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ABSTRACT Although various Si-based graphene nanocomposites provide
enhanced electrochemical performance, these candidates still yield low initial
coloumbic efficiency, electrical disconnection, and fracture due to huge volume

changes after extended cycles lead to severe capacity fading and increase in

internal impedance. Therefore, an innovative structure to solve these problems is

Delithiation

needed. In this study, an amorphous (a) silicon nanoparticle backboned graphene nanocomposite (a-SBG) for high-power lithium ion battery anodes was

prepared. The a-SBG provides ideal electrode structures—a uniform distribution of amorphous silicon nanoparticle islands (particle size <10 nm) on both

sides of graphene sheets—which address the improved kinetics and cycling stability issues of the silicon anodes. a-Si in the composite shows elastic

behavior during lithium alloying and dealloying: the pristine particle size is restored after cycling, and the electrode thickness decreases during the cycles as

a result of self-compacting. This noble architecture facilitates superior electrochemical performance in Li ion cells, with a specific energy of 468 W h kg~

and 288 W h kg~ under a specific power of 7 kW kg " and 11 kW kg, respectively.
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he exploitation of advanced Li-ion
Tbatteries (LIB) for energy storage for

many types of electronic devices
requiring lightweight, long life, high power,
and high energy density is a great chal-
lenge.'* To meet the growing demand,
alloying reaction anodes have been studied
as promising alternatives to the conven-
tional graphite anode, which has a relatively
low specific capacity (372 mA h g~"). How-
ever, even though Li-alloying materials
(Si, Ge, Sn, Sb, etc.) exhibit high gravimetric
and volumetric capacities, they undergo
huge volume changes upon repeated Li
alloying and dealloying, which create criti-
cal challenges in the electrode design and
electrode materials engineering to mini-
mize the intense mechanical degradation
problems.”>~7 Recently, silicon has received
a remarkable amount of attention as an
alloying material because of its abundance
in nature, low working potential, and ex-
ceptionally high specific capacity of 3579
mA h g~ for Li;sSi, at room temperature.®®
However, because of its low intrinsic elec-
trical conductivity (1.56 x 10>Sm™") and
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extreme volume changes (>300%) during
cycling,'®"" Si suffers from limited rate cap-
ability and cycling stability due to pulveriza-
tion, electrical isolation, and unstable for-
mation of the solid-electrolyte interphase
(SEI).U_M

To overcome these drawbacks, the engi-
neering of various electrode materials such
as nanostructures'” (e.g., nanoparticles,'®"”
1819 hanotubes,?®~2? nanoporous
structures,”** and their composites with car-
bon materials?2°) and other electrode de-
signh concepts (e.g., three-dimensional cur-
rent collectors,?”?® new high-performance
binders,?* 32 or the binder-free concept'?)
have been suggested.

However, even though such strategies
can facilitate the strain relaxation and elec-
tron transport with suppressing the me-
chanical fracture using their free space
availability and conductive buffer effective-
ness, it is still far from battery applications
because of its low initial coloumbic effi-
ciency and electrode fracture by repeated
volume variation. As shown in Scheme 1a,b,
electrodes composed of conventional

nanowires,
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Scheme 1. Morphological and volumetric changes during electrochemical cycling in the electrode of (a) silicon nanoparticles,
(b) Si thin film, and (c) a-SBG, which includes much free space, self-compacts during cycling, and therefore can form a stable

electrode.

crystalline Si nanopowder (c-SiNP) or films expand
upon charging and then contract during discharging,
and repeated cycles eventually lead to typical elec-
trode failure via drastic electrical disconnection and
cracking.'*'®3334 However, recent a few works on
patterned silicon films with amorphous phases probed
the purely reversible elastic reaction with Liions, and it
was found that these films exhibited sufficient stress
relief and no interconnected cracks.>* 3’ In addition,
the amorphous phase can offer better capacity reten-
tion and cycle life than its crystalline counterpart while
providing a high Li ion diffusivity due to the presence
of defects like grain boundaries and the absence of
long-range order, which leads to a homogeneous
lithium distribution upon lithiation.'"*#3° Moreover,
critical particle size of Si anodes is also crucial for
enhancing the electrochemical performance.'®"’
Therefore, taking advantage of these characteristics
of the amorphous phase and size effect to accommo-
date the volume change of the expanded Si host
materials in an actual electrode is the most important
factor for anode applications.

Among the composites with carbon material, gra-
phene is useful in the design of high-performanace
anode materials via simple mixing,***' electrostatic
assembly methods,**** or chemical vapor deposition
(CVD)*** for LIBs due to its exceptional electronic
and mechanical properties coupled with flexibility
and chemical stability.*® Hence, graphene, as an ideal
matrix, plays important roles in electrodes by providing
a conductive channel for electron transport and elec-
trical contact with the electrode components and by
acting as a buffer to volume changes during cycling.
Nevertheless, most early studies have still had many
difficulties in achieving adequate utilization of the
graphene because of problems achieving homoge-
neous distribution of the host materials within the
graphene layers and the necessity of sophisticated
fabrication techniques.*’*

KO ET AL.

Herein, we discuss the facile method for realizing
the island structure of amorphous silicon nanoparticles
(a-SiNPs) in sizes of 5—10 nm that arranged on the
electrically conductive graphene surface, namely,
amorphous silicon nanoparticles backboned-graphene
nanocomposite (a-SBG) anode, in which the a-SiNPs
exhibit elastic behavior with strain relaxation and high
Li ion diffusivity.3> =7 Furthermore, an electrode com-
posed of the a-SBG nanocomposites provides unpre-
cedented self-compacting behavior, allowing stable
electrode deformation, as shown in Scheme 1c. There-
fore, this hybrid architecture provides several addi-
tional benefits, as follows: (1) improvement of the Si
mass loading in the composite, (2) accommodation of
the volume changes without loss of SiNPs from the
graphene matrix, (3) high electrical conductivity of the
overall electrode, and (4) a high surface reaction area
between the active materials and the electrolyte due to
nanometric-size effects.

RESULTS

We first successfully fabricated the proposed a-SBG
nanocomposites. During the fabrication process, the
nonaggregated 3D porous graphene prepared by
freeze-drying plays the important role of ensuring a
facile pathway for SiH, gas penetration (see the
Supporting Information, Figure S1, and Materials and
Methods). With the high surface-area-to-volume ratio
of porous graphene sheets, this unique SiH, decom-
position method provides high mass loadings of Si
contents up to 82 wt % as well as a uniform distribution of
nanoparticles on both sides of individual graphene sheets.
This in turn provides a significant enhancement of the
energy density of the composite. In addition, the forma-
tion of a-SiNP islands prevents interference between
adjacent particles during volume expansion and provides
good electron transport pathways to the electrode.

Figure 1a shows the specific composition of the
a-SBG and the behavior of its hierarchical structure in
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Figure 1. (a) Schematic view of a-SBG nanocomposites
before and after electrochemical cycling. Low magnification
TEM image of (b) reduced graphene oxide and (c) a-SBG.
Higher magnification TEM images of (d) a small area of the
a-SBG surface and (e) an individual hemispherical amor-
phous silicon particle, with the corresponding indexed FFT
inset image. (g) Powder X-ray diffraction patterns of rGO,
a-SBG, and c¢-SiNP.

the electrode. Graphene sheets with high defect
concentrations allow facile infiltration of Li ions and
provide superior interconnectivity, good structural
integrity, and high electrical conductivity during
cycling.*® Furthermore, because of their flexibility,
these two-dimensional (2D) curved graphene layers
not only provide enough void spaces to accommodate
large volume variations but also facilitate electrolyte
contact (Figure 1b). In addition, the a-SiNPs can easily
release the induced strain, and because of their short
diffusion pathways and amorphous characteristics,
they allow fast diffusivity and high reactivity by provid-
ing easy Li ion transport throughout the whole nano-
composite electrode. To verify its morphological,
structural, and compositional features, the a-SBG struc-
ture was characterized using various analytical tools.
The TEM image of the a-SBG (Figure 1c¢) clearly shows
that the SiNPs, which appear as white dots, are ex-
tremely well distributed over the entire ultralight and
transparent graphene surface. The high-magnification
images (Figure 1d,e) reveal the distribution of SiNPs
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into islands with acceptable amounts of free space
between adjacent particles, and the Fast Fourier trans-
form (FFT) image, which is shown in the inset, confirms
its amorphous structures. In addition, the Si particles of
5—10 nm in size deposited by CVD retained plane
contact with the graphene surface, as shown by the
large, broad peak at 28.4° (Figure 1f; see the other
details in the Supporting Information, Figure S3).
Intrigued by the structural features of the a-SBG, we
evaluated their electrochemical properties and com-
pared them with those of crystalline silicon nanopow-
der (c-SiNP) between 0.01 and 1.5 V using coin-type
lithium half-cells (2032R) at 24 °C. The rate capability
tests were focused on the charge (lithium removal) rate
capability rather than discharge rate capability be-
cause the charge kinetics of Si anodes are known to
be slower than the discharge kinetics.® The first
reversible lithium charge capacity of a-SBG is esti-
mated to be 2858 mA h g~ ' at a low current density
of 56 mAg ', with a striking high Coulombic efficiency
of 92.5% (Figure 2a). Such a high efficiency is expected
to minimize the cathode capacity in a balanced Li ion
cell. All the specific capacity values were estimated
from the total mass of a-SBG, which consists of 82 wt %
of silicon and 18 wt % of graphene. For comparison, a
c-SiNP electrode was also prepared by mixing with
conductive carbon black in the same weight ratio as in
the a-SBG electrode (82:18). However, the ¢c-SiNP elec-
trode exhibited serious agglomeration and rela-
tively loose contact between the carbon black and
¢-SiNPs,”" and a much lower capacity of 1995 mAh g™’
is delivered with a relatively low Coulombic efficiency
of about 75% in the first cycle. The good incorporation
of the nanosized a-SiNP into the electrically conductive
graphene is believed to allow more Li ions to be stored
in the a-SBG than in the ¢-SiNP electrode. More exciting
results were obtained for the electrode kinetics of the
a-SBG and ¢-SiNP electrodes when their charge current
densities were increased from 0.56 to 28 A g_1 (=100Q)
and from 0.4to 20 A g™, respectively. For current den-
sities of 0.56, 2.8, 14, and 28 A g~ ', the charge capacities
of the a-SBG electrode were 2699, 2450, 1622, and
1148 mA h g~ ', respectively. On the other hand, c-SiNP
exhibits charge capacities of 1812, 1184, 632, and
5 mA h g~ " when the current densities were increased
from 0.56 to 2.8 to 14 to 28 A g ' (Figure 2b). It is
obvious that the rate capability of a-SBG is significantly
higher than that of ¢c-SiNP. Note also that the charge
capacity of natural graphite rapidly decreases from 343
to 16 mA h g~ with increasing current from 67 mA g™
to 3 A g ' (Supporting Information, Figure S4). When
the current is again reduced to that used in the first
cycle after 35 cycles, the specific capacity of a-SBG
returned to the initial value, implying that the volume
change of a-SiNP is quite reversible without pulver-
ization. The voltage profiles obtained at different
rates did not show the two-phase region below
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Figure 2. (a) Galvanostatic charge/discharge profiles obtained under constant current at 140 mA g~ with constant voltage
applied to 56 mA g~ in a-SBG and constant current at 100 mA g~ with constant voltage applied to 40 mA g~ in c-SiNP,
respectively, at the end of process in the potential range of 1.5—0.01 V. (b) Capacities of a-SBG and c-SiNP at various charge
current densities from 0.56 to 28 A g ' and from 0.4 to 20 A g, respectively, with fixed discharge current densities of 0.56
and 0.4 A g . A constant voltage of 0.01 V was applied with discharge current of 140 mA g~' and 100 mA g™ at the end of
process. (c) Cycling performance of a-SBG at a charge current density of 14 A g~ and a discharge density of 2.8 A g~ over
1000 cycles. (d) Voltage profiles of a-SBG for the 1st, 200th, 400th, 600th, 800th, and 1000th cycles. (e) Nyquist plot of silicon
nanoparticles and a-SBG after full lithiation at the first cycle and the equivalent circuit used to fit the impedance data.

0.1 V during the lithiation process, which is typical have been observed in many previous studies of
behavior of amorphous silicon (Supporting Informa-  Si-based anodes.***%>°* In the case of fast discharge
tion, Figure S5)8 tests (Supporting Information, Figure S6), the capaci-

Furthermore, a fast charge cycle test was carried out ties of the a-SBG electrode exhibited 2843, 2555, 2431,
at a charge current density of 14 A g~ for 1000 cycles, 2377,2315mA h g~ at current of 0.56, 14, 28, 42, and
with a fixed discharge current density of 2.8 A g™ 56 A g, respectively. This excellent performance
(Figure 2c). Surprisingly, a-SBG exhibits an excellent could be ascribed to the synergistic effect of the
average charge capacity of 1103 mA h g~' over 1000 a-SNPs and interconnected conductive graphene
cycles, showing no capacity fading. The average co- layers. These results are also in good agreement with
lumbic efficiency is 99.9% over all cycles. The capacity the cyclic voltammetry (CV) and electrochemical impedance
rise over the early cycles have been reported to be spectroscopy (EIS) results. The a-SBG electrode delivers

related with that combining the cycling kinetics im- a higher discharge plateau and a lower charge plateau
provement from electrochemical activation and side than ¢-SiNP at various scan rates from 04to 1.0 mVs™',
reaction from electrolyte. Indeed, similar phenomena indicating smaller polarization and thus a ~4 times higher

o~
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Figure 3. HR-TEMimages of (a) a-SBG and (b) ¢c-SiNPs in pristine condition, after lithiation, and after delithiation. Cross-section
and top-view SEM images of (c) the a-SBG electrode and (d) SiNP electrode taken during electrochemical cycling. Both
electrodes were fabricated with the same cell capacity. All the SEM images were taken from the same points of the electrodes.

diffusion coefficient (Supporting Information, Figure S7).
Furthermore, the Nyquist plot of the ¢-SiNP electrode
after lithiation to 0.01 V (Figure 2d) contains a clear
semicircle with a large diameter at high frequencies,
indicating development of a large charge-transfer
resistance on the electrode interface. However, the
a-SBG sample exhibits a depressed semicircle with a
reduced diameter at high frequencies, suggesting
significantly decreased charge-transfer resistance,
which is consistent with the greatly improved perfor-
mance in electrochemical behavior.

KO ET AL.

In order to observe the volume variations of single
a-SBG and c¢-SiNP electrodes before and after full
(de)lithiation, the morphological changes were inves-
tigated by SEM and HRTEM. Figure 3a clearly reveals
that upon delithiation, the silicon particles convert
back to their original size of 10 nm from the expanded
size reached upon lithiation. Thus, the volume expan-
sion is clearly accommodated, and the strain can be
relieved without cracking. However, c-SiNPs of ~100 nm
in size exhibited increased diameters after delithiation
due to the development of residual stress originating
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Figure 4. (a) Galvanostatic charge/discharge profile obtained under constant current a rate of 0.1 C with constant voltage
applied to 0.05 C at the end of process in the potential range of 2.5—4.3 V. (b) Capacity at various charge and discharge rates
from 0.2 to 10 C and from 0.2 to 20 C. The discharge and charge rates were fixed at 0.2 C, but a constant voltage of 4.3 V was
applied with 0.1 C at the end of the process. (c) Cycling performance during fast discharging at rates from 5 to 20 C and (d) fast

charging at rates of 5 and 7C for 100 cycles.

from plastic strain during Li insertion (Figure 3b).>*As a
consequence, repeated lithium reactions over dozens
of cycles lead to catastrophic particle pulverization
and electrode expansion. It has been reported that
the critical size of the c-SNPs necessary to avoid particle
pulverization is <5 nm.'®

More interestingly, the electrode thickness changes
of these two samples were examined at the same
position (Figure 3c). The electrode composed of
a-SBG surprisingly exhibits a 31% decrease in thickness
from 13 to 9 um after 100 cycles. This indicates that
the loosely interconnected graphene sheets self-
compacted during the cycling. As demonstrated above
(Figure 1a), upon Si volume expansion, the flexible
graphene can shrink to form a more stable electrode
arrangement. This phenomenon has not been re-
ported elsewhere. To accommodate the thickness
change of the anode, it is a great advantage to have
more spaces available in the matrix. However, the
thickness of the ¢-SiNP electrode (Figure 3d) expands
by 55% after 100 cycles, and severe cracks appear on its
surface after only the first cycle.

Finally, a Li ion cell consisting of the a-SBG anode
and a LiCoO, cathode was fabricated and cycled at
various rates. As shown in Figure 4a, a high reversible
capacity of 162 mA h g~ " was recorded in the first cycle
in the potential range between 2.5 and 4.3 V at 24 °C.
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The charge (red) and discharge (blue) specific capa-
cities measured at various rates stepwise increased
from 0.2 to 10 C and to 20 C were considerably high, in
the ranges of 164—112mAh g 'and 160—93mAhg ",
respectively (Figure 4b). These values correspond to
specific energies of 468 and 288 W h kg™' at charge
and discharge rates of 10 C (= 7.0 kW kg™') and 20 C
(= 11 kW kg™"), respectively. Figure 4c shows the
stability of the a-SBG electrodes over 100 cycles at
ultrafast discharge rates of 5, 10, 15, and 20 C. Remark-
able capacity retentions of 83, 71, 68, and 60% were
obtained after 100 cycles, respectively. In addition, the
full cell retains 83% and 82% of its initial capacity after
100 cycles at ultrafast charge rates of 5 and 7 C,
respectively, indicating good rate capability of the
a-SBG/LiCo02 full cell (Figure 4d). The voltage profiles
for 7 C rate charge (Figure 4d) and 20 C rate discharge
(Figure 4c) cycling were plotted in Supporting Infora-
tion, Figure S8.

CONCLUSIONS

With the sophisticated fabrication of amorphous (a)
silicon nanoparticles backboned-graphene nanocom-
posite (a-SBG), we have successfully addressed the
improved kinetics and cycling stability issues of silicon
anodes. In particular, with the amorphous characteristic
of island nanosilicon (particle size <10 nm) and partially
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exposed graphene surface, these exquisite hybrid
materials can not only have elastic behavior on volume
changes and decrease in electrode thickness as a result
of self-compacting but also facilitate the electron
transport and lithium diffusion. As a result, remarkable
first-cycle coloumbic efficiency of 92.5% with a high
specific reversible capacity of 2858 mAh/g, excellent

MATERIALS AND METHODS

Preparation of the Porous Graphene Silicon Nanocomposite. A mod-
ified Hummers method®® was used for preparation of graphene
oxide (GO) from natural graphite flake. This graphene oxide
was diluted to a concentration of 0.7 mg mL~" and exfoliated by
sonication for 1 h. As-prepared graphene oxide (GO) solution
was frozen by liquid nitrogen and freeze-dried for a few days.
The freeze-dried porous graphene oxide was reduced by ther-
mal treatment at 1000 °C for 1 h in a hydrogen atmosphere.
Then, the amorphous pure silicon was deposited on each
surface of the reduced graphene oxide by decomposition of
SiH4 gas at 550 °C for 30 min.

Electrochemical Testing of the Anode Materials. The electrochemi-
cal analysis was carried out at room temperature with 2032R
coin-type half-cells using metallic Li foil as a counter electrode
in the potential range between 0.01 and 1.5 V. The electrode
was composed of a-SBG nanocomposites as an active material,
poly(acrylic acid) (MW = 100000; Sigma-Aldrich) and sodium
carboxymethyl cellulose (CMC) (MW = 90000; Sigma-Aldrich) as
binder in a weight ratio of 8:1:1. The well-blended slurry was
spread on copper foil, dried at 80 °C for 30 min, and then heated
at 150 °C in a vacuum oven over 2 h with mass loading of
0.25—0.3 mg cm ™~ (this loading was enough to match with the
cathode material for the full cell test because of high columbic
efficiency and high reversible capacity of the anode). In order
to compare a-SBG with ¢-SiNP, another electrode was manu-
factured. Carbon black was present in the electrode as the
conductive additive with the same loading as that of rGO in the
a-SBG, and the other electrode conditions were the same as for
the a-SBG electrode.

Furthermore, a natural graphite electrode was composed of
92 wt % active material and 8 wt % polyvinylidene fluoride
binder. N-Methyl-2-pyrrolidone (NMP) was used as the solvent.
After the mixed slurry was coated onto the Cu foil, the electrode
was dried at 110 °C for 1 h and roll-pressed. The coin cell was
manufactured in a glovebox filled with argon gas. Lithium metal
foil, microporous polyethylene, and 1.3 M LiPFs in ethylene
carbonate/diethyl carbonate (3:7 vol %; Panax Starlyte) with
10% fluoroethylene carbonate (Panax Starlyte, Korea) were
used as the counter electrode, separator, and electrolyte,
respectively. The electrochemical impedance measurement
was performed using an electrochemical interface system
(IVIUM). The impedance spectra were recorded by applying
an AC voltage of 5 mV in amplitude in the frequency range
of 0.1 Hz to 100 kHz to coin-type half-cells in a temperature bath.
The obtained spectra were analyzed using ZView software.
Cyclic voltammetry was performed with a CHI660D electroche-
mical station in the voltage range of 0.01—1.5 V (versus Li/Li") at
various sweep rates from 0.4 to 1.0 mV s~ . All electrochemical
performance data were measured at room temperature in 2032
coin-type half-cells.

Electrochemical Testing of the Full Cell. The electrochemical
analysis was carried out at room temperature with a 2032R
coin-type full-cell using a surface-modified LiCoO, cathode as
the counter electrode in the potential range between 2.5 and
4.3 V. The LiCoO, cathode electrode was mixed with active
material, carbon black, and polyvinylidene fluoride binder in a
weight ratio of 8:1:1. N-Methyl-2-pyrrolidone (NMP) was used as
the solvent. After the mixed slurry was coated onto the Al foil,
the electrode was dried at 110 °C for 1 h and roll-pressed. The
coin cell was manufactured in a glovebox filled with argon gas.
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power capability, and good cycling stability were
obtained. As a consequence, this successful hybrid
anode design could be extended to other material
systems that undergo large volume expansions with
low electronic conductivity as a major breakthrough in
high energy battery systems for electric vehicle or grid
energy storage applications.

LiCoO,, microporous polyethylene, and 1.3 M LiPFg in ethylene
carbonate/diethyl carbonate (3:7 v/v) with 10% fluoroethylene
carbonate (Panax Starlyte, Korea) were used as the counter
electrode, separator, and electrolyte, respectively. The cathode
and anode electrode capacities were 0.71 and 0.78 mA h cm ™2,
respectively, with an N/P ratio (negative electrode capacity/
positive electrode capacity) of 1.1. All electrochemical perfor-
mance data were measured at room temperature in 2032 coin-
type half-cells.

Material Characterization. To investigate the sample morphol-
ogy, scanning electron microscopy (SEM, Nanonova 230, FEIl)
and high-resolution transmission electron microscopy (HR-TEM,
JEM-2100F, JEOL) were used. The crystallinity of the samples
was analyzed by X-ray diffraction (XRD, D/MAZX 2500 V/PC,
Rigaku). X-ray photoelectron spectroscopy (XPS) analyses were
performed with a Thermo Scientific K-Alpha spectrometer using
monochromatic Al Ka radiation (1486.6 eV). Raman spectra
were recorded using a 532.6 nm laser from WITec Alpha300R.
The changes in the a-SBG and ¢-SiNP electrodes during cycling
were inspected by ex situ SEM and TEM after the coin cells were
disassembled. All electrochemical tests were performed using a
WBCS-3000 (WonATech Co.).
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