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Silicon flake/nitrogen-doped graphene-like carbon composite was30nanostructured Si owing to its excellent electronic conductivity

prepared from organoclay via an in-situ strategy, involving
carbonization followed by low-temperature aluminothermic
reduction. The pre-formed carbon sheets within the confined
Sinterlayer space of clay acted as nanotemplates for in situ

and mechanical flexibility,’® and the Si/graphene composites
exhibited improved electrochemical performance compared
with pure Si.> However, several significant difficulties remain for
the Si/graphene anodes: 1) Si nanoparticles easily lose electrical

synthesizing silicon flakes. As lithium-ion battery anode, the35contact with graphene sheets due to the repeated volume

composite exhibited excellent electrochemical properties.

Lithium-ion batteries (LIBs) with high energy/power density
have become fundamental energy storage devices in electric

changes upon cycling, leading to a capacity fading; 2) a good
performance requires a highly dispersion of nanostructured Si
in graphene matrix, which is hard to achieve by simply
mechanical mixing; 3) the synthesis of both nanostructured Si

10vehicles, small electronics, and smart grids." 2 The rising4Q(e.g., via electroless/electrochemical etching and chemical

demand for higher energy density has stimulated a surge in
improving the performance of LIBs.? 4 Silicon (Si) is a promising
anode candidate in next-generation LIBs due to its high specific
capacity (4200 mAh g1 in a Li,,Sis form), 10 times higher than

vapor deposition (CVD))** and graphene (e.g., via CVD,
mechanical peeling, and chemical/thermal reduction)?® always
depends greatly on high cost and complicated procedures. On
the other hand, both theoretical and experimental studies

15that of traditional graphite anode.> © Unfortunately, the45Sindicated that heteroatoms (e.g., nitrogen or sulfur) doping into

practical application of Si anodes in LIBs is hindered by severe
capacity decay upon cycling owing to the structural cracking and
interfacial instability (resulting from the huge volume change
during lithiation/delithiation process).” Many efforts have been

graphene can increase electronic conductivity and active sites
toward lithium.'® However, the heteroatom-doping strategies
usually consist of the preparation of graphene followed by the
introduction of heteroatom,” which further make the synthesis

20devoted to dealing with these issues, such as nanostructuring”500f Si/graphene composites rather complex.

8 and surface engineering® 1°. Among them, combining
nanostructured Si with carbon nanomaterial is an effective
method to improve the cycling stability of Si anodes.3 In the Si/C
composites, Si nanostructures with high surface-to-volume
25ratio can effectively withstand the diffusion-induced stress and
alleviate the pulverization of Si; carbon nanomaterials not only
strengthen the transport property, but also serve as buffer
media for mechanical strains.1? 12
Graphene is an attractive carbonaceous coating for

aCAS Key Laboratory of Mineralogy and Metallogeny, Guangdong Provincial Key
Laboratory of Mineral Physics and Materials, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China. E-mail:
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b-University of Chinese Academy of Sciences, Beijing 100049, China.

¢ Materials Science Institute, PCFM Lab and GDHPRC Lab, School of Chemistry, Sun
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Herein, we present a novel and facile strategy for the in-
situ synthesis of silicon flake/nitrogen-doped graphene-like
carbon composite (Si/NG) from organoclay via carbonization
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graphene-like carbon composite from montmorillonite/crystal violet composite.
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Fig. 2 (a) XRD patterns of Mt, Mt/CV, and Mt/C. (b) XRD patterns of the Fig.3 The morphology and composition of Si/NG. (a) TEM image, (b) dark-field TEM
intermediate after reduction reaction using Mt/C as precursor, the corresponding  image and EDS mapping of area I, and HRTEM images of area Il (c) and area Il (d).
product Si/NG, and the product bare Si using Mt as precursor. SEM images of the

pristine Mt (c), Mt/C (d), bare Si (e), and Si/NG (f). of 1.31 nm (Fig. S2). By subtracting the essential thickness of Mt
) ) layer (0.96 nm), the interlayer spacing of Mt/C is 0.35 nm, close
Sand subsequent low-temperature chemlical red.uctlon. TheSOto the thickness of carbon monolayer (i.e., graphene). This
organocla.y p'recursors, ) prepared t?y simply .|nterca|at|ng result implied the formation of a graphene-like carbon sheet
montmorillonite (Mt) with crystal violet (CV, Fig. S1), was within the confined interlayer space of Mt, which was further
simultaneously served as the sources of silicon, carbon, and confirmed by the TEM image of the carbon material after the
nitrogen. The resulting Si/NG exhibited hierarchical porous removal of Mt layers (Fig. S3). According the corresponding

. . 2 o1
10architecture, large spe.aflc surface area (153 m* g™), anc? aSSenergy dispersive X-ray spectroscopy (EDS), the content of N
lamellar morphology (Si flake coated by N-doped graphene-like atoms in NG was about 5.5 at.%. After the aluminothermic
carb'on (NG)). As anode m_LIBS' s'/'\_IG showed an enhanced reaction (using Mt/C as precursor), the intermediate was
cycling performance (reversible capacity of 1138 mAh g™ at 1.0 collected, whose XRD pattern showed the characteristic
A g* after 240 cycles) and a good rate capability (~434 mAh g* reflections of Si and AIOCI, besides those of the starting

-1

15at8.0Ag™). o ) ) ) 60materials Al and AICI; (Fig. 2b). The phenomenon suggested the
The schematic illustration displays the preparation process successful reduction of Mt to crystalline Si, probably via the
of S/NG (Fig. 1). Mt is a representative 2:1 type clay mineral reaction of 3Si0, (s) + 4Al (s) + 2AICl; (1) — 3Si (s) + 6AIOCI (s).2!

composed of two tetrahedral (T) sheets sandwiching one The byproducts were removed by selective acid washing and

octahedral (O) sheet.’® ** The inorganic cations within the then Si/NG was achieved. The XRD pattern of Si/NG exhibited
20interlayer space balance the negative charges (derived from65the sharp reflections of crystalline Si,?2 consistent with those of

isomorphous substitution) on the layers. The Mt/CV composite bare Si obtained using Mt as precursor in the same conditions.

as precursor in this work was easily obtained through a cation Scanning electron microscopy (SEM) images showed Si/NG
exchange reaction between Mt arlmd .CV' Then, the thermal displayed a morphology of flakes in uneven size (Fig. 2f and Fig.
treatment under a N, atmosphere in situ converted CV to NG S4), similar to that of the precursor Mt/C (Fig. 2d); while bare Si

25within the confme.d interlayer space of Mt. In. retu.rn, the70presented irregular agglomerated particles (as marked in the
generated NG again acted as nanotemplates, inducing the red circles in Fig. 2e), although its precursor Mt also had a

newly formed Si.nanocrys.tals to grow into. Si flak.es duri.ng layered structure. The spherical particles/shells were also
subsequent aluminothermic reduction reaction. A high-purity obtained with increasing the amount of reductant (Fig. S5a),
Si/NG was finally obtained after selective acid washing. Our consistent with the previous study.?* The difference was

30developed route for producing nanostructured Si/N'dcped75attributed to the roles of NG within the interlayer space of Mt.
graphene composite has several distinct advantages: 1) this

strategy is promising in scalable production owing to the facile
procedure and low-cost precursor; 2) nanostructured Si is
distributed uniformly in carbon matrix due to the in-situ

During the aluminothermic reduction process, NG not only
acted as an isolation barrier to keep Si nanocrystals from
agglomerating, but also a nanotemplate to induce the newly

formed Si nanocrystals to grow into Si flakes. However, without

35synthesis; 3) the heteroatom doping is achieved along with the8Othe presence of NG, the Si nanocrystals tended to aggregate and
formation of NG within the confined interlayer space of Mt. eventually grow into spherical or irregular large particles (Fig.
The X-ray diffraction (XRD) patterns of the samples at 2e and Fig. S5)

different stages during the synthesis of Si/NG were listed (Fig.
ZaZand b}. The dgos-value of 1.51 nm for Mt ShOVZOGd atypical  gisciosed that the irregular flakes cross-linked and/or
. . .
40¢Ca? form with FWO HzO layers betwee.n Mt layers. 'The Cat'°n850verlapped (Fig. 3a and Fig. S4), forming hierarchical pores (i.e.,
exchange reaction with CV caused a slight decrease in the basal mesopores and macropores) (as marked in the red circles in Fig.
. . . )
spacing (1.48 nm), implying the replacement of hydrated Ca®* 3a). The interplanar spacing of 0.31 nm assigned to (111) plane

by hydrophobic organic molecule within the interlayer space. of crystalline Si appeared in the high-resolution TEM of Si/NG,

After  carbonization, Mt/CV ~was converted to the suggesting the formation of well-crystallized Si. Interestingly,
45montmorillonite/carbon composite (Mt/C) with a basal spacing

Transmission electron microscopy (TEM) images of Si/NG

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Characterization of Si/NG and bare Si. (a) Raman spectra, (b) TG curves  Fig. 5 Electrochemical performance of the Si/NG electrodes. (a) Cyclic
in air, and (c) high resolution Si2p XPS spectra. (d) High resolution N1s XPS  voltammetry curves at a scan rate of 0.1 mV s~ in the voltage range of 0.001—
spectrum of Si/NG. 1.5V (vs. Li/Li*); (b) discharge-charge curves at a current density of 0.2 A g™*

45petween 0.001 and 1.5 V (vs. Li/Li*); (c) rate capability at various current

we observed that an approximately 4-nm-thick and less than 1- densities from 0.2 to 8.0 A g%; (d) comparative cycling performance of the
S5nm-thick carbon layer tightly wrapped around the Si Si/NG and bare Si electrodes at current densities of 0.2 A g! for the initial
R . .. three cycles and 1.0 A g™* for the remaining cycles.
nanocrystals (Fig. 3c and Fig. S4c). Similar phenomenon was

visible in Fig. 3d, but the lattice fringes of Si became faint, which The absence of other metal elements manifested a high-purity

could be attributed to the effect of carbon coating on the500f Si/NG. The high resolution N1s spectrum was deconvolved

surface of crysta.lline Si. In addition, the da.rk-field TEM image into three peaks at 398.5, 400.1, and 401.1 eV (Fig. 4d), assigned
10and EDS mapping demonstrated that Si, C, and N were to pyridinic, pyrrolic, and graphitic N, respectively.l” 30 The XPS

uniformly distributed on Si/NG, and the coating structure could results further confirmed that Si/NG was composed of Si and N-

be cIearIY observe.d (Fig. 3b). Based or? the results in our WF’rk doped carbon. In addition, Si/NG had a larger specific surface
and previous studies?3-26, we also provided a probable reactiongg o (153 m2 g-1) and total pore volume (0.26 cm? g-1) than bare

mechanism from Mt/C to Si/NG (Fig. 56). Si (131 m? g! and 0.18 cm?3 g1), calculated according to N,
15 The Raman spectra of both Si/NG and bare Si showed adsorption/desorption isotherms (Fig. S9)

H ~ _1 . . . . .

mtense Raman. bands at ~511 cm (F.'i 4a), arising from the The electrochemical properties of Si/NG as an anode were

flrst-or.der optical phonon .mode of Si. Th.ese Raman bands assessed in a CR2032 coin-type half-cell. As shown by the cyclic

red-shifted z?md the full width ?t hélf maximum bro.adened’60voltammetry curves (Fig. 5a), a very weak and broad peak at

compared with the monocrystalline Si (~521 cm™), which were 0.5~0.8 V occurred but disappeared from the second scan
20attributed to the decrease in sizes.2” 282 Moreover, two clear onwards, implying the generation of irreversible solid

_1 . ’
Raman banf:Is at 1350 and 1590 cm were observed for Si/NG, electrolyte interphase (SEI) films3! (directly verified by the SEM
corresponding to D-band (from the disordered carbon atoms) images and XPS spectrum of Si/NG after cycling (Fig. S10)).

_ 2_ idi i 16, 29
and G-band (from sp*-hybridized structu.re), respe(ft!vely. 65Meanwhile, a sharp cathodic peak (at < 0.1 V) and two anodic
The Ip/lg value (~1.5) suggested the partially graphitic nature. peaks (at 0.36 and 0.52 V) were observed, corresponding to the

25The contept of carbon |.n. S'_/NG_ was measured vig lithiation process of Si and two-step delithiation reaction from
thermogravimetry (TG) analysis in air (Fig. 4b). TG curve of bare Li,Si to amorphous Si, respectively.?® In subsequent cycles, a

Si indicated no obvious mass change before 700°C, and then a new reductive peak at 0.16 V gradually emerged, due to the
sl.ow rise of weight bAeFause of the oxidation of Si; while that c)f70tran5f0rmation of crystalline Si to amorphous phase in the first
Si/NG showed a significant mass loss from 300 to 700°C, due to cycle, 1032 which was further confirmed by XRD patterns of the
30the oxidation and decomposition of amorphous carbon, Si/NG electrodes after different cycles (Fig. S11). Both reductive
. L o . .
implying .20'3 wt.% NG |r? the composite. and oxidative peaks enhanced in intensity in the first few cycles
The high resolution Si2p X-ray photoelectron spectroscopy and then overlapped, suggesting a kinetic enhancement
(XPS) spectra of Si/NG and bare Si exhibited the Similar75pr0cess before stabilization for the Si/NG electrode.31-33 The

characteristics and were f'tFed into four. compone.nts at 99.3, lithiation/delithiation processes of Si/NG were similar to those
3599.9, 101.7, and 103.1 eV (Fig. 4c). The first two primary peaks of raw Si anodes in previous reports,2% 22 suggesting that Si was

corresponded to Si 2ps/; and Si 2py/; of elemental Si, while the the main component in the composite. Moreover, all of the

latter two could be assigned to SiO derivatives with various voltage platforms in the galvanostatic charge/discharge profiles

oxidation states,?8 derived from the post-oxidation ofcrystallinego(Fig 5b) matched well with the above reductive/oxidative
Si and/or the incomplete reduction of Si-O tetrahedral (Fig. S7). peaks. The Si/NG electrode delivered an initial specific

40Noticeably, besides ?i, C, a.nd O, N V\{as also deFected in XPS discharge/charge capacity of 2657/2127 mAh g-! with a high
survey spectrum of Si/NG (Fig. S8), which was derived from CV. initial Coulombic efficiency (CE) of 80%. The capacity loss was

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/c8cc10036e

Published on 02 February 2019. Downloaded by Tulane University on 2/9/2019 9:53:06 AM.

ChemEomm

generally related to the inevitable formation of SEl films and55Notes and references

side reactions between electrolytes and active materials.3!
The Si/NG electrode showed the reversible capacities of 5
~2187, 2002, 1773, 1475, 892, and 434 mAh g at current
S5densities of 0.2, 0.5, 1.0, 2.0, 4.0, and 8.0 A g! (Fig. 5¢), 3
respectively. When the current density went back to 0.1 A g1,
the specific capacity was almost recovered, manifesting an
outstanding rate capability. The cycling performance of the
Si/NG electrode at a large current density was further ¢
10investigated (Fig. 5d). A high reversible capacity of 1138 mAh g-165
at 1.0 A g ! was still maintained after 240 cycles, suggesting a
good cycling stability of the Si/NG electrode. By contrast, the
bare Si electrode underwent a serious capacity fading upon g
cycling (Fig. 5d and Fig. S12), although its specific capacity at the70
15beginning was higher than that of Si/NG due to the much higher 10
theoretical specific capacity of Si than that of graphene.®
Moreover, the Si/NG electrode displayed a lower CEs than bare
Si at first, associated with the larger specific surface area of75q5
Si/NG (facilitating the production of SEl films). The CEs of Si/NG
20increased upon cycling and surpassed those of bare Si after ~50 13
cycles, and reached over 99%. Besides, the Nyquist plots
revealed that the Si/NG electrode had lower charge—transfer80
impedance and diffusion impedance to lithium ions than bare Si 45
electrode, as confirmed by the smaller semicircle in the high-
25frequency region and the large slope in the low-frequency range 16
(Fig. S13).> 33 The TEM images of electrodes after cycling
showed that Si/NG remained intact and kept the original8517
morphology in comparison with bare Si (Fig. S14 and S15). The 4g
outstanding cyclic performance of Si/NG could be attributed to
30the enhanced structural/interfacial stability and electronic 19
conductivity resulting from the N-doped carbon coating, in90
which N-doping further improved the electronic conductivity
and active sites toward lithium.'* Compared to other Si/C 54
composite anodes, Si/NG exhibited excellent electrochemical
35properties from a practical point of view (Table S1).

In summary, silicon flake/N-doped graphene-like carbon
composite was synthesized from organoclay via an in-situ
strategy. Clay sheets first acted as nanotemplates during the 5,4
formation of N-doped graphene-like carbon; in return, th&00

40generated carbon sheets acted as nanotemplates for in situ
synthesizing silicon flakes during aluminothermic reaction. As
anode material in LIBs, Si/NG exhibited an enhanced cycling
performance and a good rate capability. This work offered (g
facile and low-cost method for synthesizing silicon/heteroatom- 27

45doped graphene composite from organoclay, which would be
very potential in the practical production and commercial
application of advanced anode materials in LIBs. 1
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