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Silicon-based composites have received significant interest as a high-capacity anode material for high-
performance lithium-ion batteries. However, the large volume change during prolonged charge/
discharge cycles, poor electric conductivity, and unstable solid electrolyte interface of the Si electrodes
lead to performance degradations, such as fast capacity decay and low coulombic efficiency (CE). It's
promising but challenging to fabricate Si-based composite anodes with a high Si active material, which
enables high energy density, high-rate capability, and good cycling stability. Herein, the size effect of
mechanically robust and highly conductive graphene sheets was investigated to effectively regulate the
charge transport kinetics, volume changes, first cycle CE, and stable solid-electrolyte-interphase of the
Si-anode for improved electrochemical performance. Specifically, our developed nanocomposite
electrode (Si@QULG) consisting of Si nanoparticles (NPs) enveloped by ultra-large graphene sheets (ULG)
can deliver a specific capacity of 1478 mA h g‘1 even after 200 cycles at C/5, with a low capacity loss of
0.23% per cycle. This outstanding cycling performance surpasses that of electrodes wrapped by small
(SG) or large graphene sheets (LG). By further assembling ULG sheets as building blocks into a three-
dimensional (3D) graphene framework to load a high weight percentage of graphene-wrapped Si
materials (e.g., SI@QULG), the as-prepared binder-free 3D SicULG-ULG nanocomposite electrode (with a
high mass loading of 3 mg cm~2) enabled an areal capacity of 2.1 mA h cm~2 after 200 cycles at C/5,
which is much higher than the slurry coating thin-film anodes (e.g., 0.12 mA h cm™2) at low areal mass

loading (0.49 mg cm™3).
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Introduction

With the growing demand for high-performance electrochemical
energy storage devices (EESDs), lithium-ion batteries dominate
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the market for consumer electronics, transportation, and large-
scale grid storage.'™ As a promising anode material, silicon is
abundant and has a high theoretical capacity of 4200 mA h g~*
and a low discharge potential (~ 0.3 V versus Li/Li").>” However,
the Si anode suffers from severe structural degradation, low
intrinsic conductivity, and unstable solid-electrolyte interphase
(SEI) during repeated lithiation and de-lithiation processes.®® In
particular, these deficiencies bring about the loss of Li" inventory
and Si particle fracture due to the large volumetric change
(>300%) during cycling.

Many strategies have been applied to address these issues.
For example, nanostructured silicon with carbonaceous materials
has been extensively studied for the improved electrochemical
performance of LIBs.'’ Specifically, the porous or nano-sized
silicon materials in combination with the carbon network have
been investigated to allow the effective mitigation of high
mechanical strain, pulverization of Si NPs, and anode
cracking."" The liquid electrolyte modification with effective
additives, including fluorinated carbonates and cyclic ethers,
has been explored to facilitate a stable SEI layer by inhibiting
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the further decomposition of the organic solvent."” The polymer
binders with enhanced binding affinity between the Si NPs,
binder, and current collector have been reported to endure the
structural stability of Si electrodes.’®> Among these strategies,
engineering Si nanostructures with different carbonaceous mate-
rials is an effective approach to improve the battery performance
by increasing the electrical conductivity and counteracting the
pulverization of Si NPs. Two-dimensional graphene sheets have
been widely used in energy storage due to their superior thermal
and electrical conductivities, large surface area, and mechanical
robustness.*'® Incorporating graphene for composite electrode
designs has demonstrated excellent performance for different
high-capacity active materials."®>* Although many efforts have
been devoted to silicon and graphene composite electrodes for
improved electrochemical performance,”*® what is lacking is
how to tune and make good use of graphene to further boost
the performance of Si-based anodes. For example, the affinity
between Si and graphene, graphene sheet dimensions, and
composite architectures are essential to stabilize Si active materi-
als during charge-discharge processes.>**”*® In particular, the
anisotropic size effect of the 2D graphene nanosheets is one of the
key features influencing the electrochemical performance by
stabilizing the SEI, improving first cycle CE, mitigating volume
change, and improving electrical conductivity.>**°

To this end, incorporating Si materials into different sizes of
graphene sheets for an optimized nanocomposite electrode
design is reported in the present work as a general strategy to
effectively stabilize the Si active material during charge-dis-
charge cycling. Herein, a one-pot approach was developed to
encapsulate Si NPs into graphene sheets with different lateral
sizes. Then a two-step process was further studied to load Si NPs
into a self-assembled three-dimensional graphene framework for
high areal performance. As a result, the as-prepared Si anode
wrapped by ultra-large graphene sheets (ULG) exhibited excellent
battery lifetimes and high-rate capabilities owing to the long-
range interconnected conductive network for fast charge trans-
port. The ULG, assembled into the 3D network, provided a
mechanically robust scaffold and free space to accommodate
the volume change caused by the Li" insertion/extraction during
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charge/discharge cycles. These findings provide new insights
into improving the electrochemical performance of Si-based
composite anodes for high-energy-density Li-ion batteries.

Experimental
Preparation of silicon-graphene nanocomposites

The graphene-wrapped Si (Si@G) electrodes were prepared by the
one-pot synthesis method, followed by thermal annealing to
improve the electrical conductivity of the graphene networks
(Fig. 1). Different-sized graphene oxide (GO) sheets were synthe-
sized using different meshes of graphite flakes via the Hummers’
methods. Three types of GO dispersions were produced by the
size-target separation, namely ultra large GO sheets (ULGO), large
GO sheets (LGO), and small GO sheets (SGO). In the mixing
process, one of the most crucial steps is to create the opposite
charge between Si nanoparticles (NPs) and the graphene sheets by
surface modification. Briefly, the Si NPs were dispersed in the
aqueous solution with a surfactant (PVP). The various GO disper-
sions were further mixed with the solution via a sonication
process. After freeze drying, the Si NPs wrapped up with different
sizes of GO sheets (e.g., Si@SG, Si@LG, Si@ULG) were formed
after thermal reduction.

Synthesis of graphene oxide (GO)

Graphene oxide (GO) was prepared by oxidation of natural
graphite flakes (50 and 325 meshes; Sigma-Aldrich) according
to the modified Hummers’ method. The small GO, denoted as
SGO, was prepared from the 325-mesh graphite. The ultra-large
and large GO batches (50-mesh graphite) were separated by
collecting the small-size GO sheets on the top and relatively
large-size GO sheets at the bottom in the solution after cen-
trifuging, denoted as ULGO and LGO, respectively. All the GO
solutions (3.6 mg mL ') were stored in a fridge before use.

A two-step process to prepare 3D freestanding composite electrodes

3D Si-based composites were prepared using a two-step process.
The various graphene-wrapped Si NP composites (e.g., SI@SGO

600°C,2h

Si@SG or Si@LG or Si@ULG

Fig. 1 The illustration of the process flows to synthesize Si anodes wrapped up with different sizes of graphene sheets.
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and Si@ULGO) were redispersed into 2.5 mL of 2 mg mL "
ULGO, then diluted to 4 mL. Excess sodium ascorbate was added
to this aqueous mixture and heated at 95 °C for 2 hours to reduce
the GO into rGO. The as-prepared materials were washed with
D.I. water four times to remove any impurities. After freeze-
drying, the samples were annealed at 600 °C under argon flow
for 2 hours to further improve the electrical conductivity of
graphene.

Material characterization

The morphology and structure of the materials were character-
ized by scanning electron microscopy (SEM, Zeiss Supra 40 VP)
and transmission electron microscopy (TEM, Titan S/TEM FEI).
X-ray diffraction (XRD) was performed using a Panalytical
X'Pert Pro X-ray Powder Diffractometer. Thermogravimetric
analysis (TGA, PerkinElmer instruments Pyris Diamond TG/
DTA) was used in an air atmosphere from room temperature to

800 °C at a heating rate of 10 °C min .

Electrochemical characterization

The Si@G composite anodes were prepared by mixing the com-
posite with 10 wt% of alginate binder in an aqueous solution or
PVDF in an NMP solution to form a slurry. The pure Si NP anode
was prepared by mixing 80 wt% Si NPs, 10 wt% carbon black, and
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10 wt% alginate binder in an aqueous solution. The slurry was
coated on the Cu foil and dried at 120 °C in a vacuum oven
overnight. The mass loading of the prepared electrodes is 0.26—
0.31 mg cm ™2 The 2032-coin cells were assembled inside an
argon-filled glovebox with water and oxygen content kept below
0.1 ppm. 1.0 M lithium hexafluorophosphate (LiPF¢) in a mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC) was
used as the electrolyte (EC/DMC, 1:1 volume ratio, BASF, USA).
Galvanostatic charge/discharge cycling was conducted in a multi-
channel battery testing system (LAND CT2001A). Cyclic voltam-
metry and electrochemical impedance spectroscopy (EIS) were
carried out using a VersaSTAT4 from Princeton Applied Research.
The EIS measurements were performed at open circuit potential
with a sinusoidal signal over a frequency range from 10 kHz to 100
mHz at an amplitude of 10 mV.

Results and discussion

Material characterization

The GO sheets with different lateral sizes (e.g., ULGO, LGO, SGO)
and their corresponding Si-graphene nanocomposites (e.g.,
Si@ULG, Si@LG, Si@SG) were compared by characterizing their

morphological, structural, and electrochemical properties. The
ULGO has a lateral size of over 20 pm (Fig. 2a), which is much

Fig. 2 A comparison of morphological characterization. (a)—(c) SEM images of as-synthesized ULGO, LGO, and SGO nanosheets. The insets are the
corresponding size distribution plots (histograms) (d)—(f) low magnification and (g)-(i) high magnification SEM images of the Si nanocomposite anodes
with different sized graphene sheets: SiQULG, Si@LG, and Si@SG, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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larger than the LGO (~ 3-5 um in Fig. 2b) and SGO (~1-2 pm in
Fig. 2¢). The uniformly distributed Si NPs were encapsulated by
graphene sheets after freeze-drying and thermal reduction,
which formed secondary plate structures with a typical size of
50-100 pm for all nanocomposite electrodes (Fig. 2d—f). All the
composites presented extensive graphene wrinkling and sharp
folds, which provided a large number of anchoring sites for
Si NPs. By introducing PVP on the surface of the Si NPs, the
aggregation of Si NPs was largely mitigated, with very few NPs
exposed on the surface of the graphene sheets. The PVP mod-
ification induced strong affinity to GO, which is beneficial to
bind Si NPs for the formation of a robust Si-graphene nano-
composite (Fig. 2g-i).*

The as-prepared Si@ULG nanocomposite was dispersed in
ethanol and sonicated for 20 min before conducting TEM
analysis. Wrinkled graphene sheets and Si NPs can be observed
(Fig. 3a). The high-resolution TEM image presented a clear
lattice structure of the Si@ULG composite, indicating a high
crystallinity (Fig. 3b). There are no obvious crystallites of
SiOx confirmed by the X-ray diffraction patterns (Fig. 3c). All
the nanocomposites illustrate the diffraction patterns of pris-
tine Si phase. No pronounced peak at around 26° was detected,
indicating non-stacking graphene sheets wrapped on the
surface of Si NPs. Since the Si@ULG nanocomposites were
prepared using the same amount of Si NPs and GO solution,
the Si contents in these three nanocomposites are around 75-
78 wt% (Fig. 3d).

View Article Online
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Electrochemical performance of the Si-graphene
nanocomposite anodes

The Li-ion half cells using lithium metal as a counter electrode
were constructed to evaluate the electrochemical performance
of the as-prepared nanocomposite anodes. Electrochemical
impedance spectroscopy (EIS) measurements were taken over a
frequency range of 100 kHz-100 MHz. As can be seen in the
Nyquist plot (Fig. 4a), the three impedance spectra have similar
features: a medium-to-high-frequency depressed semicircle and a
low-frequency linear tail, which are consistent with the previously
reported impedance results on silicon anodes.** The resistance
parameters were obtained by fitting the experimental Nyquist
plots using the equivalent circuit (Table S1, ESIt). According to
the fitting (modeling) results, the diameter of the semicircle
(R, charge transfer resistance) for the Si@ULG electrode is
significantly smaller than that of the Si@LG and Si@SG electro-
des, indicating much lower charge transfer impedance on the
electrode/electrolyte interface. Additionally, it implies good affi-
nity between ULG and Si NPs, which allows good accessibility
of electrolytes to the active material. More importantly, unlike
the case for the Si@LG and Si@SG electrodes, the large lateral size
of the ULG graphene sheet in the SI@ULG electrode provides
interconnected conductive pathways that significantly reduce the
number of boundaries to further lower the contact resistance
between graphene sheets. Cyclic voltammetry (CV) measurements
were performed on the assembled Li-ion half cells at scan rates of
0.1, 0.2, and 0.5 mV s~ ' in the potential window of 0.01-1.0 V
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Fig. 3 Structural characterization of the Si—graphene nanocomposites. (a) TEM image of the Si@QULG. (b) High-resolution TEM image of the SiQULG. (c)
The X-ray diffraction pattern of Si, Si@SG, Si@LG, and Si@QULG. (d) Thermogravimetric analysis (TGA) of the three nanocomposites.
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Fig. 4 Electrochemical characterization of Si—graphene nanocomposite electrodes. (a) Nyquist plots of Si@ULG, Si@LG, and Si@SG nanocomposites. (b)

1

A linear relationship of the oxidation peak current (at 0.53 V) vs. ¥2. Inset; CV curves at a scan rate of 0.1 mV's

~1 (c) The first charge—discharge cycles of

different nanocomposite anodes at C/20. (d) The 1st and 100th charge-discharge curves of various composite anodes at C/5.

versus Li/Li". Based on the Randles-Sevcik equation for a semi-
infinite diffusion of lithium ions, the diffusion kinetics can be
derived from the CV test.*?

D
iy = 0.4663nF \ /%Acﬁ (1)

where the R, T, and F are the gas constant, temperature, and
Faraday constant, respectively. 4, C, and n are the electrode area,
the concentration of lithium-ions, and the charge of transfer
electrons, respectively. D, 7,, and v are the lithium-ion diffusion
coefficient, peak current, and voltage scan rate, respectively. The
values of the oxidation peak current at 0.53 V in the CV curves
depend on the lithium-ion diffusion coefficient and scan rate
(Fig. S1, ESIt). As shown in Fig. 4(b), the corresponding linear
fitting curve of the SiI@ULG electrode shows a higher slope than
the Si@LG and Si@SG electrodes (12.5 vs. 10.3 & 8.0), indicating a
higher lithium-ion diffusion coefficient. The inset of Fig. 4(b)
reveals the typical redox behaviors of Si nanocomposite electrodes
at a scan rate of 0.1 mv s,

The charge and discharge curves at different current den-
sities are shown in Fig. 4c and d. The Si@ULG nanocomposite
anode illustrates low overpotential and high specific charge/

© 2023 The Author(s). Published by the Royal Society of Chemistry

discharge capacity of 3066/4036 mA h g ' at the 1st cycle
(normalized by the total weight of Si-graphene nanocomposite)
at C/20, which is much higher than that for Si@LG (2512/
3382 mA h g7') and Si@SG (2291/3021 mA h g~ ') anodes
(Fig. 4c and Fig. S2, ESIt). Increasing the current density
to C/5, the nanocomposite anodes indicate capacity decays,
and the Si@ULG nanocomposite exhibits lower overpotential
and higher specific capacity than that for the Si@LG and Si@SG
nanocomposite electrodes.

Furthermore, a comparison of the rate performance demon-
strates that the discharge capacities of the Si@ULG nanocompo-
site electrode are 3044, 2979, 2751, 1999, 1343, and 661 mA h g~ *
at 1/20, 1/10, 1/5, 1/2, 1, and 2C, respectively, which are much
higher than those for the Si@LG and Si@SG nanocomposite
electrodes. When the current rate went back to C/10, the specific
capacity of the SIi@ULG composite electrode was recovered
to 2709 mA h g ', proving the high structural stability of the
electrode owing to the ultra-large-sized graphene sheets that
effectively mitigate the volume changes of Si NPs during the
charge/discharge process (Fig. 5a). Additionally, the graphene-
wrapped Si NPs can also endow long cycling stability for over
200 cycles. The Si-graphene nanocomposite anodes were first

Energy Adv, 2023, 2,1381-1389 | 1385
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Fig. 5 The rate and cycling performance for the various Si—graphene nanocomposite electrodes using alginate binders. (a) Specific capacities of the
nanocomposite electrodes at different C-rates (C/20-2C). (b) Cycling performance of the different Si—graphene nanocomposite electrodes with the first
5 cycles at C/20 and followed by 200 cycles at C/5. (c) Cycling performance of the Si@ULG nanocomposite electrodes with the first 5 cycles at C/20 and
followed by 250 cycles at different elevated current densities of 1/5, 1/2, and 1C. (d) Long-term cycling performance of the Si@ULG nanocomposite

electrode at C/5 using Ni foam as the spacer for the coin cell assembly.

activated for 5 cycles at a low current density of C/20 and then
tested for 200 cycles at C/5. The CE of these nanocomposite
anodes has a slight decline in the initial cycles and then goes
up to around 99.4%, which corresponds to the formation of a
gradually stabilized SEI layer at a low current rate (Fig. 5b). The CE
rises over the early cycles were reported to be related to the
electrochemical activation and side reaction from the
electrolyte.’® As a result, the Si@ULG nanocomposite anode
delivered a high capacity of 1478 mA h g~ after 200 cycles at C/
5 with an average capacity loss of 0.23% per cycle (Fig. 5b).
Although possessing a similar nanocomposite architecture, the
SI@LG and Si@SG nanocomposite electrodes delivered much
lower capacity and larger capacity loss during cycling due to the
less mechanical robustness for graphene networks consisting of
smaller sized graphene sheets. To further evaluate the stability at
higher C rates, the cycling performance for the Si@ULG composite
anode was conducted at 1/5, 1/2, and 1C, delivering 1347, 885, and

1386 | Energy Adv., 2023, 2,1381-1389

700 mA h g~ after 250 cycles, respectively (Fig. 5c). The excellent
rate performance and prolonged cyclability of the graphene-
wrapped Si NPs resulted from the highly conductive and mechani-
cally robust graphene network to mitigate the pulverization and
volume change of Si NPs. When replacing the spacer with Ni foam
for the coin-cell assembly, the Si@ULG nanocomposite anode
delivered a capacity of 1000 mA h g~* for 1000 cycles at 1/5C
(Fig. 5d). Thus, the graphene network consisting of ultra-large
sized graphene sheets is able to effectively trap high weight
percent Si NPs and buffer their accumulated large volume
changes. Various percentages of the Si NPs in the ULG network
were further studied to demonstrate the capability of ultra-large-
sized graphene sheets to stabilize long-term cycling. By increasing
the weight percentage of ULG from 25 to 30 wt%, the Si@ULG
nanocomposite electrode with 30% graphene sheets delivered
higher capacity retention after 150 cycles at C/5 than the Si@ULG
electrode with less wrapped graphene (Fig. S3 and Table S2, ESIf).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The higher percentage of graphene can more effectively stabilize
the interface and mitigate the volume change, thus delivering
higher capacity retention. In addition, the binders could coopera-
tively influence the electrode’s integrity and stability. In the
present work, a conventional PVDF binder, considered a poor
affinity binder for silicon anodes,?® was also used to demonstrate
the capability of tailored graphene size to stabilize Si NPs. Under
the same operating conditions, the Si@ULG electrode with a PVDF
binder delivered much higher capacity than that for Si@LG and
Si@SG composite electrodes (Fig. S4, ESIT), indicating the excel-
lent affinity and integrity of the ultra-large sized graphene sheets
regardless of the binder-type used. To verify the size effect of
graphene on the Si-graphene electrode, we conducted morphol-
ogy characterization after cycling (Fig. S5, ESIT). The cycled
electrodes (50 cycles, 0.2C) were disassembled and washed with
diethyl carbonate solvent before capturing SEM images. Fig. S4
(ESIT) demonstrates that the Si@SG electrode exhibits severe
fractures distributed throughout the electrode. In contrast, the
Si@ULG electrode shows only slight fractures, indicating that the
ultra-large graphene effectively buffers the volume change and
prevents severe electrode fracture, unlike Si@SG and Si@LG.
Additionally, we performed EIS measurements on the three
electrodes after cycling (Fig. S6a, ESIt). The results exhibit
the joining of two compressed semicircles, indicating the
formation of a solid electrolyte interface (Rsg;) and the charge
transfer resistance (R.). Although the resistance difference
between these electrodes decreases compared to newly
assembled cells (Fig. 4a), it is evident that using larger gra-
phene sheets to wrap the Si NPs results in lower resistance.
To further examine any Si NP aggregation and the distribution
of graphene sheets, we captured high-magnification images
(Fig. S6b and c, ESIt) of the cycled SIi@ULG electrode. These
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images reveal no significant aggregation of Si NPs and demon-
strate that the Si NPs remain connected within the undulating
graphene sheets after charge-discharge cycling. This indicates
the excellent integrity of the Si-graphene composite structure.

To confirm the graphene size effect on the electrochemical
performance of the nanocomposite electrodes with increasing
mass loading of Si active material, a two-step strategy was
developed to fabricate binder-free three-dimensional (3D) free-
standing Si-graphene nanocomposite electrodes (Fig. 6a). The
Si NPs were uniformly decorated on the first portion of GO
(~ 6 wt% of the composite) in step one and then mixed with the
second portion of GO (~ 14 wt% of the composite) to form a 3D
freestanding nanocomposite electrode. Small (SG) and ultra-
large sized graphene sheets (ULG) were used to wrap Si NPs in
the first hybridization step to compare the size effect. After the
thermal reduction, the ultra-large sized graphene sheets (ULG)
were mixed with the intermediate Si-graphene hybrids (Si@SG,
Si@ULG) prepared in the first step for the further self-assembly
in the second hybridization step. With the 3D hierarchical
structure (Fig. S7, ESIT), our freestanding Si@ULG-ULG elec-
trode with a high mass loading of 3 mg cm ™ delivered a high
areal capacity of 2.1 mA h em™? at C/5 for 200 cycles (Fig. 6b),
which is much higher than that for the slurry coating thin-film
Si-based anodes (0.17, and 0.12 mA h em™?) at low areal mass
loading (0.31 and 0.49 mg cm ™). The 3D freestanding Si@ULG-
ULG nanocomposite electrode using ultra-large graphene
sheets delivered higher capacity (e.g., 800 vs. 200 mA h g™ ")
after 200 cycles and higher initial coulombic efficiency (e.g.,
62% vs. 52% at C/5, and 77% vs. 51% at C/2) than those of the
Si@SG-ULG nanocomposite electrodes (Fig. 6¢ and Fig. S8a,
ESIt), indicating an excellent stability and charge transport
kinetics promoted by the ultra-large graphene sheet building
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Fig. 6 a) The illustration of the two-step process to fabricate 3D hierarchically porous composite electrodes. (b) Comparison of areal performance
(at C/5) of the 3D freestanding Si@ULG-ULG composite anode (3 mg cm™2) with the slurry coating thin-film electrodes (0.31 and 0.49 mg cm™2). (c)
Comparison of the cycling performance for the 3D Si@SG-ULG and Si@ULG-ULG nanocomposite anodes at C/5.
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blocks. In addition, the remaining function groups in the
reduced GO sheets and oxidized layers on Si NPs (e.g., SiO,)
may also influence the electrochemical performance due to the
tailored electrical conductivity and affinity (Fig. S8b, ESIt). In
comparison to other Si/graphene nanocomposite electrodes
reported in recent studies (Table S3, ESIT),**™** our 3D compo-
site electrode, Si@ULG-ULG, exhibits higher capacity retention
at higher mass loading level. This observation highlights the
potential of ultra large graphene as a promising scaffold for
integrating with Si anodes, leading to enhanced stability during
cycling performance.

Conclusions

In summary, we investigated the size effect of mechanically robust
and highly conductive graphene sheets to effectively regulate the
charge transport kinetics, volume change, first cycle coulombic
efficiency, and stable solid-electrolyte-interphase for the improve-
ment of electrochemical performance. Specifically, a general
strategy for an optimized composite electrode design was devel-
oped to effectively stabilize the Si active material during charge-
discharge cycling. As a result, the as-prepared Si NPs wrapped by
ultra-large graphene sheets (ULG) exhibited a higher specific
capacity of 1478 mA h g~* at C/5 for 200 cycles, with a lower
average capacity loss of 0.23% per cycle than those wrapped by
small (SG) or large graphene sheets (LG). By further assembling
ULG sheets as building blocks into a three-dimensional (3D)
graphene framework to load a high weight percentage of Si
materials, our freestanding 3D Si@ULG-ULG nanocomposite
electrode with a high mass loading of 3 mg cm 2 is able to
deliver a much higher areal capacity than the slurry coating thin-
film Si-based anodes at low areal mass loading (0.31 and 0.49 mg
cm?). These findings provide new insights into improving the
electrochemical performance of Si-based composite anodes for
high-energy-density and long-cycle life Li-ion batteries.
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