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Silicon boron carbon nitride ceramic nanocomposites ﬁlled with nitrogen sulfur dual-doped graphene
sheets (SiBCN/NSGs) were designed and synthesized by inserting pyrolyzed NSGs into the polymer
derived SiBCN via ball ball milling technique and their feasibility to serve as lithium ion battery anode
was tested. The insertion of NSGs in SiBCN caused extrinsic defects and more active sites, both increased
the lithiation and anode stability. The resulting material signiﬁcantly improved the Li-ion loading capacity and gave a higher rate ability. The high cycling performances were attributed to the stacked
graphene sheets of NSGs and increased disordered carbon sites (amorphous structure), such as rearrangement of -sp2 carbon chains and formation of B(C)N domains of polymer derived ceramic (PDC). The
NSGs generated extrinsic defects and more active sites, hence promoted the electrode performance. The
nanocomposites exhibited a reversible capacity of 785 mAh g1 even at a high current density of
450 mA g1 over 800 cycles, representing a high retained capacity of ~780 mAh g1 with an average
decay of 0.006% per cycle. Furthermore, the SiBCN anode revealed a charge capacity of 365 mAh g1 at
450 mA g1 after 500 cycles, indicating that both the assembled anodes have potential practical applications in lithium-ion batteries.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Lithium ion batteries (LIBs) are needed for handy electronic
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devices [1]. The commercially available graphite anode has a
limited speciﬁc capacity of ~370 mAh g1 at 100 mA g1 [2].
Numerous precursors with modiﬁed structure have been investigated to obtain high performance anode materials, of which the
silicon based anode materials are promising alternatives due to
their high theoretical capacity of ~4200 mAh g1 for LIBs [3,4].
Although substantial pulverization of silicon based anodes can
destroy the initially formed solid electrolyte interface (SEI), the
capacity is still degraded because of 400% volume expansion during
charging and discharging process [5]. This fast capacity fading is
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attributed to the loss of electrical conductivity and the cracked
surface from breaking the formed SEI, which cause the depletion of
excess Li-ions and electrolyte [6,7]. For large size battery application, the degradation of electrochemical performance during delithiation makes Si based anodes incompetent. Therefore,
tremendous efforts have been made to improve the anode performance of LIBs. The Si based polymer derived ceramics (PDCs) have
been recognized as advanced anode materials due to their disordered structure, which strongly depends on the pyrolyzing conditions. These disordered PDCs prepared via pyrolyzed precursor
exhibited exclusive amorphous structure, resistance to oxidation,
high thermal stability and having impressive electrical properties
[8e12]. These signiﬁcant features of PDCs are responsible for high
performance in LIBs. They have good ability to store lithium ions
compared to conventional graphite anodes [13e17].
In addition, nitrogen sulfur dual-doped graphene sheet (NSGs)
can enhance electrochemical performance of PDC since the Li-ion
storage ability strongly depends on the anode structural material
[18]. The improved electrochemical properties in the energy storage devices were attributed to the synergistic effects of doped
heteroatoms in the stacked graphene [19]. Two synthetic routes
were used for the modiﬁcation of stacked graphene. One is the
post-treatment of stacked graphene precursor with reactive heteroatom sources e.g. borane, ammonia, ionic liquids and triphenylphosphine [20e25]. The other is the pyrolysis of the mixed
stacked graphene and heteroatom to directly dope heteroatoms
into carbon backbone [22]. This gives a limited performance in LIBs
due to its inevitable agglomeration. However, an effective mechanism of dual-doped N/S heteroatoms is proposed for the improved
electrochemical performance of LIBs.
The heteroatom doping inﬂuences the wettability of the pyrolyzed carbonaceous materials, which increases the super capacitive
performance [26,27]. The reported studies suggested that the
electrochemical performance of the LIBs can be highly enhanced by
doping various existential forms of carbon. For example, Xu and coworkers [28] synthesized a nitrogen-doped carbon/graphene
hybrid material, which exhibited a good sodium storage performance due to the inﬂuence of N atoms. Zhang et al. [29] prepared
2D porous N-doped carbon sheets via chemical activation of polypyrrole (PPy)-functionalized graphene with KOH, and showed an
improved electrochemical performance. The SiBCN ceramic has
also been evaluated as anode materials for LIBs. However, pure PDC
anode materials gave low electrochemical performance. The N and
S increased the defects and active sites for lithium ion insertion
[30]. The ball milling increased the speciﬁc surface area and
enhanced the extrinsic defects and active sites. The broad interlayer
distance of carbon enhanced the Li-storage capacity and high rate
capability [31]. In addition; the heteroatom doping can also create a
pseudo-capacitance due to a better surface interaction between the
electrolyte and dopant species [32]. Moreover, the enhanced performance of the composites was ascribed to the amorphous
structure such as rearrangement of esp2 carbon chains and formation of B(C)N domains. Meanwhile, the electrochemical performance of SiBCN/NSGs composites prepared via ball milling has not
been investigated yet.
In the present work, SiBCN/NSGs derived ceramics nanocomposites were prepared by the insertion of pyrolyzed NSGs into
the polymer derived SiBCN via ball milling. The amorphous structure of SiBCN and the existential form of NSGs in the nanocomposites under different temperatures were analysed. The
amorphous structure of SiBCN led to effective lithium ion storage
whereas the insertion of NSGs into PDC composites enhanced the
conductivity. The structure of active anode nanocomposites pyrolyzed at different temperatures was investigated by FTIR, XRD and
Raman spectroscopy. Beneﬁting from the structural characteristics

and synergistic effects of N and S dual doping, the resultant
nanocomposites presented to be a versatile anode active material
for LIBs in terms of good reversible capacity of ~780 mAh g1 at
450 mA g1 with stable rate performance, as well as prolonged
cycling life. Dual doped NSGs with extrinsic defects and more active
sites were disclosed to enhance the electrochemical performances
with PDC nanocomposites serving as a conduction source simultaneously while serving as the LIBs anode.
2. Experimental section
2.1. Materials
Boron trichloride (BCl3), dichloromethylsilane (MeHSiCl2),
diphenyldichlorosilane (C6H5)2Cl2Si and hexamethyldisilazane
(HMDZ, CH3)3SiNHSi (CH3)3 were purchased from Tokyo Chemical
Industry Co. Ltd., Japan and Sigma-Aldrich. The 2, 5-dimercapto-1,
3, 4-thiadiazol (DMcT, C2H2N2S3), hexa decyltrimethyl-ammonium
bromide (CTAB, CH3 (CH2)15N (Br) (CH3)3) and ammonium persulfate (APS, (NH4)2S2O8) were purchased from Tianjin Heowns and
Sigma-Aldrich respectively. All the commercially available chemical
reagents were used as received without any puriﬁcation.
2.2. Synthesis of polyborosilazane
Polyborosilazane was synthesized under argon atmosphere according to the reported procedures [33] as shown in Scheme S1.
Brieﬂy, BCl3 (50 mL) was added into a 250 mL dried vacuum threenecked ﬂask equipped with a mechanical stirrer and an argon inlet,
and cooled down to 78  C. Under argon ﬂow, the three-necked
ﬂask was added subsequently with MeHSiCl2 (5.87 g),
(C6H5)2Cl2Si (13.05 g) and (CH3)3SiNHSi (CH3)3 (40.35 g) slowly
through syringe with a molar ratio of (1: 1: 1: 4.9). When the threenecked ﬂask was cooled down to room temperature under
continuous stirring, the temperature was maintained at 60  C for
1e2 h ﬁrst and 100  C for next 2 h, then increased the temperature
to 250  C at a rate of 10  C per 10 min and kept 250  C at for 3e4 h.
Finally, the solvent was removed under vacuum, yielding viscous
translucent oil.
2.3. Synthesis of nitrogen sulfur dual doped graphene sheets
First, the stacked graphene was prepared from natural graphite
using a modiﬁed Hummers procedure [34]. A solution of
0.3 g C2H2N2S3 was dissolved in 20 mL CH3OH. Then, the mixed
solution was added into the ﬂask containing 10 g (8 mg L1) stacked
graphene solution. In addition, 0.1 g CTAB was subsequently added
under constant stirring. Then, the mixed solution of CH3OH/H2O
(10 mL, 1:1 by volume) containing 1.37 g (NH4)2S2O8 was added
dropwise into the above solution. After stirring at room temperature for 24 h, the mixture was ﬁltered off, washed with CH3OH/H2O,
and then dried at 80  C under vacuum.
2.4. Ceramic transformation
The as-synthesized polyborosilazane (2.5 g) and NSGs (2.5 g)
were heat treated in a tubular furnace (GSL-1700X, Kejing New
Mater. Ltd., China) separately with an argon gas stream. Initially, the
cross-linking was carried out at 200  C (heating rate: 2  C/min,
holding time: 2 h) followed by heat treatment at 600e1000  C
(heating rate: 2  C/min, holding time: 2 h) under an argon stream.
Afterward, the SiBCN (P1) and NSGs (P2) ceramics were ball milled,
sieved down to 100 mm powders and named as C1-C3 and C4-C6.
For composites (P3), the stoichiometric amount of pyrolyzed
ceramic P1 (0.4 g) and P2 (0.04 g) at various temperatures was also
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ball milled (Across International LLC, USA) separately into powders
with 10: 1 ratio each under 300 rpm for 4 h and then sieved
through a 100 mm mesh and labelled as C2/C5-C3/C5 nanocomposites, respectively. Fig. 1 shows the synthesis of dual-doped
NSGs and the proposed synthesis mechanism with SiBCN ceramic.
The electrode was prepared using 80 wt% active material, 10 wt%
acetylene black (Super P® (Timcal Ltd., Switzerland) and 10 wt%
polyvinylidene diﬂuoride (PVDF, MW: ~800,000 g mol1, HSV 900,
Power source battery sales department, Taiyuan, China) with a ratio
of 8:1:1 that were mixed in N-methyl pyrrolidinone (NMP, BASF,
Germany) to obtain a slurry. Then, the slurry was cast on a 15 mm
thick copper foil (SE-Cu58, Schlenk Metallfolien, Germany) via a
10 mm doctor edge. The active material loading level and density of
anode in this work were 1.34 mg cm2 and 1.1854 mg cm3. The
coated foil was desiccated at 120  C for 24 h under Buchi vacuum
oven to evaporate the solvent. Lithium metal foil with 0.47 mm
(470 mm) thickness (99.9% purity, Alfa Aesar, China), Celgard 2400,
and 1 mL lithium hexaﬂuorophosphate (LiPF6) in EC: DMC (ratio
1:1, Alfa Aesar, China) were used as the counter electrode, separator
and electrolyte, respectively. Finally, the LIR 2025 coin-type cells
were assembled and crimped at 5 MPa in an Ar ﬁlled glove box
Super
(1220/750/900
Mikrouna,
China
H2O < 0.01 ppm,
O2 < 0.01 ppm).

diffractometer (XRD, Rigaku D/Max-2550VBþ/PC) with Cu Ka radiation at an angle pause of 10º-90 with a calculating time of 0.5 s/
0.02 step. Raman spectra for interpenetrating ceramic network
was obtained with 514 nm Arþ laser (Jobin Yvon Labor Raman HR800 spectrometer). The elemental identiﬁcation of ceramic and the
heteroatom functional group distribution measurement were acquired via a PHI Quantera SXM with Al Ka excitation. The curve
ﬁtting of the XPS spectra was performed using the shirely method.
Scanning electron microscopy (SEM) morphology was observed
using a VEGA3XMH instrument (Tescan Co., Czech Republic). A
variable pressure electron microscope equipped with oxford energy dispersive X-ray spectrometer was employed to obtain the
elemental composition of the as-prepared anode specimens. The
structures of anode materials were characterized by transmission
electron microscopy (TEM, JEOL JEM-ARM200F).
The LIR 2025 coin type cells were used during the test analyses.
The galvanostatic proﬁles, rate capability and cells cycling presentation were examined using a LANHE CT2001A (Wuhan, China) in a
voltage range of 0.01-1.0 V and 0.1e3.0 V vs Li/Liþ. The cyclic voltammetry (CV) performance was recorded on a Princeton chemical
workstation (PARSTATMC-500, USA) in the potential range of
0.01e3.0 V vs Li/Liþ with a sweep rate of 0.04 mV s1. All the electrochemical testes were carried out at 25  C.

2.5. Characterization

3. Results and discussion

All the synthesis was carried out under inert conditions, using
standard schlenk techniques. Thermogravimetric analyzer (TGA,
CH STA449F3, Netzsch, Germany) was carried out under argon atmosphere (gas ﬂow 50 mLmin1) at a heating rate of 10  C min1. A
Fourier transform infra-red spectrum (IR) was recorded using a
spectrophotometer (Perkin Elmer 781, USA). The crystallographic
pattern of specimens was collected using a powder X-ray

The transformation of polyborosilazane and dual-doped NSGs
into ceramic was analysed by TGA under Ar [35]. The synthesized
precursor and additive endured a hasty thermal degradation
ranging from 150 to 350  C for polyborosilazane. This weight
thermolysis was mainly accompanied by the evolution of H2O and
CO, which was caused by the oxidation of methyl groups, CH4 and
H2 during pyrolysis. The sharp weight loss in the temperature range

Fig. 1. Schematic representing the charge/discharge mechanism of derived ceramic nanocomposites. Bulk discharge occurs via adsorption at amorphous carbon phase, which is
distributed in the SiBCN matrix. Large dual-doped NSGs serve as an efﬁcient electron conductor and ﬂexible support.
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of 200e290  C for NSGs resulted from its nitrogen and sulfur containing groups, and followed by decarboxylation and elimination of
hydroxyl functionalities [36]. The curves were nearly smoothed off
above 350  C for polyborosilazane and 200e290  C for NSGs,
Fig. 2a. The polyborosilazane with low cross linking density and
molecular weight could volatilize out at the beginning of the pyrolysis process which results in low ceramic yield and a great
weight loss. The results showed that polyborosilazane and NSGs
were stable at 450 and 800  C, suggesting a stable ceramic material
above 600  C [37].
The chemical evolution during the pyrolysis was also corroborated via FTIR analysis. Fig. 2b shows the FTIR spectra of asprepared anode specimens. From C1 to C3 anode specimens, the
peak of N-H (3388 cm1) sharply decreased. While the Si-H
(2366 cm1) peak was evidently weakened below 600  C and
completely disappeared at selected temperatures. The dehydrogenation coupling and transformation of Si-H/Si-H and N-H took
place mainly [38], as shown in Equations (1) and (2). The intensity
of the peak at 2935-3052 cm1 was gradually reduced at 1000  C,
specifying that the decomposition of aliphatic C-Hx was completed
at 1000  C. From C2/C5-C3/C5 anode specimens, the peaks at
3401.3, and 1319.8 cm1 were ascribed to the stretching vibration
of N-H and Si-CH3 for the nanocomposites, and disappeared at
higher temperature arising from the decomposition of organic
lateral groups (C/H), which contributed to the amorphous nature of
silicon boron carbon nitride. The involved C]C in the hydroboration reaction also decreased with increasing the temperature.
Only one broad peak was retained at 600  C for C1 and C2/C5 anode
specimens, other peaks from organic groups almost disappeared.
This indicated that the transformation from polymer to ceramic
was completed at elevated temperatures [39]. It was also observed
that at a higher temperature, the spectra of samples heated at 800
and 1000  C were parallel. The spectra showed amorphous nanocomposites that might contain B-N, C-C, Si-C and Si-N bonds
[40e43]. Furthermore, the chemical evolution during the pyrolysis
of NSGs approached to ceramic (see Fig. S3a in the supporting information).

nanocomposite anode materials were still highly disordered as
shown in Fig. S2. The large number of amorphous carbon observed
in TEM analysis veriﬁed a lower crystallinity. For HRTEM analysis of
dual-doped NSGs (see the supporting information, Figs. S1def
(ESI), the results were consistent with the EDS and XPS analyses
(Fig. 4, Fig. S3b). The h-BN phase was observed with the diffraction
planes (002, 101) [44]. The higher temperature may contribute to
the partial crystallization of Si3N4, SiC and beta-SiC [45e47],
implying that boron can effectively enhance the temperature
resistance and crystallization.
Raman spectroscopy was employed to determine the structural
features of carbon phase in anode materials. Fig. 2d shows the
comparison for the characteristic bands of C1-C3 and C2/C5-C3/C5
nanocomposite anode materials pyrolyzed at different temperatures. The distinct peaks corresponded to the D and G band of C1C3 and C2/C5-C3/C5 nanocomposite anode materials, respectively.
For the C1-C3 and C2/C5-C3/C5 nanocomposite anode materials,
the D band, represented the disorder-induced vibration mode of
lamellar layer in carbon phase, was associated with the sp2 hybridization, while the G band mode corresponded to the in-plane
sp2-hybridized carbon atoms (bond stretching). This indicated
that the sample contains disordered, linear carbon chain and sp2
carbon. The relative intensity ratios of ID/IG were 1.09 and 1.2 for C3
and C3/C5 nanocomposite anode materials, respectively. The increases in the integrated intensity ratio at higher temperature for
both anode materials were due to the existence of defects. The
observed higher intensity ratio indicated more defects for the C3/
C5 nanocomposite anode material compared to other anode materials. This increased defect was due to the insertion of NSGs
ceramic into SiBCN. This type of dual-doped carbon surfaces offered
more sites for the insertion and extraction of Li ions.
The chemical bonding of ceramic anodes materials was further
examined by X-ray photoelectron spectroscopy. The chemical
states of all the materials are shown in Fig. 3 and Fig. S3b). The
presence of oxygen for the XPS survey spectrum was from the hydrolysis of SiBCN during pyrolysis. The presence of S2p and N1s at
150 and 400 eV in the XPS spectrum suggested that sulfur and ni-

(1)

(2)

Fig. 2c shows the powder XRD patterns of the as-prepared C1-C3
anode materials. The XRD results suggested that C1-C3 anode
materials were amorphous when it was heated at 600e1000  C.
This could be concluded from the prominent broad hump ranging
from 2q ¼ 17º-23 (002) and 44 (101). The nanocomposites produced at higher temperature have a good transition of Si/C phase
and have a disordered structure. This disordered structure could be
ascribed to the stacked layers of dual-doped NSGs (see the supporting information for C4-C6 anode materials (Fig. S4). The
HRTEM analysis further demonstrated that the C3 and C3/C5

trogen elements had been effectively merged into the SiBCN. The
elemental content ratios are listed in Table 1. In order to understand
the chemical states in C3/C5 nanocomposite anode material, high
resolution B1s, N1s, Si2p, S2p and C1s were deconvoluted into
different peaks (Fig. 3). The peak at 191.2 eV was assigned to B-N,
which was consistent with the FTIR analyses. Other deconvoluted
peaks at 190.3, 189.7, and 191.9 eV (Fig. 3g) belonged to the B-B, B-C
and B-O bond, respectively. The peaks at 101.4, 102.6 and 103.6 eV
for Si2p shown in Fig. 3e were ascribed to the Si-C and Si-N bonds.
In Fig. 3c, the peaks at 397.9, 399.3 and 401 eV were assigned to the
N1s of C-C and Si-C bond. The peaks at 530.3, 532.3 and 533.9 eV in
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Fig. 2. (a) TGA thermogram of PBSZ and dual-doped NSGs at a heating rate of 10 K min1 under Ar atmosphere, (b) FTIR analyses, (c) XRD patterns, conﬁrming the ceramic nature
and (d) Raman spectra of PDC SiBCN and nanocomposites anode active materials pyrolyzed at various temperatures.

Fig. 3d were associated with the C-O and C]O bonds due to the
absorption of carbon dioxide on the specimen surface [48,49].
To investigate the electrochemical performance, the galvanostatic proﬁles (charge/discharge) of half-cell (composed of C3, C5
and C3/C5 nanocomposites as the anode and lithium foil as the
reference and counter electrode) were tested. Fig. 4 shows the 1st,

21st, 41st, 121st and 251st cycles of galvanostatic curves at
450 mA g1 for the respective anodes in the voltage range from 0.1
to 3.0 V. It shows that the C3/C5 nanocomposite anode has the
highest initial discharge capacity of ~1612 mAh g1 compared with
the capacity of C3 (842.6 mAh g1) and C5 (1299.4 mAh g1) anode
and a corresponding coulombic efﬁciency of 42%. However, after

Table 1
Elemental analyses of polyborosilazane and pyrolyzed anode specimens at different temperatures under argon atmosphere.
Specimens

Temperature

Sample

Material

Ceramic Anodes

P

SiBCN
NSGs
SiBCN
SiBCN
SiBCN
NSGs
NSGs
NSGs
SiBCN/NSGs
SiBCN/NSGs
SiBCN/NSGs

SiBCN
NSGs
C1
C2
C3
C4
C5
C6
C2/C5
C3/C6
C3/C5

P1b

P2

P3

0
0
600  C
800  C
1000  C
600  C
800  C
1000  C
800  C
1000  C
1000  C/800  C

Composition (wt. %)a

Formula

O

N

C

B

S

Si

16.14
25.57
16.80
19.51
22.15
9.18
7.34
8.61
20.02
20.73
17.12

8.35
15.57
6.55
6.89
3.66
11.31
7.79
4.08
3.30
2.11
4.39

64.25
51.15
59.61
56.58
57.72
76.46
83.39
86.75
68.27
69.55
72.47

2.00
C
1.28
1.25
1.19
c
c
c
1.23
1.17
1.11

C
7.72
C
C
C
5.35
2.61
0.98
1.19
0.38
0.45

9.26
c
15.79
17.02
15.28
c
c
c
5.99
6.06
5.46

Si1B0.2C6.9N0.9
e
Si1B0.08C3.8N0.4
Si1B0.07C3.3N0.4
Si1B0.08C3.8N0.2
e
e
e
Si1B0.2C11.4N0.6S0.2
Si1B0.2C11.5N0.3S0.06
Si1B0.2C13.3N0.8S0.08

a
Calculated from XPS spectrum refer to Fig. 3(a) and Fig. S3(b). Ceramic pyrolyzed at different temperature. The O2 overview chieﬂy owing to the air fascination in ceramic
material and O2 persuaded during ceramic conversion.
b
P1 polyborosilazane derived SiBCN.
c
Not detected.
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Fig. 3. XPS surface survey scan for polyborosilazane, its PDC and nanocomposites anode active material pyrolyzed at various temperatures (a); HRXPS spectrum of as-prepared C3/
C5 nanocomposite anode material with shirely ﬁtting deconvoluted C1s region (b), N1s region (c), O1s region (d), Si2p region (e), S2p region (f) and B1s region (g). The Si spectra in
the survey scan originate from the underlying silicon substrate.

the ﬁrst cycle, the coulombic efﬁciency dramatically increased to
99.7% at 251st cycle. Thus, the C3/C5 nanocomposite anode maintained a reversible capacity of ~731 mAh g1 with 0.3% per cycle
loss in the subsequent cycles. The discharge capacities of 1612.5,
655.9, 663.4, 718.7 and 733.5 mAh g1 at a current density of 450,
650, 850, 1050 and 1250 mA g1 for the C3/C5 nanocomposite
anode were much higher than those of the C3 and C5 anodes at the
corresponding cycles as shown in Table 2. However, at a narrow

potential range between 0.01 and 1.0 V, the C3/C5 nanocomposite
anode delivered an initial coulombic efﬁciency of 77.93% with an
irreversible capacity loss of 22.06% shown in Fig. S6. So, this performance (ICE) of C3/C5 nanocomposite anode in the narrow potential range was 35.34% greater than the ICE observed at high
voltage range. This stable performance of C3/C5 nanocomposite
with less cycle loss makes its suitability in commercial LIBs. The
irreversible capacity loss during the initial cycles might be ascribed
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Fig. 4. Galvanostatic curves of the (a) C3 (b) C5 and (c) C3/C5 nanocomposite anodes at
typical cycles.

to the formation of solid electrolyte interphases (SEIs) [50]. These
side reactions occurred due to the chemical degradation, which was
the main cause of lithium loss in LIBs. The Si/C @ 800  C with
different anode loading levels was examined to establish a better
understanding of coulombic efﬁciency and speciﬁc capacity fade

931

rate. The half-cell anode with a higher anode level experienced a
loss of 9.8% cycleable capacity upon the formation process of SEI.
This capacity loss during the formation of SEI was attributed to the
total surface area of anode material area exposed to the electrolyte.
The half-cell anode with a higher level of loading (3.15 mg cm2)
demonstrated a low average coulombic efﬁciency (~84.18%) on long
cycling (20 cycles). The anode discharge limits met earlier due to
the increasing amount of reduction reactions. With a higher level of
loading (R ¼ 3.15), the higher charge discharge rate of anode was
ascribed to the larger surface area of the active anode composites.
This hypothesis that the SEI is constantly dissolving and continuously reforming is based on the state of charge (SOC), as observed
by paused galvanostatic cycling [51].
The increased capacities were correlated to the insertion of Liþ
into nanocomposites. This suggested that the insertion of NSGs into
SiBCN played a key role in improving the Li-ion storage capacity.
Moreover, to increase the stability of anode material, the cell was
subjected to a short break at the charge potential of 3.0 V, while the
discharge measurements started at 2.25 V. This slight shift in
voltage potential of charge/discharge curves indicated fewer
number of irreversible insertion sites of Li ions in the anode material [16].
Fig. 5 presents the cyclic voltammograms of C3/C5 nanocomposite anode at an average scanning speed of 0.04 mVs1. Note
that during the ﬁrst anodic scan, the observed clear extensive
oxidation peaks at 0.123, 0.166 and 0.236 V indicated the formation
of SEI and the decomposition of the electrolyte on the surface of
anode material. The slight reduction peaks (cathodic scan) were
also observed at 0.076 and 0.179 V in the voltage range between
0.01 and 3.0 V. These results matched well with the galvanostatic
proﬁles (Fig. 4).
Interestingly, there was obvious difference between the ﬁrst
scan and the subsequent cycles. However, all the cycles kept their
potential constant. All the curves showed the voltage shift on the
subsequent cycles, which was well consistent with the reported
results [50,52,53]. This result conﬁrmed the improved reversibility
of the C3/C5 nanocomposite anode, and it was correlated to the
dual-doped N/S on the lamellar layer of stacked graphene that were
inserted into the SiBCN ceramic. During the subsequent cycles, the
undetectable decrease in the peak intensity further conﬁrmed the
reversible electrochemical reactions of C3/C5 nanocomposite. In
fact, N and S dual-doped graphene was able to generate more
extrinsic defects and active sites and simultaneously increased the
conductivity and the electrochemical activity. Moreover, it absorbed the Liþ ions on various active sites and promoted rapid chargetransfer reaction, while the larger interlayer spacing facilitated the
intercalation/extraction of Liþ ions into the graphitic shells.
In addition, the C3/C5 nanocomposite anode demonstrated an
improved rate performance than the C3 and C5 anode used in the
lithium ion batteries. In Fig. 6a, the C3/C5 nanocomposite anode
showed a relatively superior rate capability with an average capacity of ~785 mAh g1 at a current density of 450 mA g1 between
0.1 and 3.0 V, it dropped with increasing the current density, i.e.,
477, 220, 142, and 99 mAh g1 at a corresponding current density of
650, 850, 1050 and 1250 mA g1. The charge capacity of ~774 mAh
g1 was stabilized at the same current density. A similar decreasing
trend of charge capacity was also observed for the as-prepared C3
anode with increasing the current density from 450 to 1250 mA g1.
The C3 anode exhibited the charge capacities of 327, 253, 152, 110,
and 71 mAh g1 at a corresponding current density of 200, 400,
600, 800, 1000 mA g-1. When the current density was increased
from 450 to 1250 mA g1, the discharge capacity similarly returned
back to ~327 mAh g1 for C3 anode. However the as-prepared C5
anode exhibited an initial discharge capacity of ~397 mAh g1 at a
current density of 200 mA g1. The capacity decreased to ~267 mAh
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Table 2
The galvanostatic charge (Ccharge) and discharge (Cdischarge) data of C3/C5 nanocomposite anode compared to C3 and C5 anode. The error in the data calculation is ±0.1%.
Anodes specimen

Cycles No. (nth)

Crev (mAh g1)

Cch (mAh g1)

Cirrev (mAh g1)

Cycle loss (%)

Coulombic efﬁciency (h, %)

C3

1st
21st
41st
121st
251st
1st
21st
41st
121st
251st
1st
21st
41st
121st
251st

842.6
370.1
377.3
350.1
359.8
1299.4
432.3
402.0
394.4
364.3
1612.5
655.9
663.4
718.7
733.5

357.3
344.7
374.8
348.9
359.2
620.9
426.8
399.0
390.9
362.7
687.3
653.1
658.7
716.1
731.5

485.3
25.4
2.5
1.2
0.6
678.5
5.5
3.0
3.5
1.6
925.2
2.8
4.7
2.6
2.0

57.6
6.9
0.7
0.3
0.2
52.2
1.27
0.75
0.887
0.439
57.4
0.4
0.7
0.3
0.3

42.4
93.1
99.3
99.7
99.8
47.78
98.73
99.25
99.11
99.56
42.6
99.6
99.3
99.6
99.7

C5

C3/C5

Fig. 5. (a) CV curves of C3/C5 nanocomposite anodes at an average scanning rate of
0.04 mV s 1.

g1 when the current density increased to 100 mA g1. The capacity
returned to ~389 mAh g1 when the current density returned again
to 200 mA g1. This stable performance with 99% coulombic efﬁciency was attributed to the doped N/S on the lamellar layer of the
stacked graphene [54]. These results advocated that the insertion of
NSGs into SiBCN matrix was suitable for serving as anode for LIBs.
To further conﬁrm the cycle stability of freshly assembled anodes, prolonged symmetric cycling was subjected at a current
density of 450 mA g1 for the C1-C3, C2/C5-C3/C5 nanocomposite
anodes and 200 mA g1 for the C4-C6 anodes. Fig. 6b shows the
speciﬁc capacity of the as-prepared C1-C3 anodes. The C3 anode
reached a capacity of ~365 mAh g1 after 500 cycles, indicating the
remarkably improved performance for the LIBs compared to the C1
and C2 anodes pyrolyzed at 600 and 800  C, whose speciﬁc capacity
retained stable but with a lower charge capacity of ~77 and
~112 mAh g1. This better structural integrity of C3 anode at
450 mA g1 was conﬁrmed by the HRTEM and SEM, as shown in
Fig. S2(a and b) and 7. In addition, the as-prepared C5 anode displayed a high charge capacity of ~393 mAh g1 at a current density
of 200 mA g1 compared to the as-prepared C4 and C6 anode pyrolyzed at 600 and 1000  C (Fig. 6c), whose speciﬁc capacity was
~205 and ~350 mAh g1. This high charge capacity compared to
SiBCN anodes was attributed to the larger surface area from the
NSGs, which provided appropriate contact of space for the rapid
diffusion of lithium-ions within the electrode material, while the
wide interlayer space enabled the high Li-intercalation of kinetics

[55]. Moreover, the 2D structure of NSGs ensured the Li-ion storage
[56] and shortened the length of Li-ion diffusion.
Further, the nanocomposite anodes @ various temperatures
shown in Fig. 6d, e were evaluated for their electrochemical performances. The C3/C5 nanocomposite anode delivered an improved
capacity of ~785 mAh g1 in the voltage window of 0.1e3.0 V at
450 mA g1 in comparison with C2/C5 (~390 mAh g1) and C3/C6
(~430 mAh g1) nanocomposite anodes at low level loading shown
in Fig. 6e. At high level loading and density of 3.15 mg cm2 and
2.787 mg cm3, the cycle loss of C3/C5 nanocomposite anode was
9.8% less than at low level loading. (Fig. S5 in the supporting information). It can be observed that the stability was maintained
with a capacity retention of 99% even for long term cycling. In
addition, the stable performance at high voltage further suggested
its suitability for practical applications. This high performance was
comparable to previously reported studies on graphene shown in
Table 3. This improved reversible capacity with almost 99% of
coulombic efﬁciency after 800 cycles was caused by the insertion of
NSGs into SiBCN ceramic. The resulted nanocomposites showed a
better electrical contact between the copper foil and the SiBCN
particles and stable structural stability inserted provided by NSGs.
The enhanced electrochemical performance was due to the
increased extrinsic defects and active sites. Thus, the structural
distortion towards stacked graphene increased the conductivity
and active sites for Li-ion insertion [22,30].
After electrochemical cycling, the recycled cells were dissembled for the post-morphological analysis. The SEM (Fig. 7b, c and 8b,
d) was performed for the C3 and C3/C5 nanocomposite anode
materials and their surface morphologies were examined. The precycled C3 anode material mainly showed interconnected ceramic
particles and furry carbon black (Fig. 7a). While the C3/C5 nanocomposite anode material exhibited similar morphologies to
typical lamellar layers of the NSGs in the SiBCN matrix. This reveals
that NSGs in nanocomposite acted as supporting material for SiBCN
ceramic as shown in Fig. 8 (a, c). The C3 anode material had smaller
particles due to the electrostatic repulsion of oxygen containing
groups on the surface of C5 anode material. In addition, the particles for the C3/C5 nanocomposite anode materials were more
uniform than those of the C3 anode material. However, SiBCN
ceramic showed an asymmetrical enormous chunk form with small
particles on the surface. Fig. 8a, c shows the existence of NSGs
ceramic on the surface of nanocomposites. The EDS analysis of the
captured region in Fig. 7d-h showed the presence of C, Si, N and B in
the C3 anode material. Remarkably, the post cycled anodes were
mainly intact without clear signs of cracking and pulverization as
shown in Fig. 8 (b, d). The absence of cracks on the surface of anode
suggested a stable cycling performance [57]. The cycled C3/C5
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Fig. 6. (a) Rate capabilities Li-storage performance of the C3,C5 and C3/C5 nanocomposite anodes (a), Cycling performance and coulombic efﬁciency of the as-prepared C1-C3
anodes at 450 mA g1 (b) and C4-C6 anodes at 200 mA g1 (c). The prolong cycling behaviour and coulombic efﬁciency of the C3/C5 nanocomposite anode at 450 mA g1 (e). A
comparison of capacity potential of as-prepared nanocomposite anodes can be seen in (d). The inset shows the SEM micrographs of pre-and post-cycled C3/C5 nanocomposite
anode material.

Table 3
Summary for the performance of SiBCN/NSGs nanocomposite and PDC based anode materials reported previously.
Anode material

Current density (mA g1)

Capacity (mA h g1)

nth cycle

Coulombic efﬁciency (h, %)

References

Sulfur/nitrogen dual-doped porous graphene
Nitrogen-doped graphene nanosheets
Nitrogen-doped graphene
Graphene/N-doped carbon
Nitrogen-self-doped graphene
Porous graphene ﬁlms
Nitrogen and ﬂuorine co-doped graphene
SiBCN/NSGs

50
100
100
100
50
50
100
450

440
452
600
669
682
715
765
785

100
100
50
200
95
50
50
800

56.41
99.0
63.20
60.88
57.94
67.32
71.29
99.0

[58]
[59]
[60]
[61]
[62]
[63]
[64]
This work

Fig. 7. Comparison of SEM images of the as-prepared C3 anode material (a) with the post-cycled anode material (dissembled in charging state) (b). Higher-magniﬁcation SEM image
of post-cycled C3 anode material (c), EDS captured region of C3 anode material (d), showed the elemental mapping images (d, e, f and g) of the corresponding as-prepared C3 anode
material. Mapping scale bar is 500 nm.

Fig. 8. SEM micrograph of C3/C5 nanocomposite anode material (a, c) before electrochemical cycles showed stacked layer on the surface, and (b,d) post-cycled anode after prolonged 800 cycles, nanocomposite showed stretching and rearrangement of SiBCN/NSGs before cycling and negligible stretching arrangement occurred after cycling.
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nanocomposite anode showed amorphous and uniform structure
with uneven layers of stacked graphene, which was corroborated to
a signiﬁcantly improved cycling performance as shown earlier.
4. Conclusion
The effects of nitrogen sulfur dual-doped graphene (NSG) sheets
on the electrochemical performance of silicon boron carbon nitride
(SiBCN) ceramics were studied to serve as an anode material in
lithium ion batteries. The active anode material was obtained via
pyrolysis at 600, 800 and 1000  C. Thus, the pyrolysis played a key
role in the cycling competence of nanocomposite anodes. The asprepared C3/C5 nanocomposite anode gave a speciﬁc capacity of
~785 mAh g1 at 450 mA g1 after 800 cycles with a stable capacity
retention of 99%, which was higher than the speciﬁc capacity of C3
and C5 anode. This improved performance was attributed to the
stacked graphene structure and heteroatom doping. The
outstanding performance of the C3/C5 nanocomposite anode was
mainly due to the conducting ceramic nanocomposite with stacked
layers, which acted as a supporting material with stable structure
that facilitated the Li-ion insertion. In addition, the stacked layer
network structure further prevented the delamination caused by
the Li-ions insertion and extraction during cycling. The incorporation of NSGs into SiBCN ceramic revealed a novel strategy of
developing the anode material, which inﬂuenced the performance
of SiBCN anode in LIBs. Compared with metals and ceramics
[65e69], these unique silicon-based carbon materials have great
potential to be used for other applications including electromagnetic interference shielding [70e75], energy application such as
fuel cells and solar cells [76e81], adsorbents for heavy metal
removal and others [82e88], and serving as ﬁllers for structural and
functional nanocomposites [89e100].
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