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In a template approach to porous-walled graphitic nanocages (PWGNC) with N-doping structure,
nanopores have been equably and efficiently created in the shells of GNCs by partially removing
N-doped templates, which replace some C atoms in the graphitic layers of the GNCs by in situ doping
during thermal pyrolytic preparation of GNCs. Such created nanopores offer many efficient diffusion
channels for fast distribution of the electrolyte and Li* (specific surface area and mesopore volume
sharply rose 1100 vs. 700 m? g~% 1.9 vs. 1 cm® g™9), leading to their hollow inner structure available even
at elevated charge/discharge rates, which sharply enhances the performance of the PWGNC-based
anode with charge—discharge rate increases (31% increase: 1200 vs. 917 mA h g™ at current density of
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Lithium ion batteries (LIBs) are commercially successful
energy storage devices, due to their high energy density, high
operating voltage and long cycle life.*™® Its low cost, good
electronic conductivity, moderate operation voltage and
stability enable graphite to be the dominant anode material
for the current LIBs, leading to many novel anodes prepared
from advanced graphitic nanomaterials, such as carbon
nanotubes (CNTs),>® nanofibers (CNFs),” nanocages*° 1720
and graphenes,"'%*"?> drawing great attention. However,
their performance is still far from satisfactory, especially at
a high charge-discharge rate (=0.5 A g™ '), as graphite has
a lower theoretical capacity of 372 mA h g~ *.*>%¢ It should be
noted that achieving high capacities at elevated charge/
discharge rates is particularly challenging since the time
available for ions to diffuse through the anode and intercalate
is now significantly shorter.'>** Chemical doping is an effec-
tive strategy to enhance such performance by increasing
electronic conductivity or active sites for Li* storage.”1012-14:20
Additionally, photothermal-reduced graphene was reported
to increase Li" diffusion channels by creating micrometer-
scale open-pore structure in the graphene anodes.”* Addi-
tionally, nanopores was created on the shells of carbon
nanomaterials by template approach® or KOH activation,*
which was reported to enhance diffusion of Li" and electro-
lyte.** Thus, an efficient method to equably create nanopores
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0.2 A g~ 52% increase: 510 vs. 335 mAh g~ tat5Ag™d.

on shells of such materials might sharply enhance ions
diffusion to improve the performance of the LIBs for high rate
applications.

Here, we demonstrate a novel approach for the N-doped
graphitic nanocage with a porous-walled shell. In such
approach, nanopores have been equably and efficiently created
in the shells of GNCs by partially removing N-doped templates,
which replace some C atoms in the graphitic layers of the GNCs
by in situ doping during thermal pyrolytic preparation of GNCs.
Such created nanopores could offer many efficient diffusion
channels for fast distribution of the electrolyte and Li", leading
to their hollow inner structure available even at elevated charge/
discharge rates. Thus, such N-doped porous-walled graphitic
nanocage might be a superb electrode material towards high
performance applications of LIBs.

For preparing graphitic nanocages with high specific surface
area, core-shell nanoparticles were prepared by thermal
pyrolyzing a gas mixture of nitrogen, ammonia, acetylene and
iron pentacarbonyl at 550-1050 °C. The typical flow rates were
80 L h™' for nitrogen, 30 mL min ' for ammonia and
10 mL min~" for acetylene, and those gases flowed through the
liquid iron pentacarbonyl to add the chemical into the gas
mixture. After thermal pyrolysis, core-shell nanoparticles were
collected at the other end of the quartz tube. To remove the cores,
the nanoparticles were stirred in mixed acid (HCl: HNO; =
10: 1) at 80 °C for 6 h and then such acid-treated samples were
filtered and dried to obtain N-doped graphitic nanocages. For
preparing PWGNCs, the nanocages were annealing in vacuum at
300 °C for 0.5 h to partially remove N-doping template, leading to
the PWGNCs' yield of ~2 g per day.
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All samples were analyzed by X-ray diffractometer (XRD:
Bruker D8 Advance, Bruker AXS, Germany), and high-resolution
transmission electron microscopy (HRTEM: JEOL, JEM-2100F,
Japan) and X-ray photoelectron spectroscopy (XPS). Nitrogen
adsorption/desorption measurement of the carbon samples
were carried out at 77 K (ASAP 2020, Micromeritics). CR2016-
type coin cells were assembled in an argon-filled glove box to
evaluate the electrochemical performance of PWGNCs-based
electrodes. The PWGNCs-based working electrode was fabri-
cated by a slurry coating procedure and the slurry was obtained
by mixing active materials (GNCs), super-P carbon black and
polyvinylidene fluoride (PVDF) at a weight ratio of 70 : 15 : 15 in
N-methylpyrrolidinone (NMP), and then the slurry was coated
on the Cu foil and dried at 100 °C under vacuum for 12 hours. In
addition to the working electrode, pure lithium foil and porous
polypropylene film (Celgard 2400) were used as counter elec-
trode and separator, respectively, and LiPFs were dissolved in
the solution with 1:1:1 ethylene carbonate (EC), diethyl
carbonate (DEC) and dimethyl carbonate (DMC) by volume to
prepare 1 M LiPF, electrolyte. After assembly, the cyclic vol-
tammetry profiles and the galvanostatic charge-discharge
measurements of the cells were carried out between 0.005 and
3 V (vs. Li*/Li) at room temperature on a CHI 760E electro-
chemical workstation and a battery test system (LAND CT-2001A
tester).

According to transmission electron microscope (TEM)
images (Fig. 1a), the precursors of N-doped GNCs (NGNCs),
which have been prepared by thermal pyrolysis at 750 °C, are
3-20 nm nanoparticles encapsulated by well-graphitized shells.
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Fig. 1 TEM image (a) and XRD pattern (b) of the GNC-precursor
(Fe@C750) prepared by thermal pyrolysis at 750 °C. XRD patterns (c) of
N-doped GNC samples prepared from acid-treating the precursor.
HRTEM images of N-doped GNCs before (d, NGNC750) and after (e,
PWGNC750) removing doped templates (nanopores are arrowed).
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The X-ray diffraction (XRD) result (Fig. 1b) indicates the core
nanoparticles are Fe;C. After acid-treatment, the ferrous cores
were eliminated and only graphitic shells remained (Fig. 1c
and d). In Fig. 1c, the (002) diffraction peaks of NGNCs prepared
at 750 °C and their HRTEM image (Fig. 1d) indicate good
graphitization of NGNC750. Due to altering thermal pyrolytic
temperature, the wide peak of NGNC550 suggests its poor
graphitization (Fig. 1c and S1a of ESIf) and narrow peak of
NGNC1050 suggests its thick graphitic shells (>3 nm, Fig. 1c
and S1b of ESI{). The HRTEM image of NGNC750 is shown in
Fig. 1d: the diameters of NGNCs are ranged 3-20 nm and their
graphitic shells are enclosed without distinguished nanopores.
According to HRTEM image (Fig. 1e), a lot of nanopores have
formed from annealing NGNCs in vacuum. Thus, porous-walled
graphitic nanocages have been prepared.

To further investigate formation of porous-walled shells
coming from annealing NGNCs in vacuum, prepared graphitic
nanocages samples were measured by N, adsorption-desorp-
tion isotherms and X-ray photoelectron spectroscopy (XPS) and
the results were shown in Fig. 2. Calculated from N, adsorp-
tion-desorption isotherms (Fig. 2a and S2a-d of ESIY), specific
surface area (Sppr) (PWGNC750: 1100 m> g ' vs. NGNC750:
700 m* g ') and mesopore volume (PWGNC750: 1.9 cm® g~*
vs. NGNC750: 1 cm® g, Fig. S2dt) of the GNCs were sharply
raised after partial removal of N-doping structure by annealing
in vacuum at 300 °C, indicating nanopores have been created
in the shell of GNCs by partially removing the N-doped
template.
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Fig.2 N, adsorption/desorption isotherms (a) of the GNCs before and
after removal of N-doping structure by 300 °C heat treatment in
vacuum. XPS N 1s spectra (b) and O 1s spectra (c) of GNC-precursor
(before acid treatment), NGNCs (after acid treatment) and PWGNCs
(after annealing in vacuum). (d) Possible growing process of PWGNCs
from doping-template approach.
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According to XPS results (Fig. 2b), N atom contents of
prepared Fe@C precursor was ~1.5 wt% and that of NGNC750
rose to ~3 wt%, because of removing ferrous cores by acid
treatment; N atom contents of PWGNC750 was reduced to
2 wt%, due to partial removal of N-doped template by annealing
in vacuum. The N 1s spectrum of Fe@C precursor prepared at
750 °C was located at ~398 eV corresponding to pyridinic
nitrogen'>'* and that of NGNC750 was shifted to ~402 eV,
which might be caused by oxidation of N-doping structure in
acid-treatment." For investigating this oxidation process, O
atom contents of prepared samples were also measured (Fe@C
precursor: 7.5 wt%; NGNC750: 12 wt%; PWGNC750: 6 wt%) and
shown in Fig. 2¢c. In XPS C 1s spectra (Fig. S2et), the overall peak
of the PWGNC750 became sharp. All XPS results indicate the
N-doped GNCs were partially oxidized by acid treatment and the
oxygen-containing functional groups were sharply removed due
to annealing in vacuum.

The prepared PWGNC-based electrodes were assembled
against Li foil in a two-electrode coin cell (CR2016) to evaluate
their electrochemical performances (Fig. 3). Galvanostatic
charge/discharge profiles of PWGNC750 at current density of
0.2 A g~ for the 1st-5th cycles exhibited the typical shape of
graphitic anodes: the PWGNC750-based anode delivered initial
charge and discharge capacities of 1240 and 2300 mA h g™,
respectively, with a first-cycle columbic efficiency (CE) of 54%
(Fig. 3a). This low CE might be attributed to the formation of
a solid electrolyte interface (SEI) film on the surface of the
carbon materials."™** Nevertheless, the CEs sharply increased to
87% in the sequent cycles (Fig. 3a), and then reached ~100%,
with number of cycles increasing (Fig. 3d). Such results were
consistent with the cyclic voltammetry (CV) profile (Fig. S37).
After the first cycle, the strong peak located at ~0.6 V dis-
appeared, indicating the complete formation of SEI layer.
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Fig. 3 Electrochemical performance of GNCs: (a) the galvanostatic
charge—discharge profile of PWGNC750; charge—discharge cycling
performances of PWGNCs (b), and performances of GNCs (c) before
(NGNC750) and after (PWGNC750) removal of N-doping structure at
different current densities from 02 A g~* to 5 A g~ at room
temperature; cycling capability (d) of PWGNCs prepared at different
temperature at 1 A g~* (current densities).
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To further verify performance of the PWGNC-based anodes
for high rate applications, their rate capability behaviour was
tested at different current densities. Such stepped-rate studies
enable a better understanding of the anode performance, and
more importantly, provide information of the repeatability of
the electrode. PWGNC750-based electrode exhibited a higher
capability than others (Fig. 3b): 1200 mA h ¢~ " at current density
of 0.2Ag ';930mAhg "at0.5A¢g ;850mAhg "at1Ag
735 mAhg 'at2Ag ;510 mAhg'at5Ag " The low
electrochemical performance (880 mA h g=" at 0.2 A g™
420 mA h g ' at 5 A g ') of PWGNCs prepared by thermal
pyrolysis at 1050 °C (PWGNC1050) might be caused by thick-
ness of graphitic shells rising with synthetic temperature, which
reduced both specific surface area (600 m”> ¢~ ') and pore volume
(0.9 em® g7") of PWGNC1050 (Fig. S2ct). In order to obtain
a clearer understanding of the extent of improvement, control
tests were carried out, comparing with NGNC750 (N-doped
GNCs prepared by acid-treatment without removal of doped
template). As a result, capability of PWGNC-based electrode
increased more, with current density rising (PWGNC750 vs.
NGNC750: 1200 vs. 917 mA h g%, 30% increase at 0.2 A g~ %;
32% increase at 0.5 A g~ %; 35% increase at 1 A g~ '; 40% increase
at 2 A g~ '; 50% increase at 5 A g~ '), indicating porous-walled
graphitic shells of GNCs are very useful to enhance perfor-
mance of PWGNC-based anode for the current LIBs at a high
charge-discharge rate (Fig. 3c). For further investigating effect
of porous-walled shells, AC impedance plots for NGNC750 and
PWGNC750 were measured, and the results show porous-walled
graphitic shells of GNCs sharply enhance diffusion of Li* and
electrolyte (Fig. S47).

Additionally, the discharge-charge cycling stability of
PWGNC-based electrodes were measured at a current density of
1 Ag " between 0.005 and 3 V (Fig. 3d). The electrodes prepared
from well graphitized PWGNCs had good performance of
cycling stability, and after 80 discharge-charge cycles, the
performance reductions of PWGNC750 and PWGNC1050 were
<4% and <6%, respectively. Despite high specific surface area of
PWGNC550 (1040 m® ¢!, Fig. 2a), the performance of the
poorly graphitized PWGNC550-based electrodes was poor: the
discharge capacity was reduced from 600 to 360 mA h g~ " after
80 discharge-charge cycles. For further testing stability perfor-
mance of NGNC750 and PWGNC750, 1000 discharge-charge
cycles were carried out at current densities of 4 A g~ * (Fig. S47).
The performance reductions of PWGNC750 was less than that of
NGNC750 during 1-200 cycles, and then performance of
PWGNC750 became poor till 800 discharge-charge cycles was
finished. However, the reversible capacity was over 250 mAh g+
for PWGNC750, which was still high performance at current
densities of 4 A g, indicating good graphitization of GNCs
could enhance their resistance to electrochemical corrosion as
well as their capacitance.

How the present nanoporous wall of GNCs formed in
vacuum-annealing is subject to discussion. According to TEM
(Fig. 1d and e), N, adsorption-desorption isotherms (Fig. 2a)
and XPS (Fig. 2b and c) results, the process of nanoporous wall
formation was supposed (Fig. 2d). In the acid-treatment of
Fe@C precursor, N-doping structure and the graphitic structure

RSC Aadv., 2017, 7, 42083-42087 | 42085
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next to the doping structure could be easily oxidized, leading to
nanopores as well as oxygen-containing functional groups
sharply increasing. Thus, their O atom contents rise from 7.5 to
12 wt% (Fig. 2c). However, those functional groups existed
around the nanopores formed from the acid-treatment, which
might block the nanopores. With vacuum-annealing leading to
~50% oxygen-containing functional groups were removed (O
atom contents were reduced from 12 to 6 wt%; Fig. 2¢), those
nanopores might be open and their specific surface area sharply
rose. As far as we know, reported N-doped graphitic nano-
materials with high specific surface area were rarely treated with
both mix-acid treatment and annealing in vacuum, after
doping. Doped graphene or graphene oxide samples from
annealing was usually reported to directly prepare electrodes
without further treatment,**'*> and some N-doped graphene and
nanoporous carbon prepared by chemical vapor deposition
were prepared from only HCI'®* or HF?*® treatment to remove
substrate or template. Although N-doped CNTs and CNFs might
be treated with mix-acid to remove catalysts, such materials
were prevented from their specific surface area sharply rising
(usually <600 m* g~ *),>7 due to diffusion channels were hard to
form on their thick graphitic layers, which was similar to the
performance of the present thick-walled GNCs (NGNC1050).
Hence, both mix-acid treatment and vacuum-annealing led to
specific surface area of thin-walled N-doped GNCs (NGNC750)
sharp increasing.

It is noticed that the good performance of the prepared
PWGNC750 is apparently ascribed to it graphitic shells with
highly nanoporous-walled structure. High nanoporosity of
graphitic shells could effectively shorten diffusion route of Li"
in the insertion/emersion process of the ions into the interlayer
of the graphitic nanostructure of the prepared PWGNCs, which
is demonstrated in Fig. S6.7 Additionally, porous-walled shells
might make inter-cage mesopores available. Thus, the readily
accessed void space inside the cages acts as a reservoir for the
electrolyte, leading to efficient Li* insertion into the carbon
shells, and both outer and inner surface of the cages available
for insertion/emersion process of Li'. Moreover, position
distribution of N-doped template-prepared nanopores is very
homogeneous in the graphitic shells of PWGNCs, due to in situ
N-doping in the graphitic shells during pyrolytic preparation of
Fe@C precursors. Hence, more N-doping structure and inter-
layer of highly nanoporous-walled graphitic shells are available
for storage of lithium to enhance the specific capacity. Such
created nanopores could offer many efficient diffusion channels
for fast distribution of the electrolyte and Li', which is sup-
ported by AC impedance results (Fig. S41). Thus, such N-doped
porous-walled graphitic nanocage might be a superb at high
charge/discharge current density, leading to great improvement
from NGNC750 to PWGNC750 (Fig. 3c and S4+).

Compared with currently reported carbon-anode materials for
LIBs (current density of 0.2 A g : <200 (CNTs),’> 463.2 (gra-
phene),* ~500 (hollow carbon nanoparticles),* 632.8 (N-doped
carbon hollow spheres),* 862.2 (N-doped CNFs),” 817 (N-doped
graphene)® and ~1020 (N-rich porous carbon) mA h g%
5 A g~ <200, 297,° ~290 (N- and S-codoped graphene),”® 304
(ref. 11) and 340 (N-doped GNCs)> mA h g~'), electrochemical
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performance of prepared PWGNCs is interesting (PWGNC750:
1200mAhg 'at0.2Ag ';510mAhg 'at5Ag "). The present
study demonstrated only one example as anodes of LIBs for
application of the present GNCs. They could have many other
applications in wide areas as adsorbents, electrode materials, or
energy storage media,*** because they have unique structure
and high specific surface area.

Conclusions

In conclusion, PWGNCs were prepared from partially removing
doped templates inserted in the graphitic layers of the GNCs. In
the thermal pyrolysis of GNCs, N atoms partially replaced C ones
in the graphitic shells to in situ form doping structure, around
which graphitic structure was easily oxidized to create doping
templates in acid-treatment. After vacuum heating, ~50%
oxygen-containing functional groups (doped templates) was
removed and nanopores were equably and efficiently created in
the shells of GNCs, leading to their specific surface area and
mesopore volume were sharply raised (1100 vs. 700 m* g~ *; 1.9 vs.
1 em® g "). Such created nanopores could offer much efficient
diffusion channels for fast distribution of the electrolyte and Li",
leading to their hollow inner structure available even at elevated
charge/discharge rates, which sharply enhanced performance of
PWGNC-based anode with charge-discharge rate increasing
(31% increasing: 1200 vs. 917 mA h g~ " at current density of
0.2 A g™ '; 50% increasing: 510 vs. 335 mAh g 'at5A¢g™ ).
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