. Owing
to the hollow nanostructure, abundant micropores and ultrahigh
nitrogen doping content, the resultant N-PCHS showed
considerable performance in CO, capture with a capacity of 4.42
mmol-g'1 and good selectivity. Considering the unique feature of
our samples (hierarchical pore hollow structure, nitrogen doped
with some degree of graphitization) and the flexibility of this
strategy, we believe that this efficient strategy would offer a
platform for designing multifunctional yolk-shell metal/bimetal@N-
PCHS and even N-doped metal-oxide hollow structure for
applications, such as adsorbents and energy storage, relevant
research is currently being investigated.
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