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Silicon/reduced graphene oxide (Si/rGO) composite electrodes have been investigated for the multiple
benefits of rGO in providing mechanical integrity to buffer the silicon volume expansion, while maintain-
ing electronic contact with Si to provide a Li-ion transport pathway and to form a uniform solid elec-
trolyte interface (SEI) layer. In particular, we extensively studied the properties of rGO particles that were
reduced from three different routes, namely by heat treatment (TrGO), by chemical treatment (CrGO),
and by plasma treatment (PrGO), and co-related them to the electrochemical performance of Si/rGO hy-
brid anodes. Our results revealed that decreased structural and functional group defects in rGO led to a
higher initial columbic efficiency (ICE) of 84%, whereas a higher sphericity of rGO particles resulted in a
more stable cycle-life performance for Si/rGO electrodes with 93% capacity retention after 100 cycles at
1C/1C rates. We also observed the important role of the electrical conductivity of rGO in the electrochem-
ical performance of Si/rGO at faster charging-discharging rates, resulting in a capacity of 1000 mAh/g at

2C/2C rates.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Over-dependence on non-renewable energy has led to increas-
ing environmental concern, facilitating extensive research on clean
energy and its storage. Lithium-ion batteries (LIBs) are one of the
most commonly used energy storage devices with a number of ad-
vantages over other rechargeable batteries, such as higher energy
density, higher operating voltages, and easier maintenance [1-5].
Despite their extensive use and eminent potential, state-of-the-
art Li-ion batteries have not been able to meet the requirements
for vehicle electrification, requiring both higher energy and power
density with a longer cycle life simultaneously [6-9]. Graphite, the
commercial anode for Li-ion batteries, cannot satisfy these energy
density requirements because of its limited theoretical capacity of
372 mAh g-1. Therefore, new electrode materials and chemistry
that can provide drastically higher energy density are crucial to
the adaptation of next-generation batteries to the EV market and
beyond [10,11].

From a materialistic point of view, silicon is one of the most
promising candidates as an anode material for LIBs, as it possesses
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the highest theoretical capacity of 4200 mAh/g [12-14]. Further-
more, Si ranks as the 2nd most abundant element in the Earth’s
crust next to oxygen and is environmentally friendly [15]. There-
fore, Si is an ideal candidate for replacing graphite as an anode
material in lithium-ion batteries. Unfortunately, the silicon parti-
cles undergo significant volume changes (>300%) during the lithi-
ation/delithiation process. The large change in the volume of Si an-
odes results in loss of contact with the current collector and be-
tween Si and the conductive materials, which leads to rapid ca-
pacity loss. Another consequence of this severe volume expansion
is the continuous breakdown and reforming of the solid electrolyte
interface (SEI), which ultimately results in a thick SEI layer that in-
creases the electrode impedance. Additionally, Si suffers from low
intrinsic electrical conductivity [16-19].

There are two primary approaches to overcome the conse-
quences of structural collapse due to volume change, namely nan-
otechnology and carbon coating [20-22]. While the nanoscale
structural modulation of Si can improve its mechanical integrity
during charge/discharge cycling, the shielding of nanostructured
Si with a second phase is considered one of the most promising
strategies for simultaneously increasing the electrical conductivity
[23,24]. To that end, graphene and its derivatives, such as reduced
graphene oxide (rGO), are employed as robust and elastic sub-
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stances to encapsulate silicon nanoparticles by dispersing Si into
the rGO, in which graphene can buffer the volume changes and
improve the electrical conductivity of Si active materials [25-30].
Stress evolution in Si/rGO composite has been studied to ascertain
the role of rGO in mitigation of volume expansion and the resul-
tant microstructural changes [31]. rGO is usually used as an alter-
native to pristine graphene, because rGO can be fabricated on a
large scale at a relatively low cost and can be synergistically com-
bined with silicon to form cheap nanoporous composites [32,33].

For example, Xiaosi et al. developed a novel method for the
preparation of Si nanoparticles intercalated in graphene sheets
by combining freeze-drying and thermal reduction and reported
an improved performance with a capacity of 1160 mAhg-1 af-
ter 100 cycles [34]. Hong et al. reported a novel honeycomb-like
silicon/rGO composite that provided high capacity and good cy-
cling stability [35]. Lin et al. reported a novel method to fabri-
cate Si@C/RGO composites with graphene coated on Si particles,
which can effectively overcome the intrinsic drawbacks of Si an-
odes, such as huge volume changes and low conductivity [36]. Sun
et al., fabricated an alternating structure of Si and rGO sheets de-
livering a capacity of 1500mAh/g after 100 cycles [37]. Recently,
Meng et al. engineered a novel way to reduce the defects of the
reduced graphene oxide via using glucose and using the defect
repaired reduced graphene oxide to support silicon nanoparticles
which provides 1284.5 mAh/g at 2C [38].

Although various assemblies of Si/rGO nanocomposite struc-
tures as potential anodes have been studied, the effect of the qual-
ity of rGO on the electrochemical performance is yet to be in-
vestigated. There are three main routes for the synthesis of rGO
from graphene oxide (GO): namely by heat treatment, by chemi-
cal treatment, and by plasma treatment. Each method of reduction
of graphene oxide results in the production of rGO with very dif-
ferent properties. However, the desirable properties of rGO, which
positively influence Si/rGO composites, are yet to be probed [39].
In the current study, we extensively characterized various commer-
cial grade rGO particles, which were reduced by the three meth-
ods mentioned above, and determined their morphology, chemical
composition, and other properties such as defects, electrical resis-
tivity, and interlayer spacing of the graphene sheets. Apart from
the different modes of reduction of GO, the studied rGO particles
also have distinctively different sizes. We then dissected the ef-
fect of the properties of rGO to explain the observed electrochem-
ical phenomena such as capacity, initial Coulombic efficiency, cy-
cling behavior, and rate capability. Air-controlled electrospray (ACE)
is the method of choice to form Si/rGO composites, offering sev-
eral advantages such as low cost, scalability, and environmentally
friendly [29,40]. For convenience, all samples were named based
on their mode of reduction and average lateral dimension. For ex-
ample, chemically reduced graphene oxide with an average lateral
dimension of 7 nm is referred to as CrGO_7.

2. Materials and methods
2.1. Synthesis of Si/rGO composite

rGO powder (0.1 g), CrGO_7 (ACS Materials), TrGO_5, TrGO_20,
PrGO_25 (D] Semichem, Korea), PrGO_7, PrGO_80 (JMC Corp., Ko-
rea), and was dissolved in 7.9 g of distilled water and sonicated for
30 min. To this solution, 2 drops of 5% by weight sodium dode-
cylbenzene sulfate (SDBS) (Sigma Aldrich) solution in water were
added and left overnight. Polyacrylic acid (PAA) (Sigma Aldrich)
solution was prepared by mixing PAA (0.5 g PAA in 4.5 g of wa-
ter and stirring overnight. Si nanoparticles (Si NPs) (0.15 g) were
dissolved in 1.6 g of water and sonicated for 30 min. To this, 4 g
of rGO solution was added, and the solution was stirred vigor-
ously. Finally, PAA solution (0.5 g) was added. The solution was
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Table 1
Summary of key properties of rGO particles used in this study.
Particle Resistivity
rGO Size (um) Sphericity  Ip/I¢ Atomic (%) (10~ Qm)
C(%) O(%)

CrGO_7 7 0.53 075 78 22 274
TrGO_5 5 0.95 1.03 80 20 38.0
TrGO_20 20 0.72 133 89 11 12.4
PrGO_7 7 0.55 090 88 12 12.6
PrGO_25 25 0.75 0.61 94 6 1.60
PrGO_80 80 0.73 065 90 10 1.67

stirred overnight. The final solution was loaded into a syringe and
pumped at an infusion rate of 0.03 ml/min onto copper discs of
15 mm kept at a distance of 17 cm. The voltage was set at 25KV
and the applied air pressure was 30 psi. This resulted in the forma-
tion of directly deposited electrodes at 1 mg/cm?2. The tap density
of the as fabricated electrodes was 0.85-0.9 g/cc.

2.2. Material characterization

The morphology of rGO and the electrodes before and after cy-
cling was studied using a scanning electron microscope (SEM, Zeiss
Gemini 500). The Si/C distribution was studied using energy dis-
persive spectroscopy (EDS, Bruker). The silicon content of the elec-
trodes was evaluated via thermogravimetric analysis (TGA TA In-
struments Q500). The chemical composition of rGO was investi-
gated by Fourier transform infrared spectroscopy (Bruker Vertex
V80V vacuum FTIR) and X-ray photoelectron spectroscopy (Surface
Science Instruments SSX 100 ESCA Spectrometer). The defects in
the carbon structure were characterized by Raman spectroscopy
(Renishaw InVia Confocal Microscope). The bulk resistivity was in-
vestigated using a four-point probe (Cascade CP06). TEM images
were taken with a Thermo-Fisher G F20 S/TEM in bright-field TEM
mode.

2.3. Fabrication of half cells

2032 type coin cells were fabricated in an argon-filled glove-
box using directly deposited Si/rGO as the working electrode, a
lithium metal disk (MTI) as the counter electrode, and a polyethy-
lene separator (2325 Celgard) to test the performance of the half
cells. A homemade electrolyte 1 M LiPFg as the salt with dimethyl
carbonate (Sigma), ethylene methyl carbonate (Sigma), and diethyl
carbonate (Sigma) were used as solvents in a ratio of 2:4:4 with
10% fluoroethylene carbonate (Sigma) additive inside the half cells.
15-20 pl electrolyte was used for half cells. The electrochem-
ical properties of the cells were characterized by electrochem-
ical impedance spectroscopy (PARASAT 4000, Princeton Applied
Research), cyclic voltammetry (CH Instruments, Potentiostat), and
galvanostatic charge and discharge cycles (MTI). A voltage window
of 0.01-1.5 V vs. Li/Li* were applied to the half cells.

3. Results and discussions

Figure S1 shows the visual characterization of the rGO particles
used in this study. The digital photographs clearly show that all
the rGO particles are very different in terms of structure and pack-
ing. TrGO_5 (0.075 g) occupies the least space, whereas 0.075 g
of PrGO_7 fills the entire vial. The low-magnification SEM images
of the rGO particles used in this study are shown in Fig. 1, and
the average size and sphericity of the rGO particles are listed in
Table 1. The sphericity was calculated by Image] analysis and veri-
fied via an in-house developed MATLAB code. Fig. 1(a) shows that
CrGO_7 has a high aspect ratio, while TrGO_5 in Fig. 1(b) has a
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Fig. 2. High magnification SEM images of a) CrGO_7, b) TrGO_5, c¢) TrGO_20, d) PrGO_7, e) PrGO_25, and f) PrGO_80.

smaller size but has an almost perfectly spherical structure rep-
resenting a very high sphericity. TrGO_20 (Fig. 1c) is similar to
TrGO_5, but has a larger size and lesser sphericity. PrGO_7 (Fig. 1d)
has a high aspect ratio and a relatively similar size to that of
CrGO_7. As shown in Fig. 1e), PrGO_25 exhibits features similar
to those of PrGO_80 but has smaller lateral dimensions. Finally,
PrGO_80 (Fig. 1f) has the largest size among all the rGO parti-
cles and has a relatively high sphericity. To further examine the
morphology of the rGO particles, high-magnification SEM images
were obtained, as shown in Fig. 2. While CrGO_7 particles (Fig. 2a)
exhibit flattened graphene layers that seem to have been fused
during chemical reduction, TrGO_5 and TrGO_20 particles (Fig. 2b)
and c) have a highly wrinkled structure, possibly due to shrink-
age during thermal treatment. Meanwhile, PrGO_7, PrGO_25, and
PrGO_80 particles (Fig. 2d), e, and f) have layered structures with
some empty spaces, suggesting loose packing, which seems to be
a feature of plasma reduced graphene oxide. High-resolution rep-
resentative TEM images of CrGO, TrGO, and PrGO are also shown
in Fig. 3. CrGO particles (Fig. 3a) exhibit holes and fused graphene

layers, while TrGO (Fig. 3b) and c) show severe internal wrinkles,
which is in agreement with the high-resolution SEM images in
Fig. 2. PrGO particles (Fig. 3d), e), and f) are flatter and smoother
than CrGO or TrGO particles, which again corresponds well with
the high-resolution SEM images in Fig. 2.

Raman spectroscopy was used to characterize the graphene
structure. As shown in Fig. 4(a), all the rGO particles have a G
band peak at approximately 1595 cm~!, due to the stretching of
sp? atoms and a D peak at approximately 1365 cm~!, due to the
breathing modes of sp? atoms [41]. Raman spectroscopy is also
very useful for characterizing the defects present in the carbon
structure due to vacancies [42], sp3 hybridization [43], and edges
[44]. The ratio of the intensities of the D and G peaks, Ip/lg, is a
measure of the defects present [45] in rGO. In our study, TrGO_20
showed the maximum defects with an Ip/I; ratio of 1.33, whereas
PrGO_20 and PrGO_80 showed the least defects with an Ip/I; ratio
of approximately 0.65. This indicates that plasma reduction leads
to reduced defects in the graphene structure. Table 1 lists the Ip/I;
ratios of the rGO used in this study. The I,p/I; ratio shows that all
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Fig. 3. High magnification TEM images of a) CrGO b) TrGO c¢) PrGO and high magnification TEM images of d) CrGO e) TrGO and f) PrGO.

the rGO particles used in this study were multi-layered [46]. Next,
FT-IR was used to study the effectiveness of the removal of oxy-
genated functional groups. Fig. 4(b) shows that PrGO_25, PrGO_80,
TrGO_20, and PRGO_7 have almost no residual oxygen functional
groups, indicating the effective reduction of GO. However, CrGO_7
shows a weak peak representing C = O at 1640 cm~! and TrGO_5
shows a peak at approximately 1250 cm~!, indicating the pres-
ence of C-0 [47,48]. It should be noted that in Raman CrGO_7, the
Ip/I¢ ratio is 0.7, which indicates that these defects arise due to the
presence of oxygen functional groups, whereas for TrGO_20, with
an Ip/I; ratio of 1.33, defects are structural in nature due to holes
or vacancies. XPS is a powerful tool for quantitatively studying the
chemical composition of the rGO particles. It is common knowl-
edge that the presence of oxygen functional groups leads to a loss
of electrical conductivity of rGO [49-51]. The C% and O% of all the
rGO particles used in this study are also summarized in Table 1,
revealing that PrGO_25 has 95% C, whereas CrGO_7 has 78.4% C.
Fig. 4c) shows the XRD analysis of all the rGO samples. None of
the samples had a (001) peak, suggesting effective reduction of
graphene oxide. All the samples display a distinct (002) peak at
a 26 value of approximately 25-26° and a small peak of (102) due
to the partial removal of the oxygenated functional groups [52,53].
TrGO_5, more specifically, showed wider peaks, possibly suggesting
good exfoliation. Additionally, CrGO_7 has the highest inter-planar
distance of 3.68 A suggesting the presence of oxygen functional
groups in between the graphene sheets. Fig. 5 shows the resolu-
tion XPS spectra C1s for the bonding analysis. All the rGO particles
have a characteristic sharp peak at ~ 284.6 eV which represents
the C-C bond. Two distinct broad peaks were observed at 286 eV
and 288 eV, which represent C-OH and O = C-OH, respectively
[54,55]. Table 1 also shows the quantitative bonding analysis for all
the rGO particles and, unsurprisingly, PrGO_25 contains the high-
est% of C-C bonds, in agreement with the survey scan results.

The key properties of the rGO particles used in this study are
summarized in Table 1.

These rGO particles were mixed with Si NP and binder and de-
posited onto the copper collector via air-controlled electrospray,
which was used as the anode. Based on the TGA results, the sil-
icon content for all the Si/rGO anodes with six different rGO parti-
cles was almost the same, ~60wt% (see Figure S2). CrGO_7, due to
the presence of some functional groups, starts to combust earliest,
whereas PrGO_25 and PrGO_80 have the least functional groups
combusts at the last. Fig. 6 shows the top-view SEM images of
the Si/rGO electrode obtained via air-controlled electrospraying. It
was observed that rGO with a small lateral dimension (CrGO_7
(Fig. 6a), TrGO_5 (Fig. 6b), and PrGO_7 (Fig. 6d)) resulted in the
formation of Si clusters on the surface of the rGO sheets, expos-
ing the Si particles. Interestingly, rGO with a large lateral dimen-
sion (PrGO_80 in Fig. 6f) also exhibits significant aggregation of Si
particles on the surface of the rGO sheets. This is possibly due to
the difficulty involved in dispersing and spraying large graphene
sheets and the size imbalance between the Si nanoparticles and
rGO. On the other hand, Si/rGO anodes with intermediate lateral
dimensions (TrGO_20 Fig. 6¢ and PrGO_25 Fig. 6e) show that the
Si particles are evenly distributed on the surface of rGO. Hence, it
can be surmised that regardless of the reduction method, the size
of the rGO particles plays a pivotal role in controlling the assembly
of Si particles and rGO in the Si/rGO anode.

The internal morphology of the Si/rGO anodes with various rGO
particles was also investigated. As demonstrated in Figure S4, all of
the Si/rGO anodes exhibited sandwich structures where Si particles
were placed between the rGO sheets. Fig. 7 shows the correspond-
ing high-magnification cross-sectional SEM images. It is observed
that the anode with PrGO_25 in Fig. 7e) shows Si particles nicely
layered between the graphene sheets, showing the advantage of
having a layered appearance due to plasma reduction, while an-
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Fig. 4. a) Raman spectra, b) FTIR spectra, and c) XRD pattern of all the rGO particles used in this study.

odes with CrGO or TrGO particles and/or rGOs with small lateral
dimensions (Figs. 7a) - e) exhibit less prominent sandwich struc-
tures. The anode with PrGO_80 in Fig. 7(f) shows a morphology
similar to that of PrGO_25, although it does not provide precise
layering because of the very large size of the PrGO_80 graphene
sheets.

To test the effect of the different rGO particles on the elec-
trochemical performance of the Si/rGO hybrid anode, we first car-
ried out the cyclic voltammetry at the scan rate of 1 mV/s from
0.01 V to 1.5 V versus Li/Li*. Fig. 8(a) shows the CV results of
the six Si/rGO anodes for the 1st cycle. There is a small peak at
1.1 V, on the cathodic side, which is associated with the reduction
of the electrolyte and irreversible formation of the SEI layer [56].
For CrGO_7 shown in blue, we observe a prominent peak at 0.4 V,
which is not present in other rGO systems, which could be due
to the irreversible reaction on the carbon surface induced by the
oxygen functional groups present in CrGO_7 because carbonaceous
impurities play an important role in the electrochemical activity
of rGO [57,58]. An intense peak at 0.01 V is observed for all the
Si/rGO anodes, which is associated with the formation of Li-Si al-
loys. On the anodic side we observe 2 characteristic peaks at 0.3 V
and 0.52 V which are associated with the de-lithiation of the Li-
Si alloys. Interestingly, PrGO_80 and PrGO_25 (black lines) show a
much sharper peak at ~ 0.3 V which is not as sharp as that of the
other rGO systems used in this study. This could promote faster
kinetics for Li-ion de-insertion. The difference in the CV curves for

CrGO_7 and PrGO_80 highlight the influence of using a particular
rGO [59,60]. In the next cycle, the SEI peak disappears, as shown
in Fig. 8(b), and the current intensity increases owing to the previ-
ously unreacted silicon that takes part in the reactions. This corre-
sponds well with existing literature [61,62]. Fig. 8(c) shows a com-
parison of the 1st cycle capacity-voltage profiles of all the Si/rGO
anodes. It displays a flat plateau, typical for Si/rGO anodes, around
0.25 V for the de-lithiation curve which corresponds to the forma-
tion of amorphous phase of LixSi from crystalline Si representing
the alloying process [63]. Fig. 8(d) illustrates a comparison of the
initial reversible capacity and initial Coulombic efficiency (ICE) for
all six Si/rGO anodes. Anodes with TrGO_5 and PrGO_7 show the
highest capacity, based on the entire weight of the electrode in-
cluding the binder and rGO, of 1599.5 mAh/g and 1581.82 mAh/g
respectively, possibly because of their smaller size that helps in
better activation of Si, whereas TrGO_20 shows the least capacity
of 1483.09 mAh/g, probably due to its structural defects leading to
inactivated silicon, as can be observed in Fig. 7c). PrGO_80 shows
the highest ICE of 84%, which is much higher than the previously
reported ICE for Si/rGO system [64-67], because it has fewer de-
fects and fewer oxygen functional groups, as well as larger lateral
dimensions reducing the side reactions, whereas CrGO_7 shows
the least ICE because of the presence of oxygen functional groups,
as seen in Fig. 4b). This aligns well with the CV results shown
in Fig. 8(a). After one cycle at 0.1C, 0.2C and 0.3C each, we car-
ried out galvanostatic charging/discharging for 150 cycles at 0.3C,
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Fig. 6. Top view SEM images of Si/rGO electrode for a) CrGO_7, b) TrGO_5, ¢) TRGO_20, d) PrGO_7, e) PrGO_25, and f) PrGO_80.

and the results are plotted in Fig. 8e). Even though all Si/rGO an-
odes initially showed stable cycling behavior, CrGO_7 and PrGO_7
started to decline sharply after 50 to 70 cycles, whereas PrGO_25,
PrGO_80, and TrGO_5 showed a great retention of 69% even after
150 cycles. This could be attributed to the high sphericity of these
rGO particles, which helps mitigate the pulverization of the elec-

trode structure due to its uniform coverage of the silicon nanopar-
ticles and efficient packing, as shown in Fig. 1, whereas CrGO_7
and PrGO_7 have an irregular rGO shape and thus low sphericity
and high aspect ratio. Postmortem SEM analysis was carried out
after electrochemical cycling at 0.3C in Figure S6. We can see that
the morphology of TrGO_5, PrGO_25 and PrGO_80 is largely pre-
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Fig. 7. High Magnification Cross-section SEM images of Si/rGO electrode for a) CrGO_7, b) TRGO_5, c) TRGO_20, d) PRGO_7, e) PrGO_25, and f) PrGO_80.

served after 150 cycles at 0.3C charge/discharge whereas CrGO_7
and PrGO_7 displayed prominent cracking.

In all figures, blue, red, and black lines were used for CrGO,
TrGO, and PrGO, respectively, and thicker red and black lines were
used for TrGO and PrGO with larger particle sizes.

Because in this work, we are not using any conductive additives,
it is extremely important for the rGO to be conductive. The bulk
resistivity was measured via simple four-point probe tests, which
were carried out by electrospraying all six rGO solutions in wa-
ter, along with the dispersant, onto silicon wafers. Table 1 lists the
values of the bulk resistivities of the six rGO sheets, which is the
average of the values taken at five different points on the Si wafer.
Impressively, both PrGO_25 and PrGO_80 rGO exhibited one order
of magnitude lower resistivity than any other rGO system, further
validating our Raman and XPS findings, whereas TrGO_5 showed
the highest resistivity, possibly due to a combination of functional
groups and graphitic defects. Fig. 9(a) shows the electrochemical
impedance spectroscopy (EIS) for all six Si/rGO anodes before cy-
cling. All the Si/rGO electrodes show a semicircle corresponding
to the charge transfer resistance at the electrode-electrolyte inter-
face and a sloping line representing Warburg diffusion [67-69]. We
note that PrGO_25 showed the lowest overall charge transfer resis-
tance, whereas TrGO_5 showed the highest charge transfer resis-
tance, almost twice as much as PrGO_25, showing that the higher
electrical resistance of rGO translates to a higher charge transfer
resistance. It is worth mentioning that PrGO_80 also showed a rel-
atively low resistance. Fig. 9b) shows the rate capability perfor-
mance of all six Si/rGO anodes. At milder currents, such as 0.1C,
we see similar performance as seen in Fig. 8e), but at higher cur-
rents, especially at 2C, we can see that PrGO_25 and PrGO_80 com-
fortably outperform the rest of the rGO system delivering ~ 1000
mAh/g and 850, respectively, at 2C/2C rates. TrGO_5 showed the
worst performance at 2C/2C, which can be seen as a combination
of the large charge transfer resistance of TrGO_5 and the reduc-
tion of the ionic mobility of the Li ions at faster rates in a highly
compressed, wrinkled, graphenic structure of TrGO_5, as shown in
Fig. 2b). This exemplifies the importance of having highly conduc-
tive rGO sheets for Si anodes for fast-charging electrodes. We also
note that all Si/rGO electrodes can recover their original capac-
ity at 0.1 C, further highlighting the effectiveness of the conduc-
tive rGO. Thus far, it is evident that plasma-reduced graphene ox-

ide shows a much better rate capability compared to other rGO
systems. To elucidate the effect of the size of the lateral dimen-
sion of the graphene sheet on lithium-ion diffusion and the even-
tual rate capability, the rate capabilities of all three plasma rGO
particles were compared (Fig. 9c). We observe that there seems
to be an optimum size of the rGO flake for enhanced rate capa-
bility. PrGO_25 gave the best performance, whereas PrGO_7 was
the worst of the three. In order to understand the difference in
rate capability between PrGO_25 and PrGO_80, SEM and EDX of
the electrode structure were carried out as shown in Figure S5.
Figure S3 (a) and (b) show the top view and magnified image
of the electrode structure of Si/PrGO_25. We can see that there
is uniform coverage of Si, whereas in the corresponding images
for Si/PrGO_80 shown in Figure S3 c¢) and d) there are many ex-
posed Si clusters on the graphene sheet. This could be due to the
very large lateral dimensions of PrGO_80, which makes it diffi-
cult to disperse and form layered structures. The Si coverage was
further quantified by EDX, as shown in Figure S5. S5 a) and b)
show the EDX layered mapping of Si/PrGO_25 and the correspond-
ing map sum spectra images. This shows uniform carbon cover-
age. However, the corresponding EDX layered mapping and map
sum spectra for the Si/PrGO_80 electrode shown in Figure S5 c)
and d) clearly show a large amount of Si exposure, especially com-
pared to Si/PrGO_25. This lack of uniform coverage of Si in the
case of Si/PrGO_80 results in a lower rate capability compared
to Si/PrGO_25. Finally, Fig. 9(d) shows the cycling of Si/rGO at
1C/1C rates. The testing conditions were kept the same, that is,
1st cycle at 0.1C, 2nd at 0.2C, 3ed at 0.3C, and then 100 cycles
at 1C/1C rates. We observed peculiar behavior with PrGO_25. Ini-
tially, PrGO_25 starts off at a much higher capacity at 1C currents
but over cycles, it suffers a drop in its capacity, whereas the an-
odes with all the other rGO systems are stable. This could prob-
ably be due to the higher conductivity and superior Li-ion trans-
port of PrGO_25, which results in a higher capacity even at 1C,
yielding over 1000 mAh/g capacity after 100 cycles. Although its
initial capacity is lower than that of the anode with PrGO_25, the
anode with PrGO_80 retained its superior performance, delivering
a capacity of 865 mAh/g after 100 cycles, resulting in an excel-
lent retention of 93%. The rGO particles used in this study showed
much lower capacities than those of PrGO_25 and PrGO_80
at 1C.
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Fig. 8. a) CV curves for 1st cycle b) CV curves for 2nd cycle c) Initial capacity-voltage curve d) Combined plot of ICE, discharge Capacity e) cycle performance tested at 0.3C

for Si/rGO (CrGO_7, TrGO_5, TrGO_20, PrGO_7, PrGO_25, and PRGO_80) electrodes.

4. Conclusion

In summary, we have carried out a comprehensive study to
identify the contributions of rGO microsheets to the performance
of Si/rGO anodes by comparing the properties of six different rGO
particles and their hybrid anodes with Si particles. The quality of
a particular rGO is very much dependent on its reduction, and this
quality of rGO is further linked to the electrochemical behavior of
the widely used Si/rGO electrodes for Li-ion batteries. We found
that not only the quality but also the size and sphericity of the rGO
particles are important factors. Our results revealed that a smaller
size of rGO gave higher initial capacities; for example, TrGO_5 ex-
hibited a reversible capacity of 1600 mAh/g due to better activa-
tion of Si. We demonstrated that a higher ICE (84% for PrGO_80)

can be obtained by reducing the defects of rGO and removing the
oxygen functional groups. TrGO_5, PrGO_25, and PrGO_80 showed
excellent retention at 0.3C suggesting that a higher degree of
sphericity offers a more uniform control over Si volume expansion,
and thus prevents pulverization of the electrode structure. Further-
more, the importance of the electrical conductivity of rGO is high-
lighted by the excellent performance of PrGO_25 and PrGO_80 at
1C, giving a reversible capacity of ~ 1000 mAh/g and 865 mAh/g
after 100 cycles, respectively. Overall, plasma reduced graphene ox-
ide systems were found to give the best performance, and thus
the effect of the lateral dimension of the plasma-reduced graphene
oxide on the rate capability was studied. PrGO_25 was found to
be the optimum rGO in our study to satisfy all the requirements
expected for a Si/rGO electrode efficiently. The current study can
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Fig. 9. a) Nyquist Plots b) Rate capability (CrGO_7, TrGO_5, TrGO_20, PrGO_7, PrGO_25, PrGO_80) c) Rate Capability (PrGO_7, PrGO_25, PrGO_80) d) cycle performance tested

at 1C for Si/rGO electrodes.

open the door for tailored manufacturing rGO particles towards
specific applications and provide a guiding light towards selecting
the right kind of rGO for different assemblies of Si/rGO electrode
systems.
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