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In situ approach of cementite nanoparticles
encapsulated with nitrogen-doped graphitic shells
as anode nanomaterials for Li-ion and Na-ion
batteries}
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Novel FesC nanoparticles encapsulated with nitrogen-doped graphitic shells were synthesized by floating
catalytic pyrolysis. Due to the short synthesis time and controllable pyrolytic temperature, the diameters of
FesC core nanoparticles ranged from 5 to 15 nm (FesC@NGS900 prepared at 900 °C) and the average
thickness of N-doped graphitic shells was ~1.2 nm, leading to their high electrochemical performance:
specific capacity of 1300 mA h g! at current density 0.2 A g% outstanding rate capability of
939 mA h g tat3A g, improved initial coulombic efficiency (FesC@NGS900: 72.1% vs. NGS900 (pure
graphitic shells): 52%) for lithium ion batteries (LIBs), and impressive long-term cycle performance
(1399 mA h g~! maintained at 3 A g~* after 500 cycles for LIBs; 214 mA h g~! maintained at 1 A g~ after
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Because of the fast development of portable electronic devices
and hybrid electric vehicles, lithium ion batteries (LIBs)*® and
sodium ion batteries (NIBs)*™® with high energy/power density,
good cycling performance, and lack of memory effects are in
ever-increasing need. Due to the low theoretical capacity of
carbon materials (graphite: 372 mA h g~"),*'"22 optimizing the
morphology of graphitic electrode materials has been impor-
tant to improve specific capacity.””**** On the other hand,
chemical doping (e.g., N, S, B, P) is an effective strategy to raise
their specific capacity by increasing conductivity or active sites
for Li" or Na* storage.***2# Additionally, metallic compounds
(e.g., Fe3C) have been also introduced into improving electro-
chemical performance of carbon anodes, because such mate-
rials are proposed to activate some components for reversible
transformation of the solid electrolyte interface (SEI) and
further benefit reversible capacity.'*'**>*® Unfortunately, most
of them have been prepared by complex methods including
tedious synthetic steps or long-time annealing,*’* from
which, it is hard to prepare Fe,;C particles with desirable small
sizes.*'*'>1¢ Thus, developing appropriate Fe;C/C electrode
materials still requires further research.
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500 cycles for sodium ion batteries).

In this work, Fe;C nanoparticles encapsulated with nitrogen-
doped graphitic shells (Fe;C@NGS) were in situ approached
from floating catalytic pyrolysis. Due to the short annealing
time of the pyrolysis, Fe;C@NGSs was prepared with control-
lable sizes. Furthermore, the in situ approach led the graphitic
shells just grew on the surface of Fe;C core nanoparticles, which
improved electron transfer between the cores and the shells.
Thus, such nanoparticles might be a superb electrode material
towards high performance applications of LIBs and NIBs.

For preparing the Fe;C@NGSs with controllable sizes,
floating catalytic pyrolysis was carried out to shorten synthetic
time: the gas mixture was introduced into quartz pipe furnace,
which was set at 700-1100 °C. For a typical experiment, nitrogen
(flow rate: 80 L h™"), acetylene (10 mL min ") and ammonia
(100 mL min~") gases were embedded into iron pentacarbonyl
held at 10 °C to form the gas mixture. After the pyrolysis, Fe;-
C@NGS was collected at the other end of the quartz pipe. The
details of materials characterization and electrochemical
measurements can be found in ESI}

As shown in transmission electron microscope (TEM) images
of the prepared Fe;C@NGSs (Fig. 1la-c and Sla of ESI}), the
metallic cores (dark section) are encapsulated with their shell
(light section). The XRD results (Fig. 1d) shows the metallic core
nanoparticles are Fe;C. Thus, the sample prepared at 900 and
1100 °C have been marked with Fe;C@NGS900 and Fej;-
C@NGS1100, respectively. However, the sample prepared at
700 °C, which has been marked with FN@NGS700, has been
oxidized in air at room temperature, because of its poor
graphitic layers. Compared with XRD pattern of Fe;C@NGS900,

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) TEM images of core-shells nanoparticles (FN@NGS700)
prepared at 700 °C, TEM and HRTEM (inset) images of nanoparticles
(FesC@NGS900) prepared at 900 °C (b) and nanoparticles (Fes-
C@NGS1100) prepared at 1100 °C (c) and (d) XRD patterns of core-
shells nanoparticles prepared at different temperatures.

those peaks of Fe;C@NGS1100 are much sharper indicating
much bigger ferrous cores of Fe;C@NGS1100. According to the
TEM and high resolution TEM (HRTEM) images for Fe;-
C@NGS900 (Fig. 1a-c, Sla, and bt), the diameter of the core
nanoparticles is ranged from 5-15 nm and the average thick-
ness of their shells is ~1.2 nm, respectively. Moreover, the
spacing of the lattice fringes (Fig. Sla and bf}) is ~0.34 nm
corresponding to the characteristic (002) peak of graphite
implying high graphitization of those shells.”>***" In the
HRTEM images, every Fe;C cores is found to be a single crystal
and encapsulated with the graphitic shell. The boundary
between Fe,C cores and N-doped graphitic shells is continuous
and distinguished, indicating Fe;C cores are tightly encapsu-
lated with the graphitic shell.

Fe;C@NGS samples have been also analyzed by X-ray
photoelectron spectroscopy (XPS), which suggests Fe;C@NGS
samples contain Fe, C, O and N atoms (FN@NGS700: C content
of 16.3 wt%, Fe content of 54.6 wt%, N content of 1.6 wt% and O
content of 27.5 wt%; Fe;C@NGS900: C content of 26 wt%, Fe
content of 67 wt%, N content of 2 wt% and O content of 5 wt%;
Fe;C@NGS1100: C content of 33.7 wt%, Fe content of 52 wt%, N
content of 2.3 wt% and O content of 7 wt%). According to XPS
results of Fe;C@NGS900, the weight ratio of Fe;C cores and
graphitic shells is 3.39 : 1. Additionally, the element contents of
Fe;C@NGS samples are different due to their morphology and
structure (Fig. 1). Higher O content of FN@NGS700 is because
its ferrous cores have been oxidized, and thick-walled graphitic
shells (~3 nm) of Fe;C@NGS1100 leads to its higher C content,
as XPS can only measure element contents of surface of
samples.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Electrochemical performance of prepared nanoparticles as
anodes for LIBs: CV profile (a) of FesC@NGS900 at a scan rate of
0.1 mV s~ between 0.01-3 V vs. Li*/Li for the 1st-2nd charge/
discharge cycles; (b) the galvanostatic charge—discharge profiles of
FesC@NGS900; (c) charge—discharge cycling performance of Fes-
C@NGS core-shell nanoparticles at different current densities from
0.2 to 3 A g ! at room temperature; (d) cycling performance of Fes-
C@NGSat3A g™

The electrochemical properties of the Fe;C@NGS-based
electrodes have been shown in Fig. 2 and 3. Since
FN@NGS700 sample has been completely oxidized, electro-
chemical properties of ferrous oxide has not been measured.
The cyclic voltammetry (CV) curves of Fe;C@NGS900-based
electrode show details of possible lithium storage process.
Besides the similar peak (0.5 V) in the initial cycle for the SEI
formation, two reduction peaks are located at 0.7 and ~1.5 V,
corresponding to the reduction of some SEI components (Li"
insertion). During the Li" extraction process, the corresponding
oxidation peaks is found to shift from ~1.7 to ~1.9 V. The
almost overlapped oxidation peaks demonstrate good revers-
ibility and cycling stability of core-shell Fe;C@NGS.* As shown
in Fig. 2b, the galvanostatic discharge-charge (GDC) profiles of
Fe;C@NGS900 in a voltage range of 0.005-3 V (vs. Li'/Li)
exhibits the typical shape of Fe;C@NGS-based anodes, and
Fe;C@NGS900 delivers initial charge and discharge capacities
of 1246.7 and 1729.1 mA h g ', respectively. The initial
columbic efficiency (CE) reaches up to 72.1% which is higher
than 52% of pure graphitic shells.® For Fe;C@NGSs electrode,
the phenomenon of capacity increment is related to growing
reversibly SEI film via the decomposition of electrolyte due to
the catalysis of Fe;C.'**® From the second cycle, the shape of the
discharge profiles changes with respect to that of the first cycle,
which may be due to the modification of the SEI film.*

The excellent rate capability of Fe;C@NGS-based anodes
have been investigated by testing charge/discharge at current
densities of 0.2, 0.5, 1 and 3 A g~ ' for every 5 cycles (Fig. 2c). At
the corresponding rates, the reversible capacities are 1300,
1101, 1062 and 939 mA h g~ for Fe;C@NGS900; 925, 721, 690
and 663 mA h g’1 for Fe;C@NGS1100, indicating the smaller
size of the Fe;C nanoparticles might enhance their

RSC Adv., 2018, 8, 33030-33034 | 33031
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Fig. 3 Electrochemical performance of the prepared nanoparticles as
anodes for NIBs: (a) CV profile of FesC@NGS900 at a scan rate of
0.1 mV s~* between 0.01-2.5 V vs. Na*/Na for the 1st-3rd charge/
discharge cycles. (b) The galvanostatic charge—discharge profiles of
FesC@NGS900; (c) cycling performance of FesC@NGS at a current
density of 1 A g~%, and the corresponding columbic efficiency.

electrochemical capability. Compared with reported pure
graphitic shells (NGS900 prepared by removing Fe;C cores of
Fe;C@NGS900),* the core-shell nanoparticles (Fe;C@NGS900)
exhibits impressive rate performances (NGS900: 760 mA h g™ *
at 0.5 A¢g ,620mAhg 'at1Ag 'and 340 mAhg ' at
5 A g~"), which might be caused by Fe;C, as a good conductor of
electricity, can effectively improve electrical conductivity of
carbon electrode material.** Calculated from eqn (1) of ESL ¥
specific capacity of Fe;C cores of Fe;C@NGS900 can be evalu-
ated (1199 mAhg 'at05A¢g "and 1193 mAhg "at1 Ag ",
respectively). Based on the conversion mechanism for lithium
storage, if possible, Fe;C can store only 1/6 Li per unit
(~26 mA h g "),** which is negligible regarding to the high
capacity of ~1300 mA h g~'. The specific capacity of Fe;C is
larger than what it should be, which might be resulted from the
pseudocapacity on the interface between the material and the
electrolyte.'® For evaluating N doping structure in the graphitic
shells, Fe;C@NGS samples have been prepared with different
percent of doping content at 900 °C by introducing ammonia
with different flow rates (0, 30, 100 or 500 mL min ). As
a result, Fe;C@GS900 prepared without ammonia has graphitic
shells without N-doping leading to its poor electrochemical
performance: at current densities of 0.2, 0.5, 1 and 3 A g’l, its
reversible capacities are 575, 492, 458 and 402 mA h g'
(Fig. S4t); the performances of Fe;C@NGS900 (ammonia flow
rate: 100 mL min~"; content of N: 2 wt%) and Fe;C@NGS900A
(ammonia flow rate: 30 mL min~"; content of N: 1.5 wt%) are
similar; the sample prepared with ammonia flow rates of 500
mL min~ ' (FN@NGS900B) was violent oxidized to ferrous oxide
in the air. Hence, N doping structure in graphitic shells has
been confirmed to enhance diffusion.

The long-term cycling performance of these two electrodes
also has been investigated in Fig. 2d. The Fe;C@NGS-based

33032 | RSC Adv., 2018, 8, 33030-33034
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anode exhibits a favorable reversible capacity, which can
reach 1399 mA h g ' after 500 discharge/charge cycles at
3.0 A ¢!, showing high capacity retention with CE of ~100%.
The capacities of Fe;C samples increases with cycle number
rising (from 120 to 450), which might be attributed to the pse-
ducapacity presented by the Fe;C.*

To better study the kinetic properties of Fe;C@NGS900 and
Fe;C@NGS1100, Fig. S3 of ESIT shows the Nyquist plots and
equivalent circuit obtained from electrochemical impedance
spectroscopy (EIS) measurements. Here, Ry represents the
ohmic resistance of the battery. Constant phase element (CPE)
represents the double layer capacitive reactance between the
electrode materials and the electrolyte. The semicircles and
straight lines correspond to the electrochemical polarization
impedance (R;,) and Warburg resistance (W), respectively.** Both
the fitted Ry value (5.526 Q) and R, value (20.826 Q) for Fe;-
C@NGS900 electrode is much lower than that Fe;C@NGS1100
electrode (Ry: 8.501 Q; Ry, 43.665 ), indicating the superior
redox kinetics in the Fe;C@NGS900 composite.

In order to study the electrochemical properties of the Fe;-
C@NGSs electrode as anodes for NIBs, CV analysis has been
carried out at a scanning rate of 0.1 mV s~ * between 0.005 and
2.5 V vs. Na'/Na. As shown in Fig. 3a, there are two irreversible
reduction peaks around 2.02 V and 0.83 V found during the
initial cathodic scan, which could be ascribed to the interaction
of Na ions with specific functional groups and the decomposi-
tion of electrolyte along with the formation of SEI film on the
electrode surfaces.**** For the subsequent cycles, the peak at
2.02 V disappears and the peak at 0.83 V shifts to 0.60 V. For the
anodic scan, the main oxidation peak ranging from about 0.47 V
to 1.28 V is supposed to be the desodiation reactions.* Fig. 3b
depicts the GDC curves of the Fe;C@NGS900-based electrode
for the 1st-5th cycle at current density of 0.1 A g~ '. The large
irreversible capacity in the 1st cycle is attributed to the SEI
formation and the irreversible insertion of sodium ion with
a relatively large ionic radius.”»*® Following the first cycle, the
charge-discharge curves become more linear which exhibits
a higher and more stable CE indicating a stable SEI layer formed
in the first cycle.

Meanwhile, cycling performance of Fe;C@NGS-based
anodes for NIBs have been shown in Fig. 3c. In the extended
cycling test at 1 A g™, a reversible capacity 214 mA h g™ " of
Fe;C@NGS900 electrode is still maintained after 500 cycles,
which is ~2 times the capacity delivered by the Fe;C@NGS1100
indicating excellent cycling stability of Fe;C@NGS900. Thus,
Fe;C@NGS-base anodes holds great potential as a promising
candidate compared with other carbonaceous anode materials
for NIBs (113 mA h g ' at 1 A g~' (modified PFR/C),*
188.6 mAh g 'at 0.1 Ag " after 300 cycles (S/C),** 150 mAh g *
at 1 A g~ ' after 200 cycles (S/graphene)®).

It is noticed that the excellent electrochemical performance
of the prepared Fe;C@NGSs is apparently ascribed to their
novel structure. First, because of in situ growing graphitic shells
on the surface of Fe;C during floating catalytic pyrolysis, contact
between Fe;C cores and graphitic shells effectively increases,
leading to lower contact resistance and faster electron transfer
between the cores and the shells, comparing with traditional

This journal is © The Royal Society of Chemistry 2018
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ferrous/carbon composites generated by multistep carboniza-
tion approach.*'**>¢ Second, due to floating catalytic pyrolysis,
sizes of Fe;C core nanoparticles have been under control (Fe;-
C@NGS900: 5-15 nm vs. Fe;C@NGS1100: 15-40 nm). Smaller
size of Fe;C core nanoparticles might increase surface of Fe;C
nanoparticles, leading to distinguished improvement of their
electrochemical performance (Fig. 2 and 3), due to active sites
for Li* or Na" storage rising. For comparison, sizes of reported
Fe;C composites have been listed: Fe;C@C: 60 nm nano-
particles encapsulated with 4 nm carbon shells;* Fe;C@PC: 29
+ 5 nm nanoparticles embedded in 300 nm porous carbon;'®
Fe;C/C: 300 nm;” Fe@Fe;C/C: 28-58 nm Fe@Fe;C nano-
particles.” Third, introducing Fe;C to electrode material can
promote the reversible formation/decomposition of the SEI
film, causing improvement of initial CE (72.1% vs. 52%) for
LIBs, due to the catalysis function of Fe;C.'** Fourth, due to in
situ N-doping (~2 wt%) during their floating catalytic pyrolysis,
such defects of the graphitic shells might offer lots channels for
fast diffusion of electrolyte and Li'/Na® into those nano-
particles. Fifth, such prepared core-shell nanoparticles have
ultra thin-walled graphitic shells (~1.2 nm shown in Fig. 1d),
which shorten the diffusion route of ions and electrolyte. All
above confirm Fe;C@NGS900 has novel structure towards the
electrochemical applications, compared with the reported
works: Fe@Fe;C/C sample was prepared by sol-gel and
carbonization approach, and whether its pure Fe cores was good
for Li" storage was doubtful;** the Fe;C@C nanoparticles were
prepared with no doping carbon shells;® the graphitization of
carbon structure was doubtful, when ferrous/carbon compos-
ites were prepared by polymerization-carbonization of iron
phthalocyanine® or hydrothermal method-carbonization.'
Thus, the Fe;C@NGS900 performs better (1300 mA h g™ ' at
current density of 0.2 Ag™'; 939 mAh g ' at 3 Ag ') than many
reported ferrous/carbon composite anode materials for LIBs
(0.2 A g ': <382 (Fe@Fe;C/C),** ~480 (Fe;C/C),* 787.9 (Fe, O3/
C)} ~850 (Fe;0,/C),"® 873 (N,S/C),** and 881 (Fe;0,/
CPPmAhg ;3 Ag " ~300 (Fe,0;@C),** ~370 (FeS@C)** and
~612 (Fe,05/C)* mAh g™ ).

Conclusions

In summary, novel Fe;C nanoparticles encapsulated with
nitrogen-doped graphitic shells were synthesized by floating
catalytic pyrolysis. Due to the short synthetic time and
controllable pyrolytic temperature, the size diameters of Fe;C
core nanoparticles were ranged from 5 to 15 nm (Fe;C@NGS900
prepared at 900 °C) and average thickness of N-doped graphitic
shells was ~1.2 nm. The unique nanoparticles contributed to
their high electrochemical performance: specific capacity of
1300 mA h g~' at current density 0.2 A g~ outstanding rate
capability of 939 mA h g~' at 3 A ¢”', and improved initial
columbic efficiency (Fe;C@NGS900: 72.1% vs. NGS900 (pure
graphitic shells): 52%) for LIBs; impressive long-time cycle
performance (1399 mA h ¢~ maintained after 500 at 3 A g~ * for
LIBs; 214 mA h g~ ' maintained after 500 at 1 A g~ for NIBs).
The excellent electrochemical performance as well as the facile
synthesis route makes Fe;C@NGS promising for application in

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

superior performance LIBs, NIBs and other

applications."*7*
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