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ABSTRACT: A simple and industrially scalable approach to prepare
porous carbon (PC) with high surface areas as well as abundant
nitrogen element as anode supporting materials for lithium-ion batteries
(LIBs) was developed. Herein, the N-doped PC was prepared by
carbonizing crawfish shell, which is a kind of food waste with abundant
marine chitin as well as a naturally porous structure. The porous
structure can be kept to form the N-doped PC in the pyrolysis process.
The N-doped PC-Co;0, nanocomposites were synthesized by loading
Co;0, on the N-doped PC as anode materials for LIBs. The resulting
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N-doped PC-Co;0, nanocomposites release an initial discharge of 1223

mA h ¢! at a current density of 100 mA g~' and still maintain a high reversible capacity of 1060 mA h g™" after 100 cycles, which
is higher than that of individual N-doped PC or Co;0,. Particularly, the N-doped PC-Co30, nanocomposites can be prepared in
a large yield with a low cost because the N-doped PC is derived from abundant natural waste resources, which makes it a

promising anode material for LIBs.
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1. INTRODUCTION

Rechargeable lithjum-ion batteries (LIBs) have attracted
tremendous attentions because of the growing demand for
low consumption, high energy density, long cycle life, and high
efficiency.”” The growing demand has stimulated intensive
exploration of new electrode materials.’

Nanosized transition metal oxides such as Co,0,*”’
Co0,510 Fe304,11’12 MnOZ,13 NiO,"* and CuO" have been
used as anode materials for LIBs because they possess higher
specific capacities than commercial graphite (372 mA h
g 1).""'% Among them, Co;0, shows excellent capacity
retention and high rate performance because it can store
more than eight lithium atoms per formula carbonaceous
materials. However, the practical application of Co;0, has been
frustrated due to the large volume expansion-contraction and
severe particle aggregation, which always leads to electrode
pulverization, capacity loss and poor cycling stability."” To
overcome these limitations, an effective way to enhance the
electrochemical performance is to combine Co;0, with carbon
materials.

Carbon materials has attracted growing interests because of
its essential properties such as high electronic conductivity,
good corrosion resistance and a series of surface properties,”'®
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which are required for the commercialization of LIBs. Various
carbon materials such as graphene and carbon nanotubes
(CNTs) have been used in LIBs because of their high specific
surface area and the perfect electrical transmission perform-
ance."”™*' However, the overlapping of graphene sheets is the
critical challenges during electrode preparation and electro-
chemical test. The high production costs and purification
difficulty also limit CN'Ts widespread applications.””** There-
fore, low-cost carbon with high surface area, good electrical
conductivity, and porous structures would probably be the most
suitable supporting materials for LIBs. Recently, biomaterials-
derived porous carbon (PC) has attracted tremendous
attentions due to its low production cost, large specific surface
area, accessible surface chemistry and short diffusion pathway
for ions.”*~** Lots of biomaterials with porous structure have
been directly carbonized to form N-doped PC materials.”>*>~>
The doping of N atom in PC introduces the donor states near
the Fermi level to generate n-type conductive materials.*® The
well-bonded N atom provides more active sites to increase the
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interaction between the carbon and adsorbents, thus it is
expected to improve electrochemical performance.®® The
crawfish shell is the food waste, which as precursor is economic
and environmentally friendly. Because of the large amount of
nitrogen elements and excellent porous structure, the N-doped
PC derived from crawfish shell could be a fromlsmg material to
replace graphene and CNTs for LIBs.*’

In this work, N-doped PC-Co;0, nanocomposites were
successfully synthesized via a facile hydrothermal method using
natural porous crawfish shells as the carbon source. The N-
doped PC has a large number of nitrogen functional groups,
which provides more binding sites to enhance the deposition of
Co0;0,. The composition structure of N-doped PC-Co;0,
nanocomposites could effectively alleviate the aggregation of
Co;0, in the Li" insertion/extraction to avoid the rapid
capacity fading,**~** The as-prepared nanocomposites as a low-
cost anode material for LIBs exhibited high lithiation capacity,
good rate capability, and excellent cycle performance.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. The crawfish used in this study is
“small tiger crawfish” and obtained from local marketplace (Nanchang,
China). Co(CH;C0O0),-4H,0 was obtained from Sigma-Aldrich.
Acetic acid and NH;-H,0 (25—28 wt %) were purchased from Tianjin
Yongda Chemical Reagent Factory (Tianjin, China). Other reagents
were purchased from Beijing Chemical Reagent Factory (Beijing,
China). Polyvinylidene fluoride (PVDF, Lefu Shanghai Chemicals),
carbon black (Kaisai Shanghai Chemicals), copper foil (10 xm
thickness, Jiayuan Guangzhou Company) and metallic Li foil (0.6 mm
thickness, 99.9%, Zhongneng Tianjin Company) was used without
further treatment. Other chemicals used in this study are analytical
grade. All solutions were prepared with ultrapure water, purified by a
Millipore-Q_System (18.2 MQ cm).

2.2. Preparation of N-Doped PC. The crawfish shell-derived N-
doped PC was prepared as Scheme 1. First, the crawfish were cooked

Scheme 1. Fabrication Process of the Crawfish Shell-Derived
PC-Co;0, Nanocomposites
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in boiling water for 1 h to separate the crawfish meat and crawfish shell
completely. Then, the crawfish shells were peeled off from the
crawfish, washed by ultrapure water, and dried in an oven at 80 °C.
After that, the crawfish shells were carbonized in a tubular quartz
reactor under N, atmosphere with a heating rate of 3 °C min™" and
annealing at 750 °C for 4 h. And then, the black solid was added into
2.0 M acetic acid solution and stirred for 36 h to eliminate CaCOj.
Finally, the sample was extensively washed with ultrapure water, and
dried at 80 °C overnight under vacuum to obtain the N-doped PC.
2.3. Synthesis of N-Doped PC-Co;0, Nanocomposites. In a
typical procedure,* 70 mg of N-doped PC was added into 96 mL of
EtOH, and then ultrasound dispersed for 30 min. Next, 4.4 mL of
water and 0.36 g of Co(CH;CO0),4H,0 was added into above
solution under stirring and then 2 mL of 28% ammonia was added.
After that, the mixture was stirred for 20 h at 80 °C. Lastly, the mixed
product (about 60—70 mL) was transferred into a Teflon-lined
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stainless steel autoclave with a volume of 100 mL, and a thermal
treatment was performed in an oven at 150 °C for 3.5 h. The product
was centrifuged and washed with ethanol and water to obtain the N-
doped PC-C030, (19 ym) nanocomposites. The effects of time (see
Figure S1 in the Supporting Information) and temperature (see Figure
S2 in the Supporting Information) in the thermal treatment on the N-
doped PC-Co;0, nanocomposites have been explored. According to a
similar procedure (see the Supporting Information), the N-doped PC-
Co;0, nanocomposites with 100 nm Co;0, nanoparticles (N-doped
PC-C030; (100 nm)) are also prepared. The characteristics of N-doped
PC-C030; (100 nm) are shown in Figures S3 and S4 (see the Supporting
Information).

2.4. Characterizations. Scanning electron microscopy (SEM)
analysis was taken using a XL30 ESEM-FEG SEM at an accelerating
voltage of 20 kV equipped with a Phoenix energy dispersive X-ray
analyzer (EDXA). X-ray powder diffraction (XRD) data were collected
on a D/Max 2500 V/PC X-ray powder diffractometer using Cu Ka
radiation (4 = 1.54056 A, 40 kV, 200 mA). X-ray photoelectron
spectroscopy (XPS) was performed using an ESCA-LAB-MKII
spectrometer (VG Co., United Kingdom) with Aly, X-ray radiation
as the source for excitation. Nitrogen content was obtained from
Elemental Analyzer-EA3000 (EuroVector, Italy). Thermogravimetric
analysis (TGA) was conducted on SDT 2960 with a heating rate of 10
°C min™". The surface areas (BET) of the samples were determined
after degassing the samples at 300 °C and analyzing the N, adsorption
isotherm at liquid nitrogen temperature (Tristar 3000). Transmission
electron microscopy (TEM), high resolution TEM (HRTEM), and
the selected area electron diffraction (SAED) were carried out on a
JEM-2010 (HR) microscope.

2.5. Electrochemical Measurements. The working electrodes
were made by a slurry coating procedure. The slurry was consisted of
80 wt % N-doped PC-Co;0, nanocomposites, 10 wt % black carbon
and 10 wt % PVDF dissolved in N-methylpyrrolidinone. This slurry
was spread uniformly on copper foil, which acted as a current collector.
The electrodes were dried in an oven at 60 °C for overnight, and then
dried in a vacuum oven at 120 °C for S h. The active materials loading
on copper foil is about 0.8 mg/cm? The celgard 2300 microporous
polypropylene film was used as separator. The cells were assembled in
an argon-filled glovebox using Li foil as counter electrodes. The
electrolyte was made of 1.0 M LiPF dissolved in a 1:1 (v/v) mixture
of ethylene carbonate and dimethyl carbonate. Electrochemical
impedance spectroscopy (EIS) was carried out with a CHI 760D
electrochemical workstation (CH Instruments, Shanghai, China) using
a conventional three-electrode system with Li metal as the counter and
reference electrode, active materials as the working electrode. Other
electrochemical experiments were carried out in two-electrode coin
cells. The electrochemical discharge/charge tests of the samples were
performed on a Neware BTS test system (Shenzhen, China) at voltage
limits of 3.0—0.01 V versus Li/Li*.

3. RESULTS AND DISCUSSION

The morphologies of as-synthesized N-doped PC derived from
crawfish shell are first characterized by SEM. As shown in the
overview image of a piece of N-doped PC (Figure SS in the
Supporting Information), a large number of relatively uniform
sheet-by-sheet paperlike PCs are observed. Panels a and b in
Figure 1 show the fine structures of N-doped PC. The obtained
N-doped PC materials have two unique ordered macropores
with an average diameter of about 1.0—2.0 pym (Figure la,
network hole, the crawfish shell adjacent to crawfish meat
tissue) and 0.5—1.0 ym (Figure 1b, round hole, the crawfish
shell far from crawfish meat tissue), respectively. It is difficult to
separate these two porous structures. Therefore, both of the
porous structures are used as the supporting material for
loading Co;0, in the subsequent experiments. The macropores
should result from the naturally porous structure of crawfish
shell which was kept to form the N-doped PC in the pyrolysis
process.
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Figure 1. (a,b) SEM images of N-doped PC derived from crawfish shell: (a) network hole and (b) round hole. (c) XRD pattern, (d) N, adsorption/
desorption isotherm, (e) N, XPS spectra, and (f) C,; XPS spectra of the N-doped PC. Inset in d is the pore-size distribution calculated from the

adsorption branch by the BJH model of the N-doped PC.

The structures of the as-prepared N-doped PC were also
studied by X-ray diffraction (XRD) (Figure 1c). The diffraction
peaks located at 24.7 and 43.2° correspond to the (002) and
(101) diffraction planes of PC (JCPDS No. 41—1487),
respectively.”*"** The strongest diffraction in the XRD pattern
at 24.7° is attributed to the formation of graphite layers in the
N-doped PC.*’ N, adsorption/desorption experiments were
performed to examine the pore size distribution and surface
areas of the N-doped PC materials (Figure 1d). The N-doped
PC exhibits a BET surface area of 304.4 m* g~" and a total pore
volume of 0.487 cm® g™, As presented in the inset of Figure 1d,
the average pore size of the N-doped PC materials was 6.4 nm,
indicating the N-doped PC contains macropores and
mesopores in the nanosheets. The mesopores may result
from the removal of nanosized CaCOj; and the decomposition
of some biological organization. Such porous structure will not
only facilitates fast lithium ion transport, but also provides an
easy access way for electrolyte in LIBs.

After heat treatment, the elemental distribution of C, O, and
N in the N-doped PC was examined by XPS as shown in Figure
S6 (SI). The N atom in N-doped PC can introduce defect
structure as the active sites for the deposition of Co;0,.*****
As shown in Figure le, there are three kinds of N in the N-
doped PC: pyridine-like N (398.2 eV, a N atom bonding with
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two carbon atoms), pyrrolic N (399.8 and 400.6 eV) and
graphite-like N (401.5 eV, a N atom replacing a graphitic C
atom).*>*** The pyridine-like N can directly bond with
metal atoms and graphite-like N can mediate their neighboring
C atoms to bond with metal atoms, which is beneficial to
deposition of Co;0,.**** 1t is necessary to explain, there are
no discussion to the N oxides because their compositions are
low. The N-doping can also be confirmed by the elemental
analysis and the amount of N is about 4.1% (see Table SI in
the Supporting Information).

The fine-scanned C,, spectrum is displayed in Figure If.
Among the four photon energies, an asymmetric C,; spectrum
centered at 284.3 eV is C—C group of graphite.***’ The peak at
285.0 eV reflects bonding structure of the C—N bonds,
corresponding to the N-sp> C bonds, which may originate from
substitution of the N atoms and defects or the edge of the N-
doped PC.*** Due to the higher electronegativity of N atoms,
the weakest peak at 288.5 eV is ascribed to the other binding
configurations such as O—C==0 that can be formed at the edge
of N-doped PC.*** The peak at 286.0 €V is attributed to C—O
groups in the N-doped PC.*** The result suggests that the
surface of the N-doped PC generates large amounts of N and O
groups after calcination treatment.

dx.doi.org/10.1021/am406053s | ACS Appl. Mater. Interfaces 2014, 6, 7117—7125
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Figure 2. (a, b) SEM, (c) TEM, (d) HRTEM, and (inset in d) SAED images of the N-doped PC-C0;0, (1 nm) Ranocomposites.
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Figure 3. (a) XRD pattern, (b) TGA curve, (c) N, adsorption/desorption isotherm, and (d) Co,, XPS of the N-doped PC-Co;0, (10 nm)
nanocomposites. Inset in c is the pore-size distribution calculated from the adsorption branch by the BJH model of N-doped PC-C030; (19 nm)

nanocomposites.
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Figure 4. (a) CV curves of the N-doped PC-C0304 (19 nm) Nanocomposite electrode at 0.2 mV/s. (b—d) Galvanostatic charge/discharge profiles of
(b) the N-doped PC, (c) pure Co;0,, and (d) the N-doped PC-C0;0; (19 nm) for the 1st, 2nd, and 3rd cycling.

Images a and b in Figure 2 show the SEM images of N-doped
PC-Co030; (19 nm) Nanocomposites. The images show the Co;0,
nanoparticles (white spot) are uniformly anchored on the N-
doped PC nanosheets, and both kinds of porous structures are
well preserved. TEM was also employed to identify the size of
Co30, as shown in Figure 2c. It clearly demonstrates that the
Co3;0, nanoparticles with size of 5—10 nm were evenly
distributed on the surface of N-doped PC. HRTEM was also
employed to analyze the lattice stripes of the N-doped PC-
C030; (10 nm) Nanocomposites. As shown in Figure 2d, the
lattice spacing of 0.467, 0.286, and 0.244 nm correspond to the
(111), (220), (311) crystal planes of Co;0,, respectively. Inset
of Figure 2d shows a typical selected-area electron diffraction
(SAED) pattern of the Co;0, nanocomposites. The diffraction
rings correspond to (220), (311), (400), (511), and (440)
planes of polycrystalline Co;0,, indicating the formation of
Co;0, crystal. The relatively even distribution and size of
Co;0, nanoparticles may be ascribed to a large number of N
and O groups of N-doped PC, which not only provide many
anchor sites for the uniform deposition of Co;0, nanoparticles
but also enhance the interaction between Co;0, nanoparticles
and N-doped PC by coordination interaction as discussed
above.

The crystal structure of the as-prepared N-doped PC-
C030; (10 nm) Nanocomposites was characterized by XRD as
shown in Figure 3a. The characteristic diffraction peaks at 18.9,
3122, 36.77, 38.5, 44.71, 55.62, 59.25, and 65.13° were
observed, corresponding to the (111), (220), (311), (222),
(400), (422), (511), and (440) crystalline planes of Co;0,,
respectively (JCPDS No. 42—1467),**3%" in good agreement
with the HRTEM and SAED pattern in Figure 2d.

Figure 3b shows the TGA curve of N-doped PC-
C0304 (10 nm)- The weight loss before 150 °C can be mainly
attributed to water loss. The second weight loss step in the
range of 150—550 °C is mostly due to the burning of N-doped
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PC and the remnants after 550 °C should be attributed to
Co;0,. Based on the TGA, the weight percentage of Co;0,
and N-doped PC are about 57.6 and 42.4 wt %, respectively.>'
N, adsorption/desorption isotherms at 77 K was used to
characterize the porous structure of N-doped PC-C030, (19 nm)
nanocomposites (Figure 3c). The isotherm is characteristic of a
type IV with type H3 hysteresis loop, which confirms the
existence of the mesoporous structure. After loading of Co;0,
nanoparticles, the BET surface area of N-doped PC-
C030; (10 nm) Nanocomposites is calculated to be 65.1 m® g!
and total pore volume is 0.107 cm® g~'. The pore size
distribution is also shown in the inset of Figure 3¢, indicating an
average pore size at about 6.87 nm. The differences in BET
surface area between the N-doped PC (304.4 m”* g™') and N-
doped PC-C030, (10 nm) (65.1 m* g™') nanocomposites might
be due to the much larger density of Co;O, with large
molecular weight being anchored on the N-doped PC.

The N-doped PC-Co30, (19 nm) nNanocomposites were also
characterized by XPS spectrum as shown in Figure S7a (see the
Supporting Information). The sharp peaks at 285.9, 532.2, and
780.8 eV correspond to the characteristic peaks of C,, O}, and
Co,,, respectively, indicating the existence of C, O, and Co
elements in the sample. The doped N and O atoms can
coordinate with Co**, which provide favorable nucleation and
more anchoring sites for the uniform deposition of Co;0,
nanoparticles.”> The disappearance of N signal in the N-
doped PC-Co30, (10 nm) nanocomposites further confirmed
that the Co;0, nanoparticles are bond with the N-related
defective sites.* Figure S7b (see the Supporting Information)
shows the XPS spectra of C;; of N-doped PC-Co;0,
nanocomposites. The C;; XPS spectra of PC-Co;0, nano-
composites are similar to the N-doped PC. The Co,,
photoelectrons have also been investigated to probe surface
metal species (Figure 3d). The Coyp1/2 and Coy,y), spectra can
be deconvoluted into four peaks at 795.7 and 796.9 eV for

dx.doi.org/10.1021/am406053s | ACS Appl. Mater. Interfaces 2014, 6, 7117—7125
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Figure S. (a) Nyquist plots of the N-doped PC, Co;0,, N-doped PC-C0304 (109 nm), and N-doped PC-C030, (19 nm) Nanocomposites electrode.
Inset: the equivalent circuit used for fitting impedance spectra. (b) Cycling performance of the N-doped PC, Co;0,, N-doped PC-C0304 (100 nm)s
and N-doped PC-Co30, (19 nm) Nanocomposites at a current density of 100 mA g~".

Coypi/p 779.6 and 7814 eV for Coyypy, respectively,SI’52

showing a characteristic of Co;0, phase.

Cyclic voltammograms (CVs) tests were further carried out
to evaluate the electrochemical performance of the N-doped
PC-Co30, (10 nm) nNanocomposites at 0.2 mV s™! over the
voltage range from 0.01 to 3.00 V (Figure 4a). The peaks
around 0.8 and 1.2 V in the first cycle are attributed to the
reduction of Co;0, to Co as well as the formation of solid
electrolyte interface (SEL Li,O) on the surface of N-doped PC-
Co30, (10 nm)_4’8’5°’51 The electrochemical reaction mechanism
of Li* with Co;0, can be described as follows™*>*!33

Co,0, + 8Li" + 8¢~ « 4Li,0 + 3Co (1)

@)

Typical charge—discharge curves of the N-doped PC, Co;0,
and N-doped PC-Co0;0, (19 nn) Nanocomposites electrode at
the current density of 100 mA g_1 for the first, second, and
third cycles are shown in Figure 4b—d, respectively. The N-
doped PC exhibits superior electrochemical properties with
respect to Li* insertion and extraction without any voltage
plateaus (Figure 4b), whereas both pure Co;0, (Figure 4c) and
N-doped PC-C030, (19 nm) (Figure 4d) nanocomposites exhibit
long voltage plateaus in the first discharge step, which might
result from the formation of Li,O and Co. It indicates the
typical characteristics of the voltage profile for Co;0,
electrodes. It is noticeable that reversible decomposition and
formation of the Li,O can be electrochemically driven by the
nanosized transition metal particles during charged process.>

Nyquist plots of the N-doped PC, Co;0,, N-doped PC-
C030; (100 nm) and N-doped PC-Co030, (19 ym) electrode were
performed in the frequency range of 100 kHz to 0.01 Hz at
room temperature (Figure Sa). The Nyquist plot for the
electrodes consists of a semicircle at high frequency and an
inclined line at low frequency. The high-frequency semicircle is
attributed to the SEI film, contact resistance, and the charge-
transfer impedance on electrode/electrolyte interface. And the
inclined line corresponds to the lithium-diffusion process within
electrodes.'”** The equivalent circuit used for fitting
impedance spectra is shown in inset of Figure Sa, where R
refers to the electrolyte resistance, R; and CPE; are the
resistance and capacitor of the surface film formed on the
electrodes, R, and CPE, are the double-layer charge-transfer
resistance and capacitance, and Z, is the Warburg impedance
related to the diffusion of lithium ions into the bulk of the
electrodes. The value of the R, Ry and R calculated through

8Li < 8Li" + 8e~
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fitting the impedance spectra are shown in Table S2 in the
Supporting Information. Obviously, both the R; and R, for the
N-doped PC-Co30, (19 ym) are lower than those for pure
Co;0,, implying the N-doped PC-C0304 (19 nm) has a thinner
SEI film and a faster Li* diffusion rate.” The thickness of SEI
film over active electrode might affect the performance of a
given electrode. The large slope of inclined line in EIS indicates
the fast lithium-diffusion process of the N-doped PC-
C0304 (10 nm) nanocomposites.'” The larger impedance of N-
doped PC-Co030, (199 nm) electrode as compared with N-doped
PC-C030; (10 nm) is possibly due to the larger size of Co;0,,
which reduces the conductivity of the electrode.

A comparison of the charge/discharge cycling performance
of the N-doped PC, Co;0,, N-doped PC-Co30, (100 nm), and
N-doped PC-C030, (19 nm) Nanocomposites at a current density
of 100 mA g™' is shown in Figure Sb. It is found that the
capacity of N-doped PC is about 400 mA h g™" after 100 cycles,
which is much higher than that of commercial graphite (372
mA h g7).""'® Thus, it is expected to replace graphite in
industrial production. The N-doped PC-Co0;0, (19 ym) nano-
composite exhibits much better electrochemical lithium storage
performance than N-doped PC, Co;0, and N-doped PC-
C030; (100 nm)- The N-doped PC-Co30, (19 nm) Nanocomposite
maintains the reversible capacity well and exhibits a high
reversible capacity of 1060 mA h g after 100 cycles, whereas it
can be seen that the reversible capacity of Co;O, decreases
from 833 to only 109 mA h g™ In addition, the initial
discharge and charge capacities of the N-doped PC-
C030; (10 nm) Nanocomposites are 1223 and 1060 mA h g7
respectively. The initial Coulombic efficiency is 86.7%. It is
higher than that of N-doped PC-C030y (199 nm)y Whose initial
discharge and charge capacities are 1256 and 886 mA h g™" and
Coulombic efficiency is 70.5%, suggesting the size of Co;0,
nanoparticles also plays an important role in electrochemical
performance. The high capacity of the initial discharge process
in N-doped PC-Co030, (19 nm) Nanocomposites might be caused
by the formation of SEI film. The high capacity and good
cycling stability of the N-doped PC-Co;0, (19 4m) nano-
composite can be attributed to the synergetic effects of the
two components. The good conductivity and porous N-doped
PC not only serves as the physical support to load a large
number of Co;0, but also provides the channels for charge and
mass transport.’> Furthermore, the porous structure of N-
doped PC-Co30, (19 nm) can effectively alleviate the aggregation
of Co;0, in the Li* insertion/extraction to avoid the rapid

capacity fading.*®
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Table 1. Comparison of the Performance of Carbon/Co;0, Nanocomposites As Anode Materials for Lithium Ion Batteries

current density reversible capacity
1

active material mA g’ mA h g~

CNT/Co30, 200 823 after 60 cycles
carbon/Co metal 50 600 after 40 cycles
carbon/Co;0, 100 534 after 20 cycles
carbon/Co;0, S0 779 after 50 cycles
graphene/CoO 100 1401 after 60 cycles
graphene/Co;0, S0 1003 after 50 cycles
graphene/Co;0, S0 93$ after 30 cycles
graphene/Co;0, 89 1065 after 30 cycles
graphene/Co;0, 100 840 after 40 cycles
N-doped PC- 100 851 + 68 after 100 cycles

C0304 (100 am)
N-doped PC- 100 1060 + 74 after 100

C0304 (10 nm) cycles

initial Coulombic efficiency

cycle life (%) ref
96.8% retention during 60 cycles 66.7 S1
95.2% retention during 40 cycles 55.0 56
69.8% retention during 20 cycles 66.8 S7
86.1% retention during 50 cycles 50.4 S8
60.3 9
90.6% retention during 50 cycles 86.2 59
68.6 4
86.3% retention during 30 cycles $3.7 60
83.5% retention during 40 cycles 71.6 61
(96.0 + 1.3)% retention during 100 (70.5 + 4.5)% this work
cycles
(97.7 + 1.5)% retention during 100 (86.7 = 4.7)% this work

cycles

Rate performance of the nanocomposites may be important
in terms of commercial applications. As shown in Figure S8
(see the Supporting Information), the capacities of N-doped
PC-Co030; (10 nm) can recover back to 704 mA h g ! after cycles
test, demonstrating the excellent recyclability of nanocompo-
sites. At a high current rate, the N-doped PC-C030, (19 nm)
nanocomposites exhibit highly reversible capacity and excellent
cycling stability in lithium-ion storage and retrieval. Therefore,
the N-doped PC-Co30, (19 nm) Nanocomposites are suitable as
active anode materials for LIBs.

Up to now, many electrode materials have been developed
based on carbon materials and Co;0,, and all of them have
some advantages and limitations. A comparison of the
performance of our newly designed N-doped PC-Co;0, with
those already reported in literature is shown in Table 1. By way
of comparison, it can be clearly seen that the as-prepared
nanocomposites result in a relatively high reversible capacity
(1060 mA h g™' after 100 cycles) based on the large current
density at 100 mA g '. Remarkably, the super cyclic
performance (97.7% retention during 100 cycles) and the
highest initial Coulombic efficiency (86.7%) make it a
promising advanced electrode material for LIBs. The excellent
performance of the N-doped PC-Co30, (10um) electrode
materials may be due to the synergistic effect of the two
components. First, the good conductivity and porous structure
of the N-doped PC provide a highway for electron transfer and
easy access for Li* to the electrode materials, which is beneficial
to rate capability and Coulombic efficiencies. Second, the high
specific surface area and abundant nitrogen functional groups of
the N-doped PC provide more binding sites for facile
deposition of Co;0, and promote the contact of the electrolyte
to the Co;0,. Third, the strong bonding between the Co;0,
nanoparticles and the N-doped PC result in the low contact
resistance and the good cycling stability of the composite
electrode materials. Furthermore, the simply and economically
preparation process of N-doped PC-Co;0, make it a promising
electrode material for large scale production.

4. CONCLUSIONS

In summary, a new N-doped PC with a great potential
application in practical energy storage and conversion devices
was cheaply synthesized by using crawfish shell as carbon
source. A facile strategy to prepare the nanocomposite of N-
doped PC anchored with Co;0,, nanoparticles as a novel anode
material for high performance of LIBs is proposed. The good
conductivity and porous structure of the N-doped PC not only

7123

provide binding sites for facile deposition of a large number of
Co;0, nanoparticles but also provide the channels for charge
and ionic transport, which effectively alleviates the aggregation
of Co;0, in the Li" insertion/extraction. As a consequence, the
as-prepared N-doped PC-Co30; (19 nm) Nanocomposites exhib-
its a high reversible capacity (1060 mA h g™" at 100th cycle),
excellent cyclic performance, good rate capability, and large
initial Coulombic efficiency (86.7%). The strategy may be also
extended to the synthesis of other metal oxide nanocomposites
on the N-doped PC. The biomass concept will open a new
avenue for producing nanostructured electrode materials from
low-cost sustainable sources.
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