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A free-standing 3D porous carbon matrix was fabricated by a solution-based self-assembly process, using
graphene aerogel (GA) as the matrix and CNTs as the structural enhancer. CNTs, with high electrical
conductivity and mechanical strength, formed into a 3D scaffold along with GA. Silicon particles, with an
oxidation coating (Si@SiO,), were embedded into this GA matrix, and twined around the CNTs to increase
conductivity of the Si@SiO, agglomerations and bonding force with the GA matrix. Electrodes constructed
with the Si@SiO,/CNTs/GA containing 44 wt% Si@SiO, exhibit a stable storage capacity of 905 mA h g~* at
4 A g tand 1500 mA h g tat 0.1 A g7t after 150" cycles with 93% capacity retention compared with the
10™ cycle capacity. These outstanding rate performances and cycling stability are attributed to the
enhanced 3D porous matrix, which provides abundant internal space for volume changes of Si@SiO,, easy
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1 Introduction

For current commercial lithium-ion batteries (LIBs), graphite is
used as an anode material with a 372 mA h g theoretical
capacity." The low energy density severely limits the applica-
tions of LIBs, especially in the automotive field. As a promising
alternative, silicon (Si) has been considered as the leading
anode material for next generation LIBs because of its high
theoretical capacity of ~4200 mA h g™ ', high reserves in the
earth, and low charge/discharge potential.>> However, the large
volumetric changes of Si (>300%), during Li" insertion/
extraction processes, lead to rapid capacity degradation,
severe pulverization of the electrode, and destruction of the
electrically conductive network.®* For better implementation of
Si in LIBs, the introduction of a second phase as a conductive
matrix is considered to obtain high stability Si based anodes,
such as carbon-based matrices: amorphous carbon,"™**
graphite,” carbon fibers (CFs),'*"® carbon nanotubes (CNTs),*
and graphene.”** Si-graphene composites, such as graphene-
encapsulated Si particles and Si-graphene nanosheets, show
improved electrochemical performances due to their excellent
electronic properties, flexibility, large specific surface area, good
mechanical properties, and high thermal and chemical
stability.***¢ Particularly, the hierarchical porous carbon
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penetration of electrolyte, fast electron and ion transfer speed, and high mechanical strength.

matrixes, such as mesoporous carbon fiber, ordered hierar-
chical carbon, and ordered mesoporous carbon, show better
loading and fast Li* storage ability in LIBs.?”"* This hierarchical
structure also shows positive influence in EDLC, electro-
chemical hydrogen storage, catalyst and other application
734 Graphene aerogel (GA) with 3D porous network
structure has attracted much more attention,*** as it provides
more micropores for electrolyte infiltration and free Li* diffu-
sion. This increases rate capacity and power density of the LIBs
in previous reports.*>"*' However, it still remains challenging to
future increase electron transport kinetics and overall
mechanical strength.

In this work, CNTs, with ultra-high electrical conductivity,
flexibility, and mechanical strength, had been uniformly
employed in graphene oxide suspension via ultrasonic
dispersion. In our previous work, we reported a technique to
form Si@SiO, core-shell nanoparticles by ozone treatment,
which can improve dispersibility of Si nanoparticles in gra-
phene oxide suspension.*” In the resulting free-standing 3D
Si@Si0,/CNTs/GA composite, CNTs self-assembled into a 3D
scaffold along GA and small Si@SiO, aggregation. Based on
the enhanced stable-porous 3D matrix, Si@SiO,/CNTs/GA
showed excellent storage capacity and cycling stability at
high current density.

area.

2 Experimental
2.1 Sample preparation

The Si@SiO, nanoparticles with 4.2 nm oxidization layer were
oxidized from Si nanoparticles (~50 nm, 99.9%, US Research
Nanomaterials, Inc) at 200 °C as reported earlier.*”
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Typically, Si@SiO, nanoparticles (10, 5, 2.5 mg respectively)
and 10 mg of CNTs (99.9%, US Research Nanomaterials, Inc)
were dispersed in 3 mL of ethanol and sonicated for 1 h. 2 mL of
GO suspension (5 mg mL~ ") was added and sonicated for 1 h to
obtain a stable suspension. 80 mg of r-ascorbic acid (99%,
Sigma Aldrich) was then added to the suspension and sonicated
for 20 min to dissolve the acid. This mixture was then kept at
80 °C for 8 h to initiate pre-reduction and the self-assembly
process. The resulting solid was washed repeatedly with
distilled deionized (DDI) water and then freeze-dried. Finally,
the solid was heated at 800 °C in a flow of Ar for 2 h for further
reduction of GO, to obtain the Si@SiO,/CNTs/GA composites
(Si@Si0,/CNTs/GA-1, -2, and -3). The process of fabrication the
Si@sSi0,/CNTs/GA composite was shown in Fig. 1.

2.2 Sample characterization

X-ray diffraction (XRD) was carried out by a Rigaku D/max
2550 V X-ray diffractometer using Cu-Ka irradiation. Raman
spectrum was measured on a T64000 triple Raman system with
a 514.5 nm Ar-jon laser. X-ray photoelectron spectroscopy (XPS)
was conducted with Thermo Scientific ESCALAB 250Xi using Al
Ko (1486.6 eV) excitation. Thermogravimetric analysis (TGA)
was recorded on a Netzsh TG 209 F1 Analyzer, from room
temperature to 800 °C with a ramp rate of 15 °C min™" in 15 mL
min " lab air. Microstructure images were collected using high-
resolution field emission scanning electron microscopy
(FESEM, Hitachi SU8030). Cycled electrodes were removed from
dissembled coin cells and rinsed in dimethyl carbonate (DMC)
in an argon-filled glovebox before characterization by FESEM.

2.3 Electrochemical measurements

Electrochemical measurements were conducted at room
temperature using CR2032 coin cells, with Li as the counter
electrode and Celgard 2400 film as the separator. The Si@SiO,/
CNTs/GA composites, cut into circular discs of approximately 5
mm in diameter, were used as self-standing work electrodes.
The electrolyte was 1 M LiPF, in ethylene carbonate/dimethyl
carbonate (EC/DMC 1 : 1 vol. ratio). The cells were assembled
in an argon-filled glove box (H,O, O, < 1 ppm). Galvanostatic
cycling measurements were performed with a BT2000
Potentiostat/Galvanostat system (Arbin Instruments) in the
voltage range of 0.01-2 V. The current setting for cell tests and
the specific capacity calculation were based on the total mass of
Si@Si0,/CNTs/GA composites. Cyclic voltammogram (CV), at

Si@sio,
+
CNTs, !
80°C, 8h : X
Si@Si0,/CNTs/GA

ks
Si@Si0, /CNTs with GA

 Si@Si0, particles ~ CNTs |

Fig. 1 Schematic illustration of procedure to fabricate Si@SiO,/CNTs/
GA composites.
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a scan rate of 0.1 mV s~ " within 2-0.01 V, and EIS, at frequency
10°-0.01 Hz, were recorded by electrochemical workstation
(Autolab PGSTAT128N).

3 Results and discussion

X-ray diffraction pattern of CNTs and Si@SiO,/CNTs/GA-1 are
compared in Fig. 2a. The marked peaks are corresponded to
crystalline Si, suggesting the Si structure is preserved in the
whole synthesis process. The peak of GO at 12° isn't observable,
and is replaced by a broader peak at ~25.8°,** which overlaps
with the sharp peak of CNTs. The Raman spectrum of Si@SiO,/
CNTs/GA-1 (Fig. 2b) shows five peaks clearly. A D-band at 1332
em ' indicates presence of disordered carbon, and a G-band at
1594 cm™ ' and a 2D-band at ~2880 cm " assign to the strong
tangential mode of graphitized structure.*” LA-band and TO-
band below 500 cm ™" are related to Si.* In C 1s XPS spectra
(Fig. 2c), there are three peaks: two weak peaks at 286.2 eV and
287.5 eV, representing O-C-O/C-O and O-C=O moiety
respectively, and an intense peak at 284.8 eV which represents
the C/C moiety.*” All the data above show CNTs/GA matrix is
partially graphitized which can facilitate the electron transfer
during electrochemical reactions. Three peaks in XPS Si 2p
spectra (Fig. 2d) indicate of presence of three valence states of
Si: Si**, Si**, and Si®.*® The contents are 41%, 11%, and 48%.
SiO, shell around Si helps improve dispersibility and structure
stability in GA.

The contents of Si@SiO, in these composites were deter-
mined by TGA, shown in Fig. 3. As the crystal structure of
Si@SiO, is relative stable during TGA test, as shown in Fig. S1.}
From the remaining weight after heating above 700 °C, the
Si@SiO, loading in samples Si@SiO,/CNTs/GA-1, -2, and -3 were
determined to be 44 wt%, 29 wt%, and 20 wt% respectively.
Si@SiO,/CNTs/GA composites with different Si@SiO, contents
have similar 3D network structures (Fig. 4). The interconnecting
micropores are open cells in nature, bounded by walls of
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Fig. 2 (a) XRD patterns of CNTs and Si@SiO,/CNTs/GA-1; (b, c and d)
Raman spectrum, high resolution C 1s XPS spectra, and Si 2p XPS
spectra of Si@SiO,/CNTs/GA-1, respectively.
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Fig. 3 TGA curves of Si@SiO,/CNTs/GA composites.

ultrathin layers of stacked graphene sheets. CNTs are uniformly
distributed on graphene sheet, forming a conductive flexible
framework to support GA as a scaffold. The overall dispersion of
Si@SiO, nanoparticles in GA has been great improved by oxi-
dization layer, but small agglomerations also exist. As the SiO,
layer form hydrogen bonds (Si-O-H-O-C) with organic groups
on GO. GO anchored with Si@SiO, nanoparticles acted as
a building block and self-assembled into a 3D network, driven
by m-m stacking interactions. Then during reduction, the
Si@SiO, nanoparticles can be anchored tightly and uniformly in
GA.*>* Some CNTs twine around Si@SiO, nanoparticles to
increase conductivity of Si@SiO, agglomerations and bonding

Fig. 4 SEM images of Si@SiO,/CNTs/GA composites: (a, b) Si@SiO,/
CNTs/GA-1, (c, d) Si@SiO,/CNTs/GA-2, (e, f) Si@SiO./CNTs/GA-3.
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force with GA matrix. The EDS spectra of Si@SiO,/CNTs/GA-1 is
shown in Fig. S2.7

The capacities of the Si@SiO,/CNTs/GA composites tested at
different current densities (0.1, 0.5, 1,2, and 4 A g~ ') are shown
in Fig. 5a. The initial coulombic efficiencies of Si@SiO,/CNTs/
GA-1, -2, and -3 are 57%, 60%, and 62%. The large initial
capacity loss is mainly due to the formation of SEI film on the
surface of porous CNTs/GA matrix and stable products of Li"
with SiO, during lithiation. The increase of Si@SiO, loading
doesn't show obvious effects on the cyclic stability, which shows
that the hierarchical porous 3D structure of GA could effectively
accommodate drastic volumetric variation of Si@SiO, during
cycling.* Compared to the capacity of 1613 mA h g~* at 10™
cyclesat0.1 Ag?, the capacity at 150" cycles reaches 1504 mA h
g~ with 93% capacity retention. The cyclic stability of Si@SiO,
particles has been improved a lot (Fig. S31). As the rate capacity
retention shown in Fig. 5b, the capacities of Si@SiO,/CNTs/GA-
lare1705mAhg 'at0.1Ag 'and905mAhg 'at4Ag ', and
the rate capacity retention at 4 A g~ " is 53%. The rate capacity
retention of Si@SiO,/CNTs/GA is much better than that of
Si@Si0,/GA (with similar Si@SiO, content) shown in previous
research.”” CNTs improve flexibility and conductivity of GA
matrix, maximizing electron transmission speed. They also
increase the bonding force between Si@SiO, and GA, mini-
mizing detachment of Si@SiO, from GA.

The discharge-charge curves for Si@SiO,/CNTs/GA-1
(Fig. 5c) show the typical behavior of Si. The increase of
current density shows little effects on the shape of these curves.
The discharge plateaus are stable below 0.5 V, and charge
ranges appear between 0.3 and 0.6 V. The electrode polarization
doesn't increase obviously with current density. EIS of Si@SiO,/
CNTs/GA-1 at initial state and post-cycle are shown in Fig. 5d.
The Nyquist plots are fitted through the use of an equivalent

(2)3500 ®) 100 1
®  SICNTs/GA-1(discharge) —m— Si@Si0 JCNTS/GA-1
~ 3000 O Si/CNTs/GA-1(charge) ey
) 1Ag" ® SI/CNTs/GA-2(discharge) 90 —o—Si@Si0 /GA
< 2500 N O Si/CNTs/GA-2(charge)
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Fig. 5 (a) Rate cyclic performance of Si@SiO,/CNTs/GA composites,

(b) capacity retention at different current densities of Si@SiO,/CNTs/
GA-1 and Si@SiO,/GA composite, (c) galvanostatic charge—discharge
profiles of Si@SiO,/GA-1 at various current densities as marked, and (d)
the electrochemical impedance spectra of Si@SiO,/CNTs/GA-1
composites at initial state and post-cycle. The insert is the equivalent
circuit used for the analysis.
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Table 1 EIS fitting results of Si@SiO,/CNTs/GA-1 electrodes

Sample State Rs(Q) CPET CPE-P R (Q)
Si@Sio,/GA-1 Initial 4.6 0.00015 0.7641 49
Si@SiO,/GA-1 Post-cycle 4.2 0.00014 0.7868 32.3

Fig.6 SEMimages of Si@SiO,/CNTs/GA-1 anode after rate cycles test.

circuit (Fig. 5d insert). The semicircle in the high-frequency
region is associated with charge transfer impedance (R.;) and
constant phase element of the electrode/electrolyte interface
(CPE). The line in the low-frequency region is the Warburg
impedance (W,), which is related to the diffusion of Li" into the
bulk of the electrode. The fitting data shows in Table 1. R is very
low, indicating good electrical conductivity of Si@SiO,/CNTs/
GA-1 during rate cycle test. R.. decreases after the 150" rate
cycle, demonstrating better electrolyte infiltration and faster Li*
transfer speed.*»*** This is consistent with excellent rate cyclic
performance of these composites.

The structure stability of Si@SiO,/CNTs/GA composite is
further studied by post-cycling SEM images of Si@SiO,/CNTs/
GA-1 electrode (Fig. 6). The electrode retains similar original
porous 3-D structure as Fig. 3a. The pore size is still same, but
graphene wall is thicker. No crack and damage can be found.
Si@SiO, nanoparticles and CNTs show no sign of additional
agglomeration post-cycling, marked by red-circles in Fig. 6b.
With supports of CNTs, GA shows improved elasticity and
stability during lithiation/de-lithiation of Si@SiO, nanoparticles.

4 Conclusions

A 3D porous carbon matrix was fabricated successfully via
a solution-based self-assembly process and applied in anodes of
LIBs. In this matrix, the interconnecting micropores are open
cells in nature, bounded by walls of ultrathin layers of stacked
graphene sheets. CNTs formed a conductive flexible scaffold
supporting GA to strengthen overall mechanical properties.
CNTs/GA matrix provided large specific surface areas for effi-
cient loading of Si@SiO, nanoparticles. The abundant micro-
pores effectively enhanced electrolyte infiltrate, Li" diffusion,
and electron transport kinetics. They also provided enough
space to accommodate volume changes of Si during Li"
insertion/extraction processes. Electrodes constructed with
Si@SiO,/CNTs/GA composites showed excellent outstanding
rate capability (1705 mAh g "at0.1Ag ', and 905 mAhg 'at4
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A g~ ") and good cyclic stability (93% capacity retention between
10™ and 150" cycles at 0.1 A g~'). The outstanding results
provide an optimized structural design and a promising
modification method of carbon matrixes for high rate LIBs.
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