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Abstract

Graphene oxide (GO) was de-oxygenated using gallic acid under mild conditions to prepare
reduced graphene oxide (RGO). The resultant RGO showed a lithium-ion storage capacity of
1280 mA h g™ at a current density of 200 mA g™ after 350 cycles when used as an anode for
lithium ion batteries. The RGO was further used to stabilize silicon (Si) nanoparticles to
prepare silicon-graphene composite electrode materials. Experimental results showed that a
composite electrode prepared with a mass ratio of Si:GO = 1:2 exhibited the best lithium ion

storage performance.
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1. Introduction

Graphite, a conventional anode material for lithium-ion batteries (LIBs) has a
theoretical capacity of about 372 mA h g™, limiting the development of advanced LIBs for
emerging technologies, such as smart grids and electric vehicles. Graphene-based materials
have been shown to be a potential electrode for electrochemical energy storage [1]. In
particular, graphene as an anode for LIBs can store more lithium ions than graphite because
lithium ions can not only be stored on both sides of graphene sheets, but also on the edges

and the covalent sites [2].

The chemical method for producing graphene oxide (GO) from graphite is a feasible
approach to mass-produce reduced graphene oxide (RGO). The most commonly used
reductants are sodium borohydride and hydrazine [3-5]. Both chemicals are toxic and
difficult to handle. Zhao and co-workers [6] have demonstrated that urea is an effective
reducing agent in removing oxygen-containing groups from GO for restoring the conjugated
electronic structure of graphene. Other eco-friendly reducing agents, such as L-ascorbic acid
and green tea polyphenols, have also proved to be able to reduce GO [7-9]. Gallic acid (GA),
a natural organic acid with three adjacent hydroxyl groups located at its only benzene ring,
has recently been shown to possess a considerable ability to reduce GO [10]. It has been
observed that phenolic compounds including GA can function as a stabilizer to prevent RGO
sheets from aggregation [10-12]. In the present study, the electrochemical properties of GO
samples reduced by GA were investigated and compared with previously reported RGO-
based anode materials for LIBs. In addition, the GA-reduced GO was also used to stabilize
silicon nanoparticles (SiNPs) to prepare SI@RGO composite materials with different Si/GO

mass ratios and their lithium ion storage behaviour was evaluated.



2. Experimental Section
2.1 Material Synthesis

Preparation of RGO. GO was synthesized from natural graphite flake (Sigma
Aldrich, 325 mesh) using a modified Hummers method [13]. Deoxygenation was carried out
using the following protocol. Briefly, 13 mg GA was dissolved in 20 mL of a GO suspension
(2 mg mL™) under sonication. The suspension was transferred into a 20 mL capped vial and
placed into an oil bath at 95 °C and stirred for 12 h. The resulting black solids were collected
after decanting the upper liquid phase. The collected granules were then soaked in de-ionised
water for a week and lyophilized. After subsequent heat treatment in a quartz tube at 700 °C
for 2 h under a Hy/Ar (5/95, v/v) at a heating rate of 5 °C min™, a RGO sample was obtained.

Preparation of SI@QRGO composites. The as-prepared RGO was further utilized to
stabilize SINPs as  follows. SiNPs  were first modified by  using
poly(diallydimethylammonium chloride) (PDDA). Briefly, 120 mg of SiNPs (Nanostructured
& Amorphous Materials Inc., 40-100 nm) were added to 120 mL de-ionised water, followed
by adding 3 g of a 20 wt% PDDA (Sigma Aldrich, MW = 10000-20000) solution under
sonication in a water bath (KQ3200DE, 40 kHz). Excess PDDA was washed away using
copious amounts of de-ionised water. 20, 40 and 80 mgs of the PDDA-modified SiNPs were
individually added to 20 mL of the GO suspension (2 mg-mL™) and sonicated for an hour.
Later, GA (13 mg) was added to the above mixture and stirred at 95 °C in an oil bath 12 h.
Homogeneous yellow suspension turned black. Upon sedimentation for a short while, black
solids and colourless transparent liquid phase were observed indicating the formation of

SI@RGO composite.



2.2. Materials Characterization

Field-emission transmission electron microscope (FETEM) images were collected on
a Philips Tecnai F30 operated at 200 kV. Filed-emission scanning electron microscope
(FESEM) images were obtained from a JEOL 7001 operated at 5.0 kV. X-ray diffraction
(XRD) patterns were collected on a German Bruker D8 Advanced X-Ray Diffractometer
with Ni filtered Cu Ko radiation (40 kV, 30 mA). X-ray photoelectron spectra (XPS) were
collected on a Kratos Axis ULTRA X-ray photoelectron spectrometer using a monochromatic
Al Ka (1486.6 eV) X-ray source and a 165 mm hemispherical electron energy analyzer.
Raman spectra were collected on a Thermo-Fischer Almega dispersive Raman instrument.

The instrument was fitted with both 633 and 785 nm lasers.
2.3. Electrode preparation and electrochemical measurements

A slurry containing the active material (RGO or SI@RGO) with conductive carbon
black (super-P) and polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone
(NMP) in mass ratio of 80:10:10 was prepared and homogenised. The slurry was then coated
onto a Cu current collector, assembled into a CR2032 coin-type cells in an argon-filled glove
box. Pure lithium metal foil was used as both counter and reference electrode. The electrolyte
was 1 M LiPFs in ethylene carbonate/dimethyl carbonate (1:1, v/v). A Celgard 2400
microporous polypropylene membrane was used as the separator. Cyclic voltammetry (CV)
measurements were carried out on a CHI 660D electrochemical workstation at a scan rate of
0.1 mV s™. The discharge and charge measurements of the batteries were performed on a
Neware system in the fixed voltage window between 0.005 and 3.500 V for RGO anode,

between 0.02 and 1.20 V for SI@RGO composites at room temperature.



3. Results and Discussion

Figures 1A and 1B show the FESEM images of a RGO sample at different magnifications.
Crumpled graphene sheets with little aggregation of the sheets is seen, which could be
attributed to the stabilisation effect of GA. The Brunauer-Emmett-Teller (BET) surface area
and pore volume of RGO were measured to be 120 m* g™ and 0.50 cm® g™ respectively.
Figure 1C shows the XPS spectra of both GO and RGO samples. A drastic decrease in the
oxygen content after reduction can be seen. It was estimated that the atom percentage of
oxygen in the RGO sample was about 2.0%, significantly less than that in the GO sample
(31.1%). The high-resolution C1s XPS spectra of GO and RGO are shown in Figure 1D. The
C1s spectrum of GO was deconvoluted with five peak components with binding energies of
284.6, 285.1, 286.9 287.7 and 288.9 eV, corresponding to C=C (sp®), C-C (sp®), C-O
(hydroxyl and epoxy), C=0 (carbonyl), O—-C=0 (carboxyl), respectively [10, 11, 14].
Meanwhile, for the RGO sample, no obvious peaks belonging to oxygen containing groups
were observed, suggesting a fairly complete reduction of GO. Only one prominent C1s peak

was observed at 284.8 eV suggesting the sp? graphitic nature of the sample.

Figure 1E shows the XRD patterns of samples. For the GO sample, a wide diffraction
peak catered at 9.8° corresponding to an interlayer spacing of 0.901 nm can be seen. The
graphite sample displayed a sharp peak at 26.5° (corresponding to an interlayer spacing of
0.335 nm). The XRD results indicated the presence of functional groups and the disordered
layers after oxidization and exfoliation. After reduction, a new broad peak appeared at around
26.1° for RGO, corresponding to an interlayer spacing of 0.340 nm fairly close to that of
graphite. The new broad peak suggests the removal of oxygen containing functionalities and
the partially restoration of the conjugate sp® networks in the porous RGO network during the

reduction of GO [12, 15].
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Figure 1. (A-B) FESEM images of RGO under different magnifications; (C) Survey XPS
patterns of GO and RGO; (D) C1s XPS patterns of RGO and GO; (E) XRD patterns of RGO,

GO and graphite; (F) Raman spectra of RGO, GO, and graphite.

Figure 1F shows the Raman spectra of samples. The pristine graphite displayed a
prominent G peak (corresponding to sp® hybridizing carbon) at 1581 cm™*, as well as a very
small D peak (originating from disordered carbon) at 1338 cm™. The G band of sample GO
was broadened and shifted to 1598 cm™. The D band at 1342 cm ™ became more prominent,
indicating the reduction in size of the in-plane sp? domains with more defects resulting from
the extensive oxidation, thus generating a large number of oxygen-containing groups. While

6



the Raman spectrum of the RGO sample also contained both G and D bands, the peak
intensity ratio of the D band over the G band (Ip/lc=1.12) is higher than that of GO
(15/1c=0.993). This change in intensity ratio is due to the decrease in the dimension of sp?

domains during reduction and increased graphitization [14, 16].

Lithium ion storage properties of RGO. The electrochemical performance of the RGO
sample was evaluated using CV and charge/discharge techniques. For comparison, graphite
was also tested. The specific capacities of the two samples were calculated based on the mass
of RGO and graphite, respectively. Figure 2A shows the first three CV curves of the RGO
electrode at room temperature. The CV curve of the first cycle was different from those of the
subsequent cycles, especially for the cathodic curve. A strong peak at 0.7 V resulted from the
irreversible side reactions on the electrode surface due to the solid electrolyte interphase (SEI)
film formation. From the second cycle onwards, the CV curves almost overlapped, indicating

good reversibility of the RGO electrode.

The discharge-charge profiles of the RGO electrode in the first 3 cycles are shown in
Figure 2B. The RGO anode delivered a specific capacity of 1762 mA h g™ in the initial
discharging and a reversible capacity of 844 mA h g™ in the first charging. The irreversible
capacity can be associated with the formation of the SEI layer in the first cycle. From the
second cycle, the curves of RGO anode showed no distinguishable plateaus, which can be
attributed to the disordered RGO architecture [17]. It has been proposed that lithium ions can
be adsorbed on both sides of a graphene sheet arranged like a ‘house of cards’, leading to two
layers of lithium ions on graphene sheet, with a theoretical capacity of 744 mA h g™ through
the formation of Li,Cs. On the other hand, nano-cavities between RGO sheets due to

scrolling and crumpled nature could also contribute to the lithium storage [2].



The cycling performance of the RGO and graphite electrodes was examined at a
current density of 200 mA g™. As is seen from Figure 2C, the RGO electrode delivered a
reversible initial discharging capacity of 844 mA h g™ and its reversible capacity maintained
a stable rising trend from the 15" cycle. After 200 cycles, the reversible capacity showed a
rising trend overall but became more fluctuant. At the 350" cycle, the RGO electrode
delivered a reversible capacity of 1280 mA h g™, which is superior to that of graphite. The
possible reason for the fluctuant rising trend of its reversible capacity could be due to slow
activation of lithium insertion active sites (e.g., nano-cavities between RGO sheets and edge-
type sites) and surface wetting behaviour of the surface by the electrolyte during charging
and discharging processes. The stable SEI layer formed during the first cycle can also

prohibit further side reactions.

The rate capability of the RGO electrode at current densities ranging from 100 to
2000 mA g was studied. As shown in Figure 2D the electrode delivered reversible capacities
of about 900, 950, 500, 450, 400 mA h g™ at the current densities of 100, 200, 500, 1000 and
1500 mAg™, respectively. At 2000 mA g, the electrode delivered a capacity of over 350 mA
h g™*. After cycling at higher current densities, the electrode delivered even higher reversible
capacities when the current densities were lowered. It is believed that edge sites on the RGO
(as evidenced from the Raman spectrum in Figure 1F) are beneficial to the improved capacity
at high current rates and the porous structure is able to reduce diffusion length of lithium ions,
resulting in better rate capability and cycling performance. In addition, the strongly crumpled
and scrolled nature of the RGO sheets could also contribute to the structural buffering for the

volume expansion during the Li insertion/extraction.
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Figure 2. (A) Cyclic voltammetry curves for RGO; (B) galvanostatic discharge-charge
profiles of the first three cycles for RGO; (C) cycling performances of RGO and graphite at

the current rate of 200 mA-g™; (D) rate capability of RGO particles.

Table 1 compares the electrochemical performance of RGO materials prepared by
using different reducing methods. It can be seen that micron-sized RGO reduced by GA
delivered not only high reversible capacity but also exhibited long cycle life. It is worth
pointing out that the RGO prepared using GA as a reductant is among the few ecofriendly
chemical reducing methods to prepare RGO anode for lithium ion storage without doping or

adding extra additives.



Table 1. Electrochemical properties of RGO prepared with different reduction methods

Reducing method capal?:?t\;/ e(rrsri'ti\lﬁ.g_l) Cycle life retcé ﬁgzﬂ% %) C%:T:Zn;g" te
Thermal reduction™ 800 100 81.6 200
Thermal reduction™! 1053 130 - 186
Thermal reduction’®”! 760 35 - 100
Thermal reduction" ~634 300 - 1000
Thermal reduction!?? 576 50 - 50

e S
Microwave reduction®®” ~733 100 - 100
Microwave reduction'®! 1002 50 93 40

F;ZSL‘?SS:SS}' 755 50 ~60 100
Supercritical reductiont®”! 1331 100 - 50
Supercritical reduction® 652 40 - 50

Ascorbic reductiont™ 420 100 97 2000

EDA reduction!®! 346 60 - 350
Hydrazine reduction®” ~600 50 ~48 149
Hydrazine reduction®” 460 100 71 -

GA reduction (this work) 1280 350 - 200

Lithium ion storage properties of SI@QRGO composite anode. Silicon (Si) is a promising
anode material because of its large theoretical capacity for Li ion storage (Li»2Sis: 4200 mA h
g% LizsSis: 3579 mA h g™) [32]. However, the severe volume change of bulk Si leads to
rapid capacity fading due to pulverization during repetitive lithiation and delithiation

processes. In addition, the rate capability of Si is limited by its poor intrinsic electric
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conductivity [33, 34]. Two strategies are usually adopted for improving its electrochemical
performance. One is to shorten the electronic and ionic transport length by using nano-sized
Si particles. However, SiNPs trend to aggregate. The other strategy is to increase the electric
conductivity by using carbon materials, such as carbon nanotubes and graphene [2, 35].
Previous studies have shown that graphene can indeed improve the electrochemical
performance of SiNPs [36-39].

The FESEM images of a SI@RGO sample prepared using a mass ratio of Si/GO =1:1
are shown in Figures 3A and 3B. It is seen that SiNPs are well dispersed on the RGO sheets
without obvious aggregation. The crumpled RGO layers with a rough texture on the surface
were associated with the flexible and corrugated nature. Figures 3B and 3C clearly show that
SINP clusters were wrapped or encapsulated by the continuous corrugated RGO network.
The thickness of the SI@QRGO particles was about 1 pm (Figure 3C). Such a thin particle
morphology is favourable for electrolyte ions to go through, thus enhancing rate capacity.
SiNPs wrapped by thin RGO sheets were also seen from the high-resolution TEM image
(Figure 3D). The similar size of Si nanoparticles (~100 nm) before and after wrapping by
RGO sheets indicated that the Si particles did not aggregate during the sample preparation
process. The BET surface area and pore volume of Si@RGO were measured to be 95 m® g*
and 0.59 cm® g™ respectively. The formation of porous RGO network is of importance for the
electron transport and is also ideal for accommodating the volume change of the SiNPs
during electrochemical reactions. Figures 3E and 3F show the XRD patterns and Raman
spectra of SI@RGO, SiNPs and RGO, respectively. All the major XRD and Raman peaks of
SI@RGO are overlapped with those of the pristine SiNPs and RGO, indicating that the
silicon crystalline structure in the SI@QRGO composite are still retained after the freeze-

drying and thermal reduction treatment.
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Figure 3. (A and B) Top-view FESEM images of SI@QRGO under different magnifications
(The white arrows and red circles in Figure 2B show RGO wrapping layers and encapsulated
SiNPs, respectively.); (C) cross-sectional view FESEM image of SI@QRGO; (D) TEM image
of SI@RGO composite; (E) XRD patterns of SI@RGO, SiNPs and RGO; (F) Raman spectra

of SI@RGO, SiNPs and RGO.
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The electrochemical performance of the SI@RGO composites was studied using CV
and charge/discharge techniques. Three samples prepared with Si/GO mass ratios of 1:2, 1:1
and 2:1, respectively, were tested and the results shown in Figure 4. The specific capacity
was calculated based on the total mass of SIQRGO. CV curves of SIQRGO 1:2 in the
potential range of 0.02 — 1.20 V (versus Li*/Li) at a scan rate of 0.1 mV s™ is shown in Figure
4A. Similar to RGO anode, in the first cycle, a broad cathodic peak due to the formation of
SEI was observed at 0.69 V. The absence of the cathodic peak in the subsequent cycles
indicated a complete formation of a stable SEI layer in the first cycle. The anodic part
showed two peaks at 0.34 and 0.52 V, corresponding to the phase transition of Li-Si alloys to
amorphous Si, congruent with previous works [40, 41]. Figure 4B displays the discharge—
charge profiles of the SI@RGO 1:2 composite at a current density of 200 mA g in the
voltage window of 0.02 to 1.20 V vs. Li*/Li. The onset slope at about 0.7 V in the initial
discharging curve, which disappeared in the following cycles, corresponded to the SEI
formation. Besides, the main discharge plateau was around 0.2 V and charging plateau was
around 0.5 V. All these features were in good agreement with the CV curve. The initial
discharge/charge capacities were 898 and 1608 mA h g, respectively. As a result, the initial
Coulombic efficiency was about 55.8 %. The observed initial irreversible capacity of the
SI@RGO anode was attributed to the SEI formation and the existence of silicon dioxide on
the surface of the SiNPs, both of which consumed Li" ions [42, 43]. From the second cycle,
the Coulombic efficiency gradually increased and stabilized. The cycling performance of
samples SI@RGO 1:2, 1:1 and 2:1 at a current density 200 mA g for 100 cycles are shown
in Figure 4C. Overall, the reversible capacities of all the three samples followed a descending
trend. SI@RGO with mass ratio 1:2 delivered the most stable capacity throughout the 100
cycles, (1074 mA h g* at the 5™ cycle and 900 mA h g™ at the 100" cycle) with a capacity

retention of about 84%. For sample SI@QRGO 1:1, the highest reversible capacity was 1270
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mA h g™ observed at the 5" cycle. At the 40" cycle, it could still deliver a reversible capacity
of 1094 mA h g™ with a capacity retention of about 86 %. After that, fast capacity fading was
observed and the reversible capacity could only maintain 526 mAh-g™ at the 100" cycle with
a capacity retention of about 41 %. For sample SI@QRGO 2:1, the highest reversible capacity
was 1700 mAh-g™ observed at the 5™ cycle. At the 30" cycle, it delivered a reversible
capacity of 1477 mAh-g™ with a capacity retention of about 87 %. More severe capacity
fading was observed since then and the battery could only maintain a reversible capacity of

466 mAh-g™ at the 100" cycle with a capacity retention of about 27 %.
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Figure 4. (A) Cyclic voltammetry curves for SI@QRGO 1:2 composite; (B) Galvanostatic
discharge-charge profiles of the first three cycles; (C) cycling performances of SI@QRGO
composites with different Si/RGO mass ratios at a current density 200 mA g*; (D) rate

capabilities of SI@RGO composites with different Si/RGO mass ratios.
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The rate capabilities of samples SIQRGO 1:2, SI@RGO 1:1 and SI@RGO 2:1 with
current densities ranging from 100 to 2000 mA g are shown in Figure 4D. The SI@RGO 1:2
battery delivered a reversible capacity of about 800 and 650 mA h g™, when the current
density was increased to 1000 and 2000 mA g™, respectively. On the contrary, although
higher starting reversible capacities were seen for samples SI@QRGO 1:1 and 2:1 batteries,
they delivered only about 520 and 420, 450 and 270 mA g, respectively when the current
density was increased to 1000 and 2000 mA g™. Particularly, when the current density was
lowered to 100 mA g after cycling at higher densities, for sample SI@RGO 1:2 the
reversible capacity was about 900 mA h g™. In comparison with the highest capacity of 1019
mA h g? at the 6™ cycle, this electrode had a capacity retention of 88 %, indicating a good
stability of the electrode in a wide range of discharge/charge currents. For samples SIQRGO
1:1 and SI@RGO 2:1, the values were 1000/1313, 76 % and 1250/1779, 70 %, respectively.
It can be concluded that among the three prepared SI@QRGO composites, sample SI@QRGO
1:2 delivered both the most stable cycling performance and the best rate capability. Table 2
compares the capacity and cycling stability of electrode SI@RGO 1:2 with that of those Si-

graphene composite electrode materials reported in the literature.
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Table 2. Comparison of electrochemical properties of SIQRGO 1:2 with that of some Si-graphene

composite electrode materials reported in the literature

Reversible Cvele Capacity Current
Material/Remark capacity I)i/fe retention rate Reference
(mAh-g™) (%) (mA-g™)

Silicon-Reduced Graphene
Oxide/ electroless etching and >1000 50 — 1000 [44]
graphene self-encapsulating

Si-Graphene Nanocomposites/
magnesiothermic reduction,
freeze-drying, and thermal
reduction

746 160 - 1000 [45]

Si embedded porous carbon
graphene hybrid film/
alternatively stacked Si-porous
carbon layers and graphene layers

765 100 75 200 [46]

Si porous rGO composite/ steam
etching of Si rGO aerogel

1004 100 - 50 [47]

Si graphene nanocomposite/ low-
molecular weight polyacrylic acid 1000 100 80 500

-functionalized graphene oxide [48]
Graphene-encapsula_lted SiNP 617 50 B 800
Aerogel/ freeze-drying [49]
This work 900 100 84 200

Conclusions

In summary, RGO sheets prepared by reducing GO with gallic acid displayed a good
electrochemical performance when used as anode for LIBs with a reversible capacity of
around 1280 mA h g™ after 350 cycles at a current density of 200 mA g™ as well as a good
rate capability. The gallic-acid-reduced GO sheets were found to be a good support for Si
nanoparticles. A composite containing RGO and Si nanoparticles exhibited a capacity of 900
mA h g™ at the 100" cycle, a capacity retention of 84% with excellent rate capability. A good

coverage of Si nanoparticles by RGO sheets can not only buffer the volume changes of the Si
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nanoparticles during charge/discharge to prevent the particle from aggregation, but also

improve the overall ionic and electrical conductivities of the composite electrode.
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