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By powering sophisticated lithium-ion batteries (LIBs), silicon/carbon (Si/C) composites have the potential to accelerate the
sustainable energy transition. This is a first-of-its-kind Si/C hybrid with hydroxyl-functionalized graphene quantum dots (OH-
GQD) electrostatically assembled within interconnected reduced graphene oxide networks (OH-GQD@Si/rGO) prepared through
solution-phase ultrasonication and subsequent one-step, low-temperature annealing and thermal reduction. The OH-GQD@Si/
rGO hybrid utilized as the LIB anode delivered a high initial specific capacity of 2,229.16, 1,303.21, and 1,090.13 mAh g reversible
capacities at 100mA g~ ' after 50 and 100 cycles, and recovered 1,473.28 mAhg " at rates as high as 5Ag~". The synergistic
benefits of the OH-GQD/rGO interface give dual, conductive carbon protection to silicon nanoparticles. Consecutive Si surface
modifications improved Si—-rGO contact modes. The initial OH-GQD carbon coating increased storage capacity through vacancy
defects changing the electron density in the lattice, whereas hydroxyl functionality at the edges acted as active storage sites.
Secondary protection through rGO encapsulation improved Si conductivity and usage by providing continuous electron/ion
routes while minimizing Si volume variations. The proposed OH-GQD/rGO hybridization as a dual-carbon protection strategy
to Si stabilized the solid electrolyte interface leading to electrode stability. This work is expected to advance the development of

next-generation Si-based LIB anodes.

1. Introduction

Energy and the environment are critical issues in modern
society’s long-term growth [1]. The shift toward sustainable
energy sources to reduce global carbon emissions has piqued
many people in lithium-ion batteries (LIBs) as efficient,
dependable electrochemical energy storage systems [2]. LIBs
are the dominating technology for commercial applications
such as portable electronic devices [3], emerging low- or zero-
emission electric vehicles (EVs) and hybrid EV's [4], grid-scale
energy storage [5], and medical devices [6] because of their
comparatively high-energy and power density, outstanding
cycle stability, high operating voltages with low self-discharge,

lack of memory effects [7], and low maintenance require-
ments. However, commercial graphite anodes have a low spe-
cific capacity of 372mAhg™', making them unsuitable for
sophisticated high-power/high-energy-density batteries.
Silicon (Si) possesses an exceptionally high theoretical
specific capacity 10 times than that of conventional graphite
(4,200 mAh g_1 for Li,,Sis) [8]. Si operates at a low discharge
voltage that can lessen adverse Li plating processes; Si is
environmentally benign, naturally abundant, and low in pro-
duction costs [9]. However, its electrochemical performance
is significantly hampered by its extreme volume expansion
(~400% for Liy 4Si), which causes high internal stress leading
to pulverization of the Si morphology during repeated
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lithiation—delithiation processes [10]. This promotes the iso-
lation of Si, resulting in a loss of electrical contact between
the conductive network and the current collector, which
compromises electrical conductivity and battery efficiency
[11, 12]. Continuing pulverization exposes more bare Si par-
ticles to the electrolyte, resulting in the recurrent creation of
a structurally unstable solid electrolyte interface (SEI), which
finally leads to rapid capacity decline and overall structural
collapse [13]. Structure regulation of Si into nanostructures
[14], thin films [15], nanotubes [16], nanowires [17], nano-
spheres [18], and nanoporous structures [19] have been
reported to efficiently reduce internal mechanical stress on
Si to ameliorate pulverization. However, the problem of exces-
sive SEI formation remains. Furthermore, Si-based electrodes
have limited electrical conductivity with slow reaction kinetics
by design.

The use of carbon nanomaterials as a secondary phase, such
as carbon coating, double-coating techniques, anchoring of
active materials inside carbon layers, and encapsulation strate-
gies to improve electronic conductivity and structural stability,
leading to enhanced electrochemical performance of diverse
electrode materials have been extensively reported. A 2D molyb-
denum carbide/nitride Mxene anode enhanced the charge stor-
age mechanism through ordered vacancy defects, while Nb,C
Mxene cathode displayed remarkable K-ion storage and cycling
capability [20, 21]. The two-pronged technique using a 3D car-
bon framework with an AL Oj; layer to limit electrolyte decom-
position stabilized both SEI and cathode electrolyte interphase
with enhanced interfacial stability [22]. Ni; gCo; ,Se nanoparti-
cles covered with N-doped carbon (NDC) and encased in an
NDC nano box exhibited high electrochemical performance at
low-temperature climate attributed to 3D dual conductive net-
works promoting ultrafast ions/electron transport [23]. Syner-
gistic effects of a double-carbon layer from gelatin-derived
carbon and reduced graphene oxide (rGO) in Na;V(PO,);—Na;_
Fe,(PO4)(P,0O;) composite [24] and a double-layer coating
strategy in a Si@SiO,@C-NB anode resulted in a superior rate
capability of 690 mAh g™ at 5 A g~' [25]. O-containing groups
from ball-milling of graphite oxide (GO) assisted in the in
situ growth of LTO nanoparticles in nano-Li TisO;,/reduced
graphite oxide composite [26]. Similar to Si, manganese-based
chalcogenides with innately low electronic conductivity demon-
strated a notable capacity of 1,039 mAhg™" over 100 cycles
when electrostatically embedded in N-doped graphene (N-G)
[27]. Inspired by twofold carbon protection techniques, initial
carbon coating to Si and secondary carbon anchoring within
graphene present a viable strategy.

Graphene possesses high electrical conductivity, excellent
thermal and mechanical stability, with a sheet-like structure
able to compensate for the low electrical conductivity of Si
[28]. Si in 3D all-carbon conductive graphdiyne (GDY) net-
works delivered 4,122mAh g™ capacity [29]. Cage-shaped,
defect-repaired rGO-supporting silicon nanoparticles (SiNP)
produced a capacity of 2,6784mAhg™" at 100mA g~" [30]. Si
embedded in graphene demonstrated superior cycling stabil-
ity with 1,516.23 mAh g~" retained after 100 cycles [31]. After
rGO encapsulation, porous Si nanostructures displayed an
increased conductivity allowing a superior rate performance
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of 497 mAh g_l at 2.0 C [32]. Carbon-coated SiNP enclosed in
a 3D N-G matrix crosslinked with carbon nanofibers previ-
ously constructed by the authors delivered 1,371.4 mAh g™
capacity with outstanding structural stability [33].

The enormous potential of Si/graphene-based systems for
advanced battery applications is limited due to inherent Si and
graphene characteristics. The difficulty in achieving a stable
SiNP dispersion due to its hydrophobic nature originating
from the native surface SiO, layer causes particle agglomera-
tion and Si fallout under severe mechanical stress. Surface
modification on SiNP using piranha solution to address pro-
blems on dispersibility via surface hydroxyl (OH) groups have
been reported to significantly increase hydrophilicity crucial
to a stable nanostructure assembly [34]. Meanwhile, the use of
cationic surfactant poly(diallyldimethylammonium chloride)
(PDDA) to modify SiNP induced strong hydrogen bonds
between PDDA ammonium groups of PDDA and the
O-containing groups of GO, thus facilitating SiNP grafting
into GO [35]. The irreversible superimposition of graphene
sheets due to strong van der Waals forces also hinders charge
transfer kinetics. Due to size difference between nanoscale
SiNP and typical microscale graphene, actual contact point
at the heterointerface is reduced, and Li* ion tortuosity across
huge graphene sheets is increased, inevitably leading to sub-
optimal Li* ion diffusion rates [36].

Graphene reduced to a few nanometers yields 0D gra-
phene quantum dots (GQD) with intriguing physicochemi-
cal features due to quantum confinement and edge effects
[37]. GQD have abundant active sites (edges, functional
groups, and dopants) with exceptional dispersibility and tun-
ability [38]. Photoluminescence can be tailored by attaching
functional groups, and a bandgap can also be engineered,
making it superior to its 2D graphene equivalent [39].
GQD combines the benefits of graphene and quantum dots
with promising diverse applications such as supercapacitors
[40], water splitting and CO, reduction electrocatalysts [37],
LIBs, and other battery systems (P, K, and Na) [41, 42].
Interestingly, when combined with other carbon nanomater-
ials, GQD produces a synergistic effect on the electrochemical
performance of LIBs. For instance, a functionalized GQD com-
bined with a carbon nanotube matrix promoted a 700 mAh g~
of capacity ascribed to active functionalities [38]. A hydroxyl
(—OH)-functionalized GQD increased chemical reactivity
induced by O-containing functionality as active sites with a
strong affinity for Li* ions [43]. On the other hand, GQD as a
coating material provided soft protection to CuO/Cu nano-
wires, assisted fast transport kinetics, and enhanced surface
conductivity [42]. As a surface stabilizer, GQD prevented
particle aggregation and generated a protective barrier to
impede the dissolution of active materials [44—46]. In Si-
based systems, GQD coating stabilized the SEI and delivered
a high capacity of 3,068 mAh g~ after 100 cycles [34]. Nev-
ertheless, previous literatures only employed GQD as a sur-
face stabilizer and a coating material with a small mass
loading rather than as an active material.

In this study, we designed a facile two-pronged approach
to synthesize a hybrid anode material using novel hydroxyl-
functionalized GQD (OH-GQD) as a surface stabilizer to Si
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and simultaneously as an active material partaking in electro-
chemical reactions. The composite fabrication comprises a two-
part approach addressing: (1) Silow dispersibility; (2) poor elec-
tronic conductivity; (3) weak Si/graphene interface against Si
volume changes; and (4) unstable SEI formation. Initial SiNP
surface modifications were conducted using piranha solution
and PDDA surfactant to attain a hydrophilic Si with excellent
dispersibility. The first part of composite fabrication starts from
the alkaline-phase hydrothermal synthesis of OH-GQD crystals.
The second part describes the composite fabrication via electro-
static assembly using simple ultrasonication under optimum pH
conditions. The double-carbon protection strategy to resolve Si
challenges was successfully accomplished using an OH-GQD
layer as an initial conductive carbon coating followed by GO
encapsulation as a secondary carbon protection upon repeated
lithiation/delithiation processes. The electrochemical properties
of 0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2
hybrids as LIB anodes are then characterized. From all we know,
the interplay between OH-GQD/rGO double-carbon hybridiza-
tion as a conductive carbon protection technique to enhance the
electronic conductivity and stability of SiNP and its influence
on electrochemical performance has not been quantitatively
probed.

The two-pronged approach follows a simplified fabrica-
tion process appropriate for industrial applications with mul-
tiple advantages. First, the OH-GQD coating compensated for
the low conductivity of SiNP through vacancy defects and
abundant —OH functional groups, which also function as
storage sites for Li* ions. Second, consecutive surface mod-
ifications enhanced contact modes of SiNP with OH-GQD
and rGO via induced hydrogen bonds. Third, the sheet-like
structure of graphene provided a continuous transport net-
work for effective electron—ion intercalation across the com-
posite and offered a second barrier of protection to counter
outward Si volume expansion, thereby improving overall elec-
trode structural integrity. Lastly, the resultant hybrids were
processed in a low-temperature, one-step OH-GQD anneal-
ing vis-a-vis rGO thermal reduction, hence simplifying pro-
cessing operations.

2. Materials and Methods

2.1. Materials and Reagents. The reagents employed in the
research were of analytical grade and utilized as obtained
with no further purification. Sulfuric acid (H,SO,, 98%)
and hydrogen peroxide (H,O,, 30%) were purchased from
Daejung Chemicals & Metals. Pyrene (CysH;0, 98%), PDDA
((CsH6NCl),;, 35%), and ethyl alcohol (anhydrous, 99.9%)
were purchased from Sigma Aldrich. Si nanoparticles (pow-
der, APS <50 nm, 98%) were purchased from Alfa Aesar. A
Commercial GO dispersion solution (N002-PS, 0.5%) pur-
chased from Angstron Materials was used as obtained. All
the aqueous solutions in the experiments were prepared with
deionized (DI) water.

2.2. Materials Preparation

2.2.1. Fabrication of OH-GQD. The resultant composites
were prepared following the proposed two-pronged strategy

starting from OH-GQD synthesis in line with the work of
Wang et al. [47] with minor modifications. In detail, OH-
GQD were synthesized from the molecular fusion of a car-
bon precursor acquired from the nitration of the relatively
less toxic pyrene (than polyaromatic hydrocarbons) into
1,3,6-trinitro pyrene in a reflux reaction at 80°C for 12 hr.
The refluxed solution was then diluted using 1 L of DI water
and then vacuum-filtered by washing the filtrates with DI
water numerous times to eliminate excess acid. Yellow pow-
der was yielded after oven-drying at 80°C for 24 hr. The
produced yellow powder was dispersed in a 0.6L of 0.2M
NaOH solution via ultrasonication for 2hr, followed by
hydrothermal treatment in a sealed, Teflon-lined autoclave.
The hydrothermal processing allowed the catalyst-free, alka-
line phase-assisted molecular fusion of pyrene molecules and
the graphitized carbon material in the presence of a strongly
basic aqueous medium, thereby eliminating the nitrate groups
from the 1,3,6-trinitro pyrene structure. This was followed
by the molecular fusion of the pyrene molecules into single-
crystal OH-GQD at a considerably low temperature of 200°C
for 12 hr. Following this reaction, the yielded black colloidal
solution of OH-GQD was cooled to room temperature and
then subjected to vacuum filtration in a 0.22 ym membrane to
extract unreacted solid carbon precipitates. The colloidal OH-
GQD solution underwent dialysis in a dialysis bag submerged
in DI water for 2 days with constant water replacement to
dissolve salts produced during pyrolysis. The colloidal OH-
GQD solution was obtained in the form of black powder for
further characterization.

2.2.2. Fabrication of 0.20H-GQD@Si/0.2rGO-1 and 0.30H-
GQD@Si/0.1rGO-2 Composites. The second phase of the pro-
posed composite fabrication strategy comprises the solution
phase, consecutive surface modification of SiNP, facile
ultrasonication-assisted OH-GQD coating, and subsequent
GO anchoring to provide a double-carbon protection layer to
Si via stimulated electrostatic assembly, to a one-step, low-
temperature OH-GQD annealing, and rGO thermal reduc-
tion process, as shown in Figure 1.

In summary, the composite fabrication process initiated
with solution-phase and consecutive surface modifications
conducted on SiNPs. The initial surface modification was
conducted to address the Si hydrophobic nature by diffusing
4.0g of SINP in a typical piranha solution (H,SO,/H,0,,
3:1v/v) and storing at 80°C under constant stirring for
6 hr to complete the reaction process. This process allowed
abundant —OH groups supplied by the acidic medium to be
grafted onto the surface of Si to yield SiOH, thereby improv-
ing hydrophilicity. The excess acid was eliminated employing
a 0.22 ym membrane, and the resultant SiIOH nanoparticles
were washed with DI water severally to remove the remain-
ing piranha solution. The resulting SiOH was dried in a
vacuum oven at 80°C for 24 hr and obtained as a fine, brown
powder for material characterization.

A secondary surface modification was conducted on
SiOH in preparation for the ultrasonication-assisted com-
posite fabrication through electrostatic assembly, detailed
as follows: 0.04 g of the obtained SiOH powder was dispersed
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FIGURE 1: Schematic representation of the fabrication process of OH-GQD@Si/rGO.

in 0.3 L DI water via ultrasonication for 2 hr. Strong electro-
static interactions between composite parts (i.e., SiOH, OH-
GQD, and GO) with optimized colloidal stability identified
by zeta potential values and computed isoelectric point (IEP)
were stimulated via dropwise addition under vigorous stirring
of 35wt% PDDA. This secondary surface modification on
SiOH was conducted to contribute to electrostatic interac-
tions between major composite parts by initiating strong
hydrogen bonds between the N atoms found in the PDDA
structure and the oxygen-containing groups abundant in OH-
GQD and GO carbon nanomaterials. Following 1 hr of ultra-
sonication, a PDDA -surface-modified SiOH (PDDA@SiOH)
solution was attained. The prepared colloidal OH-GQD solu-
tion, oven-dried and collected in the form of black powder,
was then added to the PDDA@SIOH solution. The mixture
was ultrasonicated for 2 hr to induce the electrostatic assem-
bly and constantly stirred for another 6 hr to complete the
electrostatic assembly between charged particles to yield
the OH-GQD@PDDA@SiOH solution. Lastly, 0.02L of a
0.5g L™" of GO dispersion solution was added in a dropwise
manner to the OH-GQD@PDDA@SiOH solution, followed by
ultrasonication for 2 hr to yield OH-GQD@PDDA@SiOH/GO
solution.

To describe the synergistic effect of the proposed OH-GQD
coating and GO anchoring as a double protection strategy to
address Si volume expansion and to measure the interplay
between OH-GQD/rGO hybridization, electrochemical perfor-
mance, and overall stability, two composites materials with
different weight ratios were fabricated following the aforemen-
tioned procedure to yield a composite colloidal solution of
0.20H-GQD@PDDA@SiOH/0.2GO-1, with OH-GQD/GO =
1:1 ratio prepared using 0.04g SiOH, 0.02g OH-GQD,
and 0.04 L GO dispersion; and 0.30H-GQD@PDDA@SiOH/
0.1GO-2, with OH-GQD/GO=2:1 ratio, synthesized using
0.04g SiOH, 0.3g OH-GQD, 0.02L GO dispersion. The
amount of SiOH regarding the total amount of carbon nano-
materials (e.g., OH-GQD and GO combined) is kept ata 1:1
ratio. The composite colloidal solutions were then dried in a
vacuum oven at 80°C for 24 hr and obtained as powders. Lastly,

the composite powders underwent low-temperature, one-step
vis-a-vis OH-GQD annealing and rGO thermal reduction in a
tube furnace employing high-purity Ar gas with a controlled
gas flow rate of 500 standard cm’ min™" at a temperature
ramp rate of 10°C min~" until the maximum set temperature
of 550°C, where the powders were stored for 5hr to yield
0.20H-GQD@§i/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2 as
the final composites.

2.3. Materials Characterization. The structural and morpho-
logical characteristics of the fabricated OH-GQD@Si/rGO
composites were examined by scanning electron microscope
(SEM, S-4800, Hitachi, Tokyo, Japan) at 100kV and trans-
mission electron microscope (TEM, JEM-2100, JEOL, Tokyo,
Japan). The successful electrostatic assembly of charged com-
posite component particles was provided by collecting the
zeta potential values employed to identify the IEP and suffi-
cient pH range of composite parts for optimum stability of
electrostatic assembly using a particle size analyzer (Zetasizer
Nano ZS, Malvern Instruments Limited., Worcestershire,
UK). Qualitative and quantitative microanalysis of the ele-
ments of the prepared hybrid materials were conducted
by energy-dispersive X-ray spectroscopy (EDX, ARL-3460,
Thermo Fisher Scientific, Waltham, MA, USA). The sample
compositions and crystalline structures were characterized via
powder X-ray diffraction (XRD) measurements utilizing a
2kW Ultima IV (Rigaku, Tokyo, Japan) with Cu—Ka radia-
tion (K=1.5418 A) at 20=2°-90°. Raman spectra were
acquired using a Jobin-Yvon LabRAM HR-800 (Horiba,
Kyoto, Japan) with laser light (1=514nm) at wavelengths
of 100-3,000 cm™". Fourier-transform infrared spectroscopy
(FTIR) was conducted using KBr pellets at frequencies of
4,000-500cm™" using a Nicolet 6700 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). X-ray pho-
toelectron spectroscopy (XPS, Multilab-2000, Thermo Fisher
Scientific, Waltham, MA, USA) analysis was carried out on an
Al-Ka twin-anode X-ray source. The specific mass loadings of
SiNP and carbon nanomaterials present in the composites
were computed according to the thermogravimetric analysis
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(TGA) curves collected using a Diamond TG/DTA system
(PerkinElmer, Waltham, MA, USA) from 25 to 800°C at a
heating rate of 10°C min™" in air. Furthermore, the surface
and cross-sectional view of the assembled coin cell electrode
materials were characterized utilizing SEM (S-4800, Hitachi,
Tokyo, Japan) at 100kV to identify the topological structure
and degree of electrode-volume expansion following 50 lithia-
tion/delithiation cycles. To evaluate the crystalline structure
of the composite material thinly coated at the Cu foil and to
reduce high-intensity Cu peaks observed from normal XRD
analysis conducted at 260 = 2°—90°, XRD thin film analysis was
performed for the Cu film in a low-incident beam at a fixed
angle of 20=1°.

2.4. Electrochemical Testing. The formulated 0.20H-
GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.rGO-2 hybrid
nanomaterials were employed as active anodic materials in
a two-electrode battery system. To assess the electrochemical
performance of the two composite materials, a conventional
slurry procedure was applied to fabricate working electrodes
employing a mixture comprising 80 wt% of the respective
composite sample as active materials, 10 wt% super P carbon
black as the conductive agent, and 10 wt% polyvinylidene
fluoride (PVDF) as the binder. The prepared slurry was
cast on a copper (Cu) foil and dried in a vacuum oven at
60°C for 24 hr to yield the electrode plate. Circular disks with
a diameter of 14 mm were punched from the electrode plate
while keeping an ~1 mg cm ™~ average load density for each
electrode disk. Metallic Li foil was employed as the counter/
reference electrode; a standard polyethylene membrane (Cel-
gard 2600) was the chosen separator; a 1 M LiPFg solution
dissolved in a mixture of ethylene carbonate, dimethyl car-
bonate, and ethyl methyl carbonate (EMC) (1:1:1v/v) was
employed as the typical electrolyte solution. The components
of the two-electrode battery system were assembled in a coin
cell-type battery (CR2032) inside a glove box filled with high-
purity Ar gas to avert the corrosion of the metallic Li foil
counter electrode. High-rate loading tests, such as galvano-
static charge/discharge profile measurements, were carried
out on the developed coin cells using a battery tester (Neware
Co., Ltd. Shenzhen, China) at voltages of 0.01-1.5V (vs.
Li/Li*). The specific capacity was computed following the
mass loading of the anode material in the electrode disk.
Cyclic voltammetry (CV) was conducted at a scan rate of
0.1 mV s~ at voltages of 0.01 — 1.5V at 25°C. Electrochemi-
cal impedance spectroscopy (EIS) measurements were car-
ried out on a Chi 660D electrochemical analysis instrument
(CH Instruments, Inc. Shanghai, China) at frequencies of
100 kHz to 10 mHz and an amplitude of 5mV.

3. Results and Discussion

3.1. Dual Surface Modifications of SiNP into SiOH and
PDDA@SiOH. Figure 2 depicts evidence of successful surface
modification performed on SiNPs. As-received ~50nm
SiNPs (Figure 2(a)) developed a distinct surface roughness
ascribed to the polymer chains of PDDA (Figure 2(b)). The
EDS mapping image (Figure 2(c)) illustrating the uniform
scattering of Cl and N atoms on the surface also verifies the

successful consecutive surface modifications of SiOH into
PDDA@SiOH using PDDA surfactant (Figure S1). Addi-
tional evidence of successful SiNP surface modifications
and composite electrostatic assembly stability of the compo-
nents were supplemented by zeta potential values at various
concentrations based on sample particle size (Table S1) and
IEP determination at pH 2—12 (Table S2). Initial piranha
solution treatment to SiINP presented a significant amount of
—OH groups at the surface to produce hydrophilic SiOH
(—38.5mV) with improved hydrophilicity permitting a uni-
formly dispersed Si in aqueous solutions [34]. The EDX
mapping also validated abundant O atoms following piranha
treatment. The surface modifications carried out on the SINP
before the electrode assembly was also supervised via FTIR.
Figures 2(d) and 2(e) compares the spectra of the pristine Si,
hydrophilic SiOH nanoparticles, and PDDA@SiOH. The
spectra of the as-received Si sample are similar to those of
the piranha-treated SiOH sample, exhibiting a broad peak at
1,000 — 1,300 cm™", a characteristic strong band at 1,080 cm ™"
(related to Si—O-Si symmetrical vibrations), a shoulder peak
at 1,170 cm™" (ascribed to Si-O-Si asymmetrical stretching
signals), and a broad adsorption band at 3,000-3,600 cm ™'
(centered at 3,340 cm™" and corresponding to —OH stretch-
ing vibration) [33]. Figure 2(d) shows a dramatic increase in
the surface —OH groups of the piranha-treated SiOH nano-
particles. Additional surface modification of SiOH nanopar-
ticles using PDDA molecules into PDDA@SiOH is presented
in the characteristic broad C-N stretching peak at 1,105 cm™,
the appearance of two peaks between 1,500 and 1,750 cm ™",
and the presence of another peak at ~1,640 cm ™", all ascribed
to the wavelength of C=C groups provided to PDDA mole-
cules (Figure 2(e)) [48]. The FTIR outcomes are consistent
with the XPS results in Figures 2(f) and 2(g), where the peaks
in the high-resolution Cl 2p and N 1s scans verify the success
of the dual surface modifications carried out on SiNP before
the electrode assembly essential to address Si low dispersibil-
ity owing to hydrophobic nature and inherently weak interfa-
cial interaction with OH-GQD and GO.

3.2. Characterization of the Fabricated OH-GQD. Figure 3
illustrates evidence corroborating the successful fabrication
of OH-GQD. Following the TEM results, OH-GQD is well
dispersed, possessing a typical spherical shape (Figure 3(a)).
The in-plane lattice fringe of an isolated OH-GQD crystal is
0.2397 nm, which is in line with the (100) plane of graphite
(Figure 3(b)) [8]. The inset in Figure 3(b) shows a correspond-
ing fast Fourier transform (FFT) pattern, which verifies that
OH-GQD is a single-crystal graphene structure. Distinguishable
benzene structures organized in an orderly, honeycomb-like
carbon ring network characteristic of graphene confirm
the crystallinity of the OH-GQD (Figure 3(c)). Moreover,
the TEM outcomes gave insights into the edge geometry of
OH-GQD. In general, a GQD can have three edge geometries:
zigzag, armchair, or a combination of both geometries; each
type considerably influences the shape and hence the elec-
tronic and optical properties of GQD (Figure S2) [49, 50].
The OH-GQD crystal in Figure 3(c) demonstrates the domi-
nance of the zigzag edge geometry along the red arrows with
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FIGURE 2: SEM images of pure SiNP (a), SiOH following piranha treatment (b), and EDX of PDDA@SiOH after PDDA modification (c), FTIR
outcomes comparing SiNP, SiOH (d), and PDDA@SiOH (e), high-resolution Cl 2p (f) and N 1s (g) spectra of PDDA@SiOH.

inherent vacancy defects observed within the basal plane and
along its edges. Generally, the zigzag edge geometry is ideal
because it has better stability and electrocatalytic activity than
the armchair or combined armchair-and-zigzag edge geome-
tries [51]. The selected area electron diffraction (SAED) image
of a single-crystal OH-GQD along the (001) zone axis demon-
strates two diffraction rings ascribed to the (002) and (110)
GQD basal planes of graphene (Figure 3(d)) [37]. The OH-
GQD possesses a homogeneous lateral size of 1-4 nm with an
average lateral size of 2.397 nm (Figure 3(e)).

XRD assessment compared the crystalline structure of
OH-GQD with GO and rGO (Figure 3(f)). The spectrum
of the fabricated OH-GQD exhibited a broad diffraction
peak at 260=26° of similar quality to rGO, which is in line
with the (002) plane of graphitic carbon nanomaterials
attributed to a few-layered graphene sheet [52]. Likewise,
the similarity between rGO and OH-GQD spectra shows
the successful construction of a graphitic network structure
following alkaline medium-assisted molecular fusion of pyr-
ene precursor into crystalline OH-GQD. Applying Bragg’s
law, 2 = 2d sin @ where is wavelength A of the X-ray radia-
tion employed to irradiate the sample, d denotes the spacing
between the lattice planes, and 0 represents the measured
diffraction angle, the interlayer spacing of the OH-GQD
was estimated (3.34 A) and was observed to correspond to
that of bulk graphite, which suggests that OH-GQD possess a
high degree of graphitization [47, 53].

Raman spectroscopy outcomes validated that OH-GQD
exhibits a high degree of graphitization, which portrayed a
characteristic disordered D band at ~1,350 cm ™" and ordered
G band at ~1,590cm™" typical of graphite and other sp*-
bonded carbons (Figure 3(g)). In the interim, the I/Ig ratio
of OH-GQD (0.86) is similar to those of the minimized com-
posites and slightly higher than that of rGO (0.85). This pre-
sents a validation of the existence of vacancy defects within

OH-GQD’s graphitic lattice initially seen in TEM analysis
(Figure 3(c)) ascribed to the —OH functional groups attached
at lattice edges. The —OH functionalities attached to the GQD
lattice are also confirmed by the enlarged FTIR spectra in
Figure 3(h), where a sharp peak attributed to C-OH is
detected at 1,270cm™" in the IR region [47]. Additionally,
the presence of a strong, broad vibration ascribed to the
O-H bond at 3,400 cm™" verifies the successful —OH functio-
nalization of the GQD. The presence of —OH functionality of
the synthesized GQD is also validated by high-resolution O 1s
(Figure 3(i)) and C 1s (Figure 3(j)) XPS spectra. A broad peak
at 286.47¢eV for C 1s, similar to C-OH bonds, appears at
531.92 eV for O 1s, strongly suggesting the successful —OH
functionalization [47]. Meanwhile, the C-C/C=C peak has
exhibited a slight peak shifting from the standard graphitic
C-C, which is 248.8eV, to a higher binding energy of
284.93 ¢V as an outcome of —OH functionalization. The elec-
trophilic O atoms of the hydroxyl groups with higher electro-
negativity attracted more electrons from the GQD graphitic
C-C/C=Clattice, thus shifting the electron density toward the
O atoms.

3.3. Structural and Morphological Characterizations of 0.20H-
GQD@Si/0.2rGO-1, and 0.30H-GQD@Si/0.1rGO-2 Composites.
Figure 4 shows the SEM images of 0.20H-GQD@Si/0.2rGO-1
and 0.30H-GQD@Si/0.1rGO-2 at different magnifications. In
general, the nature of adhesion between Si and sp” carbons of
GO is inherently weak, which causes the detachment of SINP
from the surface of GO, leading to capacity loss. Hence, various
amounts of OH-GQD were employed to address SINP/GO
weak interfacial interactions and to inhibit the agglomeration
of GO into irreversibly stacked layers commonly occurring in
Si-based composites owing to strong van der Waals forces.
Varying the OH-GQD:GO content during composite fabrica-
tion significantly influenced the coating efficiency of the GO
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(j) spectra.

sheets. Both composites have porous structures, which are
denoted by the dark areas scattered across the composites
in Figures 4(a) and 4(d). Contrarily, numerous bare SiNPs
showing severe aggregation were exposed on the 0.20H-
GQD@§i/0.2rGO-1 surface, revealing a less efficient Si:GO
coating ratio (Figures 4(b) and 4(c)). This issue is substan-
tially lowered in the 0.30H-GQD@Si/0.1rGO-2 composite,
where most SiNPs are encapsulated within thin GO coating
(Figures 4(e) and 4(f)). Weak adhesion at the SiNP/GO inter-
face, GO agglomeration, and Si:GO coating ratio inefficiency
can be resolved by placing a thin OH-GQD layer on the
PDDA@SIOH particle surface before the assembly with GO.

Furthermore, the surface modification of SiOH into
PDDA@SiOH, OH-GQD coating, and GO anchoring via elec-
trostatic assembly was also supervised by identifying the zeta

potential of the colloidal samples (Figure S3) and computing its
IEP at a given concentration (Figure S4) before the composite
assembly. Compared to the simple mechanical mixing of Siand
GO, the surface modification presented by cationic PDDA not
only affords OH-GQD coating to SiOH but also allows strong
interfacial contact with GO sheets due to the strong electro-
static attraction between opposing charges. Furthermore, con-
secutive PDDA cationic surface treatment to hydrophilic SiOH
was carried out to coat SIOH with a positive charge necessary to
facilitate the electrostatic assembly with OH-GQD (—48.5 mV)
and GO (—52.0mV). Upon adding PDDA, the zeta potential
values shifted to the positive scale for PDDA@SiOH
(+57.6 mV), OH-GQD@PDDA@SIiOH (+52.6 mV) and OH-
GQD@PDDA@SIOH/GO (+49.4 mV). It is generally accepted
that the zeta potential value of a colloidal suspension is sensitive



Journal of Nanomaterials

FIGURE 4: SEM images of 0.20H-GQD@Si/0.2rGO-1 (a—c) and 0.30H-GQD@Si/0.1rGO-2 (d-f) at different magnifications.

to pH changes. Furthermore, a zeta potential of +30 and —30 mV
are thought of as stable dispersions, i.e., a stable electrostatic
assembly of charged particles is possible. It should be noted
that GO has a zeta potential above —30 mV at all pH values,
which shows that colloidal stability is steady and will proceed
to assemble with PDDA@SIOH and OH-GQD illustrated in
Table S1 considering the dilution level per sample size. Con-
sequently, electrostatic assembly for the resultant composite
samples was executed at room temperature at the pH range of
6-8 for optimum conditions to aid the electrostatic assembly
of PDDA@SIOH, OH-GQD, and GO particles (Table S2).
The presence of OH-GQD in the resultant composites
unobserved by SEM was revealed by TEM analysis (Figure 5).
The successful encapsulation of PDDA@SIOH particles by
GO initially observed in the SEM images is additionally evi-
denced by the appearance of folded rGO sheets enveloping
SiNP spheres in 0.20H-GQD@Si/0.2rGO-1 (Figures 5(a) and
5(c)) and 0.30H-GQD@Si/0.1rGO-2 (Figures 5(b) and 5(d)).
The former, which has higher GO content, can be character-
ized by relatively greater SiNP agglomeration verified by
dark spots with color intensity showing the extent of SiNP
agglomeration (Figure 5(c)). Meanwhile, less agglomeration
is detected in the latter composite, which by contrast, has
higher OH-GQD content (Figure 5(d)). Consistent with the
SEM and zeta potential measurement results, TEM analysis
confirmed that an efficient Si:GO coating ratio was achieved
in 0.30H-GQD@Si/0.1rGO-2 ascribed to its high OH-GQD
loading, which created a stable carbon coating on the
PDDA@SIOH surface while improving interfacial interac-
tions at SINP/GO interface. Additionally, Figures 5(e) and
5(f) indicate three distinct highly ordered lattice spacings:
0.31nm, which is attributed to the (111) plane of Si

0.19 nm for rGO, similar to the (002) plane of graphene; and
0.24 nm for the OH-GQD, which is correlated with the lattice
fringe value of graphene (1120) [40]. Remarkably, the lattice
spacing of OH-GQD remained unchanged after electrostatic
assembly into the studied composites. Furthermore, insights
into the crystalline structure of 0.30H-GQD@Si/0.1rGO-2
composite are evidenced by SAED image (Figure 5(g)) dem-
onstrating vivid diffraction rings determined for the (111),
(022), (004), (113), and (133) facets of face-centered cubic
structure of Si crystals, while the (002) facet is assigned to the
basal plane of the hexagonal crystalline graphene [54]. The
diffraction rings of the composite match the real-time FFT
pattern (Figure 5(h) inset), where distinct bright spots detected
additionally suggest high crystallinity of the representative
0.30H-GQD@Si/0.1rGO-2 composite.

XRD was employed to acquire a deeper understanding of
the crystalline structure of the respective components and fab-
ricated composites (Figure 6(a)). The thermal reduction caused
the removal of —-C-O—C—, C=0, —OH, and —COOH inherent
within the basal planes and edges of GO. This is verified in the
appearance of a characteristic strong and broad peak centered
at 260 =10° in GO, which eventually disappeared in rGO with
a re-emergence of a broad peak at 26=25° attributed to
the characteristic peak of amorphous C (002). Removing
O-containing functional groups led to reducing the interlayer
spacing between stacked GO sheets, thus shifting the diffrac-
tion angle to 20=25° [30, 55]. Intense diffraction peaks at
20=28.4° 47.3° 56.1°, 69.1°, and 76.4° are seen in Si, which
are indexed to the (111), (220), (311), (400), and (331) facets
typical for a face-centered cubic Si crystal (Reference code 98-
065-2265; Figure S18). These representative Si peaks are all
found in the resultant composites suggesting that Si surface
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Ficure 5: TEM images of 0.20H-GQD@Si/0.2rGO-1 (a, ¢, ) and 0.30H-GQD@Si/0.1rGO-2 (b, d, f) at different magnifications demon-
strating individual lattice spacing assigned to Si, OH-GQD, and rGO (e, f). High crystallinity was verified by the SAED image (g) and

representative FFT pattern (h inset) of 0.30H-GQD@Si/0.1rGO-2.

modifications did not substantially alter its crystallinity. Addi-
tionally, the minimized composites exhibited diffraction peaks
at 260 =31.8° attributed to the (002) plane of graphene (2.82 A)
and a secondary peak at 26 = 45.5° indexed to the (022) plane of
a cubic carbon oxide crystal (1.99 A) (Reference code 98-002-
6962; Figure S19).

The degree of graphitization, such as the presence of defects
within internal structures, was assessed using Raman spectros-
copy (Figure 6(b)). All samples portrayed a characteristic dis-
ordered D band at ~1,350cm™" and an ordered G band at
~1,590 cm ™", typical of graphite and other sp>-bonded carbons
[56]. Remarkably, high intensities of the G bands compared to
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ing/reduction.

D bands of both 0.20H-GQD@Si/0.2rGO-1 and 0.30H-
GQD@Si/0.1rGO-2 composites are strong indications of an
integrated graphitic nature with excellent crystallinity and
inherent few vacancy defects aligned with TEM findings. To
characterize the defect quantity in the samples, the relative
intensity ratio of the disordered carbon to the graphitized car-
bon (Ip/Ig) was quantified after curve fitting utilizing the
Gaussian—Lorentzian model shown in Figures S5—-S11 with
corresponding Ip/Ig ratios, including fitting parameter values
depicted in Table S3 [54, 57]. The increase in the Ip/I value of
GO (0.84) following thermal reduction into rGO (0.85) is
ascribed to the increase of O-terminated sp” carbon-edge
atoms, consequently decreasing in-plane sp” graphitic domains
[55]. A similar increasing Ip/Ig pattern is detected in 0.20H-
GQD@Si/0.2GO-1 (0.85) and 0.30H-GQD@Si/0.1GO-2 (0.85)
prior to reduction into 0.20H-GQD@Si/0.2rGO-1 (0.86) and
0.30H-GQD@§i/0.1rGO-2 (0.86), respectively. Furthermore,
intensities and peak areas under respective curves of D and G
bands for both composites are dramatically elevated before and
after thermal reduction. Meanwhile, OH-GQD (0.86) is with a
defect quantity similar to the minimized composites, thus con-
firming the presence of vacancy defects in the final composites.
Activated defects disrupt the overall electron—hole symmetry of a
carbon nanomaterial and alter its electronic structure, causing
an increase in chemical reactivity [58]. The peak located at
517 cm™" ascribed to Si appeared in all the composite curves,
further validating that Si maintained its crystallinity and inherent
properties.

Figure 7 demonstrates the XPS high-resolution C 1s, O 1s,
and N 1s spectra of the composites. Meanwhile, the XPS survey
spectra of the fabricated composites in Figure S12 demonstrated
strong O 1s and C 1s peaks mainly owing to the presence of a
highly graphitic lattice attributed to the OH-GQD and rGO.
Relatively smaller peaks for Si 2s and Si 2p imply that the SINP

are substantially coated with a thin OH-GQD layer and then
encapsulated within rGO sheets. In addition, the C 1s signal of
0.20H-GQD@Si/0.2rGO-1 composite shows two strong peaks
at 284.74 and 286 eV, which correspond to C-C/C=C in aro-
matic rings and C-O bonds in —OH and epoxy groups, respec-
tively (Figure 7(a)) [55]. Owing to the —OH functionalization, a
slight peak shifting was detected in the C 1s C—-C/C=C peak of
0.30H-GQD@Si/0.1rGO-2 composite with greater OH-GQD
content from standard 284.8 eV to the higher binding energy
of 284.84eV. The more electronegative O atoms from the
hydroxyl group attached at the edges of OH-GQD pulled
more electrons from the graphitic lattice, changing the overall
electron cloud density. In the case of the 0.20H-GQD@Si/
0.2rGO-1 composite with lower OH-GQD content relative to
GO, the strong van der Waals interaction between graphene
interlayers compromised the bond strength with Si; hereby, the
binding energy to lower values of 284.74 eV, suggesting a rela-
tively weaker interaction between charged composite parts. Fur-
ther, it should be noted that the C 1s signals of both composites
have intense C—C/C=C peaks accompanied by a significant
decrease in the peak intensities of O-containing species associ-
ated with the removal of O atoms during thermal processing
(Figure S13). Contrarily, 0.30H-GQD@Si/0.1rGO-2 composite
with inherently lower GO content during fabrication produced
a weaker C-O peak following thermal reduction (Figure 7(d)).
A weak peak at ~289 eV ascribed to O—C=0 bonds in —-COOH
groups are also observed on the composite surfaces [59]. The O
1s signals of the resultant composites also verify the presence of
OH-GQD following a low-temperature thermal process, pre-
sented by a weak peak of C—-OH bonds appearing at ~531 eV
(Figures 7(b) and 7(e)) [60]. The N 1s peak detected in the
survey spectra and in N 1s scan of the composites (Figures 7(c)
and 7(f)), even after thermal treatment, suggests that conduct-
ing a low-temperature, one-step OH-GQD annealing/rGO
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FiGure 8: FTIR spectra of the various OH-GQD@Si/rGO samples.

reduction is essential for regulating active imine bridges (C-N),
also observed in FTIR assessment (Figure 8), which preserves
the bridge connection between SiINP, OH-GQD, and rGO.

FTIR analysis was performed to determine the chemical
bonds in the samples (Figure 8). The FTIR results are in line
with the XPS outcomes in Figures 2(f) and 2(g), where the
peaks in the high-resolution Cl 2p and N 1s scans verify the
success of the surface modification employing PDDA mole-
cules before composite electrostatic assembly. Representative
C-N, NR**, and C=C peaks detected after PDDA surface
modification are all observed in the composites even after
thermal processing, subsequently corroborating the existence
of remaining active bridges between Si, OH-GQD, and rGO
[41, 48]. In addition, the generation of a Si-C peak at
~800cm™" implies that a carbon shell has been created on
the surface of SiNP from successful OH-GQD carbon coating
via strong electrostatic interactions with PDDA polymer
molecules [33]. Numerous peaks associated with the O-
containing functionalities are seen in the GO spectrum
(Figure S14). A broad peak is seen at ~3,400 cm™'; it corre-
sponds to the stretching mode vibration of O-H groups super-
imposed on the O—H stretch of a carboxylic acid (R—COOH)
because of the presence of water molecules and alcohol
groups. The peak at around 1,720cm™" is ascribed to the
C=0 stretching of a—COOH group (—COOH), the peak at
1,224cm™" corresponds to the C-OH stretch of alcohols,
and the peak at 1,080 cm™" is ascribed to the C-O stretching
vibrations in a C—-O-C bond [59]. Remarkably, the character-
istic broad —OH stretching band at ~3,400 cm™", which is
initially detected in the GO spectrum, disappears in the
rGO spectrum, while the intensity of other oxygen-
containing groups decreases significantly, showing the suc-
cessful conversion of GO into rGO sheets following the
reduction reaction. The disappearance of the —OH stretch-
ing adsorption band and reduction in the peak intensity of
all oxygen-containing functional groups are also detected in
all composites following thermal treatment.

Figure 9 demonstrates the TG/DTA thermograms of the
two composites during continuous combustion until a tem-
perature cutoff of 800°C under ambient conditions. The
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TG/DTA profiles can be partitioned into four phases based
on the various composite contents. Phase I showing the
weight reduction at ~30-120°C corresponds to moisture
loss from the PDDA polymer component, followed by the
actual polymer decomposition over a broad temperature
range until around 280°C [60]. Phase II is marked by sharp
weight loss beginning at 400 to ~500°C confirmed by exo-
thermic peaks from 430 to 500°C in 0.20H-GQD@Si/
0.2rGO-1 (Figure 9(a)) and 460-580°C in 0.30H-GQD@Si/
0.1rGO-2 DTA curves (Figure 9(b)) corresponds to the
decomposition of the carbonaceous components of the
composites. In this phase, most O atoms in the composites
were thermally eliminated from the GO layers. The total C
content from combusted graphene and OH-GQD in 0.20H-
GQD@Si/0.2rGO-1 composite was 26.5wt% while 0.30H-
GQD@S§i/0.1rGO-2 composite was 28.1 wt%, corresponding
to the 1:1 ratio of OH-GQD/GO to Si during composite
fabrication. Meanwhile, 0.30H-GQD@Si/0.1rGO-2, which
has a greater OH-GQD content, significantly hindered the
onset of the Si oxidation process in Phase III as confirmed
by an exothermic peak at 580°C, which necessitated a higher
temperature range to complete compared with 0.20H-
GQD@Si/0.2rGO-1 (500°C). The Si content of the two com-
posites is ~68.9 wt%, which corresponds with the proportion
used during composite synthesis. The last phase, character-
ized by a steady increase in weight, is associated with the
oxidation reaction of the remaining Si component into
SiO, (26.6 wt% in 0.20H-GQD@Si/0.2rGO-1 and 26.4 wt%
in 0.30H-GQD@Si/0.1rGO-2) owing to direct contact
between the carrier gas and the bare Si surface at high tem-
peratures [33]. Notably, measuring the exact combined C
contents (from graphene and OH-GQD combined) and Si
content may be challenging owing to the possibility of sam-
ple weight loss during the annealing/thermal reduction. Nev-
ertheless, carbon nanomaterials, including graphene and
OH-GQD, generally combust and are exhausted from the
temperature range of 400-550°C, whereas Si remains stable
until continuous oxidation occurs from temperatures over
550°C. Thus, a distinction of composite contents can be
detected by a rapid loss in sample weight.

In particular, the TG/DTA profile of 0.30H-GQD@Si/
0.1rGO-2 (which has a higher OH-GQD loading) highlights
the vital role of the OH-GQD in delaying the oxidation
process of the Si particles. This is the product of the success-
ful construction of the OH-GQD coating on the PDDA-
modified SiOH nanoparticles via electrostatic connection,
which allowed the construction of a composite with a stable
structure. The relatively low temperature employed in this
research (550°C) permitted the partial reduction of the com-
posites with some of the —OH groups remaining, which
regulates the interfacial connection between PDDA@SiOH,
OH-GQD lattice, and rGO. A high thermal processing tem-
perature would not have corroborated the construction of an
initial GQD layer as a buffer structure for SiNP, as tempera-
tures surpassing 550°C would have combusted most of the O
and H atoms, thereby modifying GQD into graphene
and soft-carbon materials [41]. Hence, 550°C was set as
the thermal processing temperature in this research to build
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FiGure 10: CV profiles of 0.20H-GQD@Si/0.2rGO-1 (a) and 0.30H-GQD@Si/0.1rGO-2 (b) electrodes during the initial five cycles.

a GQD coating as initial carbon protection to Si to avert
oxidation into SiO, while active —OH group functionality
yields extra Li* ion storage. The shielding effect of the
OH-GQD layer on Si is presented by the TGA profiles of
the samples (Figure 9). At temperatures over 550°C, Si rap-
idly oxidizes into SiO,, as characterized by a sharp rise in the
percent mass of each sample.

3.4. Electrochemical Performance. Figure 10 demonstrates
the CV curves of the fabricated coin cell utilizing the
0.20H-GQD@Si/0.2rGO-1  (Figure 10(a)) and 0.30H-

GQD@Si/0.1rGO-2 (Figure 10(b)) composites during the
initial five cycles at voltages of 0.01-1.5V (vs. Li*/Li) at a
scan rate of 0.1 mVs~'. Two distinct peaks are observed at
0.34 and 0.75V during the first cathodic scan (lithiation
process) of the 0.20H-GQD@Si/0.2rGO-1 composite anode.
Likewise, two cathodic peaks were observed in the initial CV
curve of the 0.30H-GQD@Si/0.1rGO-2 composite (0.31 and
0.78 V). These two reduction peaks in the cathodic branch of
the CV curves are ascribed to the transformation of bulk Si
into Li,Si alloys and other lithiated precipitates (Li,SiO,,
Li,COs3, and Li,O) yielded in a series of irreversible multistep
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TaBLE 1: Summary of phase transformations in SiNP during cycling.

Point in Figure 10

Phase transformation

Chemical reaction [61]

A SEI formation Si+xLi" + xe”—Li,Si; x <4 [52]
B Lithiation of crystalline Si (c-Si) ¢-Si+ xLi—a-Li,Si

C Transformation to a new phase at <50 mV a-Li,Si—a-Li,Si

D Delithiation of the phase formed at <50 mV a-Li,Si—a-Li,Si+ (y—x)Li
B’ Lithiation of amorphous Si (a-Si) at >0.17 V a-Si+ x'Li—a-Li,Si

B’ Lithiation of a-Si between 70 mV and 0.17 V a-Li,Si+x"Li—a-Li¢ 4 S
D” Delithiation of a-Si at <0.38 V a-Ligy 4 xnSi—a-Li, Si+x"Li
D’ Delithiation of a-Si at >0.38 V a-LiySi—a-Si+ x'Li

electrochemical reactions between Si and Li* ions (Table 1);
this outcome follows previous electrochemical studies [62].

Additionally, the peak at 0.75V in 0.20H-GQD@Si/
0.2rGO-1 and that at 0.78 V in 0.30H-GQD@Si/0.1rGO-2
are ascribed to the reaction of the electrode material with
the electrolyte that caused the irreversible formation of an
SEI layer encompassing the surface of the electrode during
the discharge process [63]. The cathodic peaks in both com-
posites disappear in the second cycle, implying the formation
of a stable SEI layer. The overlap of the CV curves in the
second cycle with those in the subsequent cycles validates
that the hybridization of the OH-GQD with the SiNP caused
improved reversibility, greatly influencing the cycling stability
of the anode material. Moreover, two broad oxidation peaks
at 0.52 and 0.33V in 0.20H-GQD@Si/0.2rGO-1 and at 0.53
and 0.36 V in 0.30H-GQD@S$i/0.1rGO-2 in the subsequent
anodic scan (delithiation process) during the first cycle corre-
spond to the partial decomposition of the highest lithiated
phase (Liy »Si) and the complete delithiation of the Li,Si alloys
into amorphous Si. A gradual yet steady rise in the intensities
of both cathodic and anodic peaks is observed during the
subsequent cycle; this is typical of Si-based anode materials
and causes a gradual activation of the electrode, which is
characterized by an increase in ionic conductivity [64].

The electrochemical performance of the 0.20H-GQD@Si/
0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2 composites was
evaluated at a low current density of 100mA g~ for 50 and
100 cycles, as shown in Figure 11(a) with corresponding gal-
vanostatic profiles in Figure 11(b). The specific charge/dis-
charge capacity of 0.20H-GQD@5i/0.2rGO-1 (Figure S15 for
cycle test charge/discharge profiles) and 0.30H-GQD@Si/
0.1rGO-2 during the first cycle is 1,249/1,785 and 1,576/
2,229mAh g, which corresponds to an initial CE (ICE) of
69.97% and 70.70%, respectively. Generally, the low ICE of
the two composites can be ascribed to the decomposition reac-
tion at the electrode/electrolyte interface; this yielded irrevers-
ible products constituting the SEI layer, consuming Li" ions in
the process, thus lowering their discharge capacities and caus-
ing inevitable capacity loss. Remarkably, the CE of the two
composites dramatically increased to 96.10% and 97.45% in
the second cycle, respectively, and regulated during the subse-
quent cycles. The rate capability of the two composite electro-
des was examined at several current densities in the range of
0.1-5A g™ (Figure 11(c)). The 0.30H-GQD@$i/0.1rGO-2

electrode showed a better rate performance than its counterpart
at all current densities. The specific capacities of 0.30H-
GQD@Si/0.1rGO-2 electrode were 2,333.32, 1,606.16, 1,557.13,
1,524.25,1,499.28, and 1,473.28 mAh g~ " at the current densities
0f0.1,0.2,0.5,1,2,and 5 Ag_l. The 0.30H-GQD@Si/0.1rGO-2
electrode exhibited an overall better cycling and rate perfor-
mance owing to the synergistic effects of OH-GQD and rGO
hybridization, presenting a double-carbon protection to Si. The
corresponding galvanostatic charge and discharge profiles dem-
onstrated overlap of the specific capacities across different cur-
rent densities demonstrating electrode cycling stability and
reversibility (Figure 11(d)) without signs of Li dendritic forma-
tion even at a high current density of 5A g”', unlike in the rate
charge/discharge profile of the 0.20H-GQD@Si/0.2rGO-1 por-
traying irregularity in the discharge capacity at increased current
densities (Figure S16). Following 50 cycles, the 0.30H-GQD@Si/
0.1rGO-2 composite provided a better cycling performance with
1,300/1,303 mAh g~ charge/discharge capacities corresponding
to 99.77% CE compared to its counterpart with only 1,025/
1,047 mAh g_1 with a CE value of 97.90% (Figure 11(e)). Com-
pared with 0.20H-GQD@Si/0.2rGO-1, which comprises equal
amounts of OH-GQD and GO, 0.30H-GQD@Si/0.1rGO-2,
which has a 2:1 OH-GQD/GO loading, shows a better cycling
and rate performance in regards to the initial charge/discharge
capacity, high-rate loading capability, ICE value, and capacity
retention rate. Furthermore, the rate capability of 0.30H-
GQD@Si/0.1rGO-2 surpasses the previously reported literature
on utilizing dual-carbon protection to address Si limitations
(Figure 11(f)) [33, 48, 59, 65—69]. Table 2 summarizes the
cycling and rate performance of the fabricated composites.
The difference in the cycling and rate performances of
the two composites can be summarized into three key points:
(1) the —OH groups of OH-GQD offered extra storage sites
for Li" ions, thereby improving the charge/discharge capaci-
ties; (2) the electrostatic assembly of the OH-GQD with
SiOH enhanced the ionic and electrical conductivity of Si
while protecting it from parasitic electrolyte decomposition
supporting the formation of a stable SEI; and (3) the rGO
sheets encompassing OH-GQD-coated hybrid SiNP offered
a continuous pathway for effective electron—ion intercalation
across the composite while effectively dispersing Si spheres,
thereby resolving SiNP self-agglomeration and causing
enhanced structural integrity of the electrode. The shielding
effect of the OH-GQD layer, which was previously detected
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TasLE 2: Electrochemical performance of the fabricated composites.

Low-current density performance (at 0.1 Ag™")

High-current density
performance

Sample Discharge capacity Capacity Coulombic Discharge capacity
P (mAh gfl) retention (%) efficiency (%) (mAh gfl)
1st 2nd 50th 100th At 50th At 100th 1st 2nd 50th At At At
cycle cycle cycle cycle cycle cycle cycle cycde cycde 1Ag' 2Ag' 5Ag!
8§rOGPgﬁQD@Sl/ 1,785.35 1,298.26 1,047.19 824.37 99.68 99.49 69.97 96.10 9790 98425 966.89 948.19
g'irOG}g_C;QD@SI/ 2,229.16 1,613.67 1,303.21 1,090.13  99.72 99.59 70.70 97.45 99.77 1,524.25 1,499.28 1,473.28
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Ficure 11: Continued.
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FiGure 11: Cycling performance of 0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2 (a) with corresponding galvanostatic charge
and discharge profiles (b) at a current density of 100 mA g™, Rate performance of 0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@$i/0.1rGO-
2 (c) with consistent galvanostatic charge and discharge profiles (d) at different current densities. Charge and discharge capacities of 0.20H-
GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2 with corresponding CE at a current density of 100mA g~ (e). The rate capability of

0.30H-GQD@Si/0.1rGO-2 composite compared to prior works (f).

in GQD-based composites [43], acted as a buffer system for
SiNP, maintained the formation of the SEI film while offer-
ing short diffusion pathways for the open transport of
Li" ions and electrons at the electrode/electrolyte interface
through the active —OH sites.

Electrochemical impedance measurements were per-
formed before and after the 30th cycle to describe the factors
causing the enhancement in Li* storage capacity of 0.30H-
GQD@Si/0.1rGO-2 over its counterpart. The EIS patterns of
the fabricated electrodes were recorded at frequencies of
1 mHz to 0.1 Hz and an amplitude of 5 mV, and the obtained
Nyquist plots were examined employing the equivalent cir-
cuit model shown as insets in Figures 12(a) and 12(b) suit-
able for the physical structure of the assembled half-cell. The
ionic resistance owing to the interaction of the electrolyte
solution with the bulk Si (R;), the resistance of the Li* ions
during migration between electrodes as it passes through the
surface membrane of the SEI layer (Rgg), resistance during
charge transfer (Rcr), and Warburg impedance (W,) were
considered in the circuit model. The constant phase elements
of the cell are the surface film (CPE1) and the double-layer
capacitor (CPE2). Nyquist plots were produced before
cycling (Figure 12(a)) and after 30 cycles (Figure 12(b)) to
scrutinize the formation of SEI layers on both composites
and assess the Li" storage mechanisms of the electrodes.
Table 3 summarizes the fitted parameters acquired from
the Nyquist plots of the two composites. The Nyquist plot
of each composite before cycling comprises a semicircle in the
middle-frequency region, indicative of the charge transfer
resistance (Rct) between the electrode and the electrolyte

and a slope line in the low-frequency region. As shown in
Figure 12(a), the Nyquist plots of the two composites before
cycling show similar curve properties, but the plot of 0.30H-
GQD@®@Si/0.1rGO-2 is a semicircle with a much smaller diam-
eter compared with that of 0.20H-GQD@Si/0.2rGO-1.
Furthermore, the slope of the line in the low-frequency region
is larger in 0.30H-GQD@Si/0.1rGO-2, with a shorter line
length, unlike the longer, less steep slanted line of the
0.20H-GQD@Si/0.2rGO-1 composite. In a classic Nyquist
curve for a half-cell, the diameter of the semicircle is the
summation of the resistance of Li" ions passing through the
insulating SEI layer on the surface of the active material (Rgg;)
and Rcr, while the slanted line is directly related to the tortu-
osity of Li" ion diffusion, as given by the Warburg impedance
(W,) [70]. The 0.20H-GQD@Si/0.2rGO-1 with a greater Rcr
value of 613.2Q2 than that of 0.30H-GQD@Si/0.1rGO-2
(239.4 ) signifies that there is greater resistance in the
0.20H-GQD@Si/0.2rGO-1 composite because of the slower
diffusion of Li" ions as they move around the large graphene
sheets. This problem is greatly minimized in the 0.30H-
GQD@Si/0.1rGO-2 composite, which has a smaller semicir-
cle diameter, as depicted in Figure 12(a). Additionally, the
0.30H-GQD@Si/0.1rGO-2 composite has a relatively steeper,
shorter slanted line, which implies faster Li" ion diffusion
rates. Hence, 0.30H-GQD@Si/0.1rGO-2, which has a greater
loading of OH-GQD (which are small relative to the large
GO sheets when coated on the Si surface), enabled the fast
transfer of electrons and ions, thereby effectively promoting
ionic/electronic conductivity and reducing charge transfer
resistance [23].
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FIGURE 12: Nyquist plots and electrochemical impedance spectra of 0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2 before cycling

(a) and after the 30th cycle (b).

TasLe 3: Comparison of fitted parameters obtained from Nyquist plots for 0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2

composite anodes.

Resistance before cycling (£2)

Resistance after 30 cycles (£2)

Sample

Ry Rspr Rer R Rsp Rer
0.20H-GQD@Si/0.2rGO-1 - - 613.2 2.5 4.5 26.1
0.30H-GQD@Si/0.1rGO-2 - - 2394 43 39 16.5

After 30 cycles, the formation of the SEI layer was measured.
Nyquist plots of the two composites in Figure 12(b) show two
semicircles in the high-frequency and middle-frequency regions,
followed by a slanted line in the low-frequency zone. The Rgg;
values of 0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/
0.1rGO-2 are 4.5 and 3.9 2, respectively. The lower resistance
of the 0.30H-GQD@Si/0.1rGO-2 composite is due to the for-
mation of mechanically stable SEI films on the surfaces of the
SiNP coated with OH-GQD layers, which prevented direct con-
tact between the active material and the electrolyte, thereby
minimizing parasitic electrolyte decomposition. The Rgg value
of the 0.20H-GQD@Si/0.2rGO-1 composite is higher than
that of the 0.30HGQD@Si/0.1rGO-2 composite, owing to the
presence of exposed (uncoated) Si particles. The Rcr values of
0.20H-GQD@Si/0.2rGO-1 and 0.30H-GQD@Si/0.1rGO-2 are
26.1 and 16.5 €2, respectively. The lower diameter of the 0.30H-
GQD@§i/0.1rGO-2 plot after 30 cycles implies that the OH-
GQD reduced the charge transfer resistance, resulting in fast
Li* ion diffusion inside the system. This can be attributed to
the active sites of the oxygen atoms attached to the edge sites of
the OH-GQD, which served as extra storage sites with a strong
affinity for Li" ions and electrons. The graphene sheets offered a
consistent, continuous channel for ion and electron transmis-
sion and intercalation to and from the SiNP over the anode

material. Large sheets of graphene, in contrast, can substantially
impede the efficient transfer of ions and electrons, leading to
larger resistance and lower Li" ion diffusion rates, as evidenced
by the Rcr value of the 0.20H-GQD@Si/0.2rGO-1 composite,
which has a higher rGO loading than OH-GQD. The dispersion
of the OH-GQD-coated SiNP within the graphene sheets
contributed to the overall electrode’s structural stability by
providing a medium in which SiNP could be dispersed while
minimizing particle agglomeration and maintaining the elec-
trode’s structural integrity during continuous cycling. As a
result, the 0.30H-GQD@Si/0.1rGO-2 composite, which has
a higher OH-GQD mass loading, outperforms the 0.20H-
GQD@$i/0.2rGO-1 composite, which has similar quantities
of OH-GQD and GO dispersion.

Further, SEM examination focused on the surface view of
the 0.20H-GQD/0.2rGO-1 and 0.30H-GQD/0.1rGO-2 elec-
trodes was performed before and after 50 lithiation/delithia-
tion cycles to validate the structural integrity of the composite
electrodes, as shown in Figure 13. Figures 13(g) and 13(h)
show the good structural stability of the 0.30H-GQD/
0.1rGO-2 electrode compared to its counterpart, which is
characterized by fewer cracks on the electrode surface and
minimal particle volume expansion. The SiNP morphology
was maintained and remained encapsulated within rGO
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Ficure 13: SEM images showing the surface of the 0.20H-GQD/0.2rGO-1 and 0.30H-GQD/0.1rGO-2 electrodes before (a—b, c—d) and after
50 lithiation/delithiation cycles (e—f, g-h) at a current density of 100mA g™".
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0.30H-GQD/0.1rGO-2 electrodes before and after 50 lithiation/
delithiation cycles.

sheets even after cycling. The 0.20H-GQD/0.2rGO-1 electrode
surface, in contrast, showed significant fracture formation, par-
ticle aggregation, and considerable Si volume expansion. The
relative thickness of the electrodes was evaluated in a cross-
sectional view of the electrode to estimate the extent of volume
expansion (Figure S17). Before cycling, the 0.20H-GQD/
0.2rGO-1 electrode thickness was 10.1 um and extended to
13.1 um. However, it should be noted that due to severe
mechanical stress upon cycling, the majority of the composite
material has been pulverized to a severe extent, generating
cracks and loss of contact with the Cu current collector. Mean-
while, after lithiation, the volume of the 0.30H-GQD/0.1rGO-
2 was not considerably changed, with electrode expansion mea-
sured from 13.2 um (before cycling) to 17.5 um (after cycling).
Most importantly, using the Cu current collector, the entire
composite material remained intact, the crack formation was
prevented, and particle pulverization was greatly decreased.
The structural integrity of the 0.30H-GQD/0.1rGO-2 after
lithiation provides additional evidence that employing a
double-carbon protection strategy via OH-GQD carbon coat-
ing and further Si encapsulation with rGO resulted in synergis-
tic effects of increased GO coating efficiency improved Si
electronic conductivity, uniform Si dispersion, and enhanced
mechanical stability from particle expansion to obtain an anode
material.

To elucidate the crystallinity of the composite materials,
XRD thin film analysis in a low-incident beam angle was
conducted on the 0.20H-GQD/0.2rGO-1 and 0.30H-GQD/
0.1rGO-2 electrodes before and after lithiation/delithiation
cycles, as shown in Figure 14. Before lithiation, diffraction
peaks were found at 20=28.4° 47.3°, 56.1°, 69.2°, and
76.4° attributed to the (111), (220), (311), (400), (331), and
(422) facets of a face-centered cubic Si crystal in both com-
posite spectra (Reference code 00-005-0565; Figure S20).
Peaks at 43.3°, 50.5°, and 74.1° attributed to the (111),

Journal of Nanomaterials

(200), and (220) facets of cubic Cu crystal (Reference code
01-070-3039; Figure S21) were also identified. After 50 cycles
in both electrodes, the individual Si peaks were not detected;
instead, peaks at 38.6°, 44.8°, 65.3°, 78.4°, and 82.7° were
recorded and indexed to the (111), (002), (022), (113), and
(222) facets of cubic silicon carbide (Si—C) (Reference code
98-018-2362; Figure S22). This discovery provides strong evi-
dence that Si has been effectively coated with a carbon coating
layer provided by the PDDA polymer molecules electrostati-
cally attracting the OH-GQD. Meanwhile, the large diffrac-
tion peak at ~26.0° attributable to the (002) plane of graphene
from rGO present before and after cycling shows that the rGO
phase was retained. Therefore, the construction of a double-
carbon protection layer strategy to address the limitations of
Si was realized, and the crystalline structure was maintained
as confirmed by the presence of Si-C peaks attributed to
conductive OH-GQD coating as an initial carbon protection
to Si and a secondary rGO phase which regulated the overall
electrode structural integrity.

4. Conclusions

In summary, the scientists used a simple two-step technique
to successfully synthesize OH-GQD-coated hydrophilic SINP
electrostatically assembled in an interconnected rGO matrix
(OH-GQD@Si/rGO). The effect of the OH-GQD/graphene
synergy on the electrochemical performance of OH-
GQD@Si/rGO as an anode material for LIBs was also studied.
The 0.30H-GQD@Si/0.1rGO-2 composite outperformed the
0.20H-GQD@Si/0.2rGO-1 composite in terms of cycling and
rate performance, with a high initial discharge capacity of
2,229.16mAh g~' and a reversible capacities of 1,303.21 and
1,090.13mAhg ™" at 100mA g~ after 50 and 100 lithiation
and delithiation cycles, respectively, equating to a CE value of
99.77%. Even at current densities as high as 5Ag™", the
0.30H-GQD@Si/0.1rGO-2 composite was able to deliver a
superior reversible capacity of 1,473.28 mAhg™' compared
to previous works on Si—C anodes.

The satisfactory electrochemical performance of the
0.30H-GQD@Si/0.1rGO-2 composite anode is attributed to
the following: (1) the shielding effect of the OH-GQD carbon
coating reduced ion and electron diffusion paths, resulting in
fast charge/ion transfer kinetics via active —OH sites at GQD
edges and defects within the lattice; (2) graphene encapsula-
tion as conductive secondary carbon protection to Si served as
a buffer system against rapid Si volume changes, preventing
direct electrolyte—active material contact and stabilizing the
SEI coating; (3) consecutive Si surface modifications via pira-
nha solution treatment improved dispersion stability, while
PDDA polymer-induced hydrogen bonds strengthened the
grafting mechanism of OH-GQD-coated Si onto graphene
sheets, providing continuous transport pathways for effective
ion/electron intercalation while maintaining overall electrode
structural stability even after cycling; and (4) low-temperature
thermal processing enabled one-step OH-GQD annealing
concerning vis-a-vis rGO reduction sustained without com-
busting active bridge connections of Si, OH-GQD, and rGO,
promoting the development of OH-GQD coated Si anchored



Journal of Nanomaterials

within rGO network. Our proposed double-carbon protection
technique for Si via OH-GQD/rGO hybridization should help
to create enhanced Si-based LIB anodes for high-power/high-
energy applications.
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