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In this paper, the preparation and chemical-physical characterization of a composite material made of silicon
nanoparticles (nSi) and reduced graphene oxide (RGO) for using as an anode for lithium-ion batteries are report-
ed. The nSi/RGO composite was synthesized by microwave irradiation followed by a thermal treatment under
reducing atmosphere of a mixture of nSi and graphene oxide, and characterized by XRD, SEM, and TGA. The nano-

structured material was used to prepare an electrode, and its electrochemical performance was evaluated in a
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lithium cell by galvanostatic cycles at various charge rates. The electrode was then coupled with a LiFePO4
cathode to fabricate a full lithium-ion battery cell and the cell performance evaluated as a function of the
discharge rate and cycle number.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) represent one of the most important
mobile power sources for laptops, cameras, and smart phones. Howev-
er, the current energy density of LIBs is approaching its theoretical limit
[1], underscoring the urgent need for new high energy density battery
systems. To increase the energy density, new electrode materials char-
acterized by higher specific capacity or higher voltage should be devel-
oped. At present, the most promising electrode materials to enhance the
energy density of LIBs are silicon-based composites for the anode and
high voltage metal oxides for the cathode. Silicon is the most promising
candidate to replace conventional carbon-based anodes in LIBs, because
it offers a large practical capacity (up to 3600 mAh/g) [2], and an elec-
trochemical alloy/de-alloy reaction voltage of below 0.5 V (vs. Li/Li™)
[3]. However, its practical application has been hindered by the huge
volume change [4] (up to 300%) during the repeated charge/discharge
process. The volume variations cause particle pulverization and conse-
quently contact loss between the particles which has been believed to
be at the origin of the capacity fade that affects this material. A number
of strategies have been implemented to contain the volume change and
enhance or maintain the electric contact between silicon and the
conductive agent. Examples include silicon nanowires [5], silicon
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nanotubes [6], porous silicon [7], and Si dispersed in a carbon matrix
[8,9]. This last approach consists into preparing composites with nano-
Si particles/clusters dispersed uniformly in a carbonaceous matrix. The
matrix is able to buffer the large volume expansion and enhance Si con-
ductivity during cycling [ 10-13]. Different kinds of carbonaceous mate-
rials combined with nano-Si, such as graphite [9,14-15], pyrolyzed
carbon [16], mesoporous carbon [17], and carbon nanotubes [18] have
been investigated. Recently, it has been observed that graphene can be
advantageously used as an active/inactive matrix [19]. It has been stated
that nanosize silicon/graphene composite can accommodate the large
strains of lithium insertion and de-insertion and provide good electrical
contact owing to the good mechanical properties and high conductivity
provided by graphene. Starting from this work, a large number of papers
dealing with nanosize silicon/graphene composite have been published.
Graphene could serve not only as an inactive confining buffer to accom-
modate the large volume change of Si during LIB cycling, but also as a
highly conductive agent [20-33]. Despite the numerous reports on Si-
graphene anode materials, most of the data come from tests performed
on half cells and only few papers report on the behavior of full lithium-
ion cells [34-36]. To demonstrate the feasibility of the silicon-based
anode, Ji et al. [34] assembled a full lithium-ion cell composed of
graphene/Si multilayer structure as an anode and commercially avail-
able LiNi; 3Mn; 3C01/30, as a cathode. Initial results showed good elec-
trochemical performance comparable to that of commercially available
rechargeable LIBs. Ren et al. prepared a 3.6 V full-cell device by combin-
ing a Si-graphene anode with a Li-excess layer-structured composite
Li; 5Nig,Mng g0, cathode [35]. These full-cell studies did not report
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the active material ratio for the electrodes. The lower performance
might be due to the limited supply of cyclable lithium provided by the
positive electrode, an increase in resistance of components by additional
SEI formation, or dissolution of electrolyte and metals from the cathode.
To better understand the cause for the greater capacity fade in full cells
Eom et al. designed a full lithium-ion cell employing a nano-Si-
graphene composite anode with a NCA cathode and investigated its
electrochemical and microstructural behaviors during charge/discharge
cycling [36]. They showed that the principal problems related to the cy-
cling of a full lithium-ion cell with a Si-graphene anode are related to
the large initial irreversible capacity loss of the anode and to the contin-
uous SEI formation during cycling. In this work, we tested a nano-sili-
con/reduced graphene oxide (nSi/RGO) composite in a full lithium-ion
cell coupling this electrode with a LiFePO4-based cathode. To exploit
the reversible capacity of the nSi/RGO anode avoiding the very high ir-
reversible capacity loss needed for activation of the fresh electrode
and the loss of capacity observed in the following cycles, we first cycled
anSi/RGO anode in a lithium cell and then used the cycled electrode in a
full lithium-ion cell. For this purpose, the nSi/RGO was first electro-
chemical characterized in a lithium metal half-cell and then coupled
with a commercial LiFePO,4 cathode to fabricate a full lithium-ion bat-
tery cell. The so obtained cell was electrochemically characterized in
terms of capacity retention as a function of the discharge rate and
cycle number.

2. Experimental
2.1. Synthesis of nSi/RGO

The preparation of nSi/RGO is reported in a previous published work
[37]. Briefly, the commercial powder of graphene oxide (GO)
(Nanoinnova®) was dispersed in ethylene glycol by ultrasonication
for 2 hours. Low molecular weight polyacrylic acid (PAA, Mw = 2000)
was added in a GO:PAA ratio of 1:4 (w/w), and dispersed through
ultrasonication for 1 hour in order to allow GO functionalization by
PAA. Crystalline silicon nanoparticles prepared by laser-driven aerosol
synthesis from vapor phase (Alfa-Aesar) with an average particle size
less than 50 nm and a purity of 98% were used. The powder of Si nano-
particles was added to the GO in a molar ratio GO:Si of 5:1 and the sus-
pension was sonicated for additional 2 hours. The so obtained
suspension was subjected to a first reduction step by microwave
heating conducted for 20 minutes at 540 W. After the microwave
treatment the powder was vacuum filtered on a hydrophobic filter
(Fluoropore®), washed with ethanol and dried in an oven at 50 °C. A
second thermal reduction step was conducted by heating the powder
at 700 °C in 95:5 Ar/H, atmosphere for 8 hours.

2.2. Chemical-physical characterization of nSi/RGO

High magnification microphotographs were obtained by using an
AURIGA, CrossBeam Workstation dual column Focused lon Beam-
SEM. The structures of the materials were characterized by X-ray pow-
der diffraction analysis (Rigaku Miniflex) using Cu-Ko radiation. Ther-
mal stabilities were verified in nitrogen using a simultaneous TG-DTA
(Q600 SDT, TA Instruments) equipped with the Thermal Solution Soft-
ware (version 1.4). The temperature was calibrated using the nickel
Curie point as the reference. The mass was calibrated using ceramic
standards provided with the instrument. High purity aluminium oxide
was used as the reference material. Open platinum crucibles (cross-sec-
tion = 0.32 cm?) were used to contain the samples. The experiments
were performed on 10-12 mg samples that were stored, handled, and
weighed in a dry room. The thermal stability was investigated by
heating the samples from room temperature up to 750 °C at a rate of
10 °Cmin~ '. The onset temperature was calculated by thermal analysis
software (Universal Analysis version 2.5) as the intersection between

the extrapolated baseline weight and the tangent through the inflection
point of the weight vs. temperature curve.

2.3. Preparation of the composite anodes

0.106 g of the active material (nSi/RGO) and 0.040 g of carbon
(SuperP) were weighed and mixed in a mortar for 5 minutes 0.015 g
of the binder (Teflon PTFE 6C, DuPont) was weighed and added to the
mixture. The blend was intimately mixed to obtain a plastic-like
material. Composite electrode tapes were made by roll milling the
plastic-like material. The quantities of active material, binder, and car-
bon in the tape were 65 wt.% nSi/RGO, 10 wt.% Teflon, and 25 wt.%
SuperP. The specific weight of the tape was 4.6 mg/cm?, resulting in
an active material loading (nSi/RGO) of 3 mg/cm?.

2.4. Preparation of the composite cathode

1.5 g of lithium iron phosphate (Gelon lib Group, ShanDong, P.R.
China) and 0.25 g of carbon black (Super P, MMM Carbon) were
weighed and transferred to a mechanic mill (Mixer Mill MM200,
Retsch). The mixture was mixed by operating the device for a few mi-
nutes. 0.5 g of poly(vinyl acetate) (PVAc) with a solid mass fraction of
50% (Vinavil SpA via Valtellina, 63 - 20159 Milano - Italia) was diluted
with 5 ml of water. The solution of PVAc was added to the powder mix-
ture and the components were mixed by operating the mill for a few mi-
nutes. The so obtained suspension was used to paint a thin aluminum
sheet covering a surface area of 100 cm?. A brush with flat tip of approx-
imately 1 cm width was used to paint the current collector being careful
of depositing a uniform layer of suspension on the whole surface of the
electrode. After drying in air at 130-150 °C, the procedure was repeated
as many times as was necessary to use up the entire suspension. A
typical positive electrode composition was 75 wt.% LiFePOy4, 12.5 wt.%
PVAc, and 12.5 wt.% SuperP. The specific weight of the tape was
20.0 mg/cm?. Prior to the electrochemical characterization, the elec-
trode was dried by heating under vacuum at 110 °C.

2.5. Electrochemical characterization

For the electrochemical characterization, circular electrodes with a
diameter of 12 mm (surface area = 1.13 cm?, nSI/RGO amount estimat-
ed as ~3.4 mg) were punched from the anode tape. The electrochemical
properties of the electrodes were tested in a two-electrode lithium cell
in which lithium acted both as counter and reference electrode.
Lithium-ion batteries were assembled by sandwiching a glass fiber,
used as the separator, between the positive and the negative electrode.
The cycling performance and cycle life of the cells were evaluated in
2032-type coin cells. Coin cells were filled with a 1.0 M solution of
LiPFg dissolved in ethylene carbonate/diethyl carbonate (1:1). The cy-
cling tests were automatically carried out with a battery cycler (Maccor
4000). Material handling, composite cathode preparation, cell assembly,
test and storage were performed at 20 °C in a dry room (R.H. <0.1% at
20 °C).

3. Results and discussion
3.1. Chemical-physical characterization of the nSi/RGO

The nSi/RGO material is presented as a light brown-colored powder.
X-ray diffraction (XRD) measurements were employed to investigate
the phase and structure of the synthesized samples and Fig. 1 shows
the relative diffractogram. All the peaks belonging to crystalline silicon,
as reported in the Joint Committee on Powder Diffraction Standards
(JCPDS) No. 27-1402, are present in the diffractogram (marked as *).
In addition to the peaks belonging to silicon, other three peaks, located
at26 = 11.1°,18.1°,and 26.1° are visible in the diffractogram. As regards
the latter, broad peak centered at about 260 = 26.1°, it typically describes
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Fig. 1. XRD pattern of the material prepared by heating the precursor at 800 °C under
reducing atmosphere. The asterisked peaks are those belonging to crystalline silicon
(JCPDS no 27-1402).

the formation of an RGO structure [37,38], which tends to partially re-
stack during the high-temperature treatment (graphene nanosheets).
The peaks at 260 = 11.1° and 18.1° may be attributed to some residual
GO [39] and PAA-functionalized GO [37], suggesting that the final prod-
uct may contain minor impurities coming from incomplete reduction. It
should be emphasized that the reduction conditions were not opti-
mized and that the product purity could be improved by varying the
time and the reaction temperature. The silicon is present with a
diamond structure belonging to the space group Fd-3 m. The peaks
are broadened enough to confirm the presence of a structure with
nanometer-sized particles. The particle size was determined by apply-
ing the Scherrer's equation to the three main Si peaks located at 2
6 = 28.4°,47.3°, and 56.1°. The crystallite size ranges between 28.4
and 55.8 nm, as a function of the considered peak. We have also ob-
served that the crystallite size is not changed as a result of the synthesis
process.

The morphology of the material is investigated by scanning electron
microscopy. Fig. 2 shows a high magnification image of the nSi/RGO. It is
possible to distinguish two main morphological structures: the first is
a layered structure resulting from the aggregation of some few-
nanometer thick overlapped sheets, while the second is formed by
branched aggregates composed of spherical particles. Obviously, the
first structure can be related to the partly restacked RGO nanosheets,
while the second one is associated with aggregates of silicon. From the
image, we can see that many Si nanoparticles seem to simply aggregate
one to each other while others are efficiently wrapped by the RGO
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Fig. 2. Scanning electron micrographs of the nSi/RGO nanocomposite.

nanosheets, revealing that at least a portion of the active Si can poten-
tially benefit from the buffering action of RGO matrix. Most of the Si
nanoparticles have a diameter of around 50 nm while it is also possible
to observe particles with a greater diameter. In any case, the diameter of
the largest particles is less than 200 nm. Except for a single-crystal nano-
particle in which crystallite size and particle size are identical, the crys-
tallite size is generally lower than the particle size. This is due to the
presence of polycrystalline aggregates that increase the particle size.
On the other hand, as the crystallite size approaches the particle size,
we have single-crystal nanoparticles. In our case, the grain size of the
samples estimated from the SEM picture is larger than that obtained
from XRD data. This means that the SEM picture indicates the size of
polycrystalline particles formed by aggregation of several crystallites.

The thermal property of the nSi/RGO and the percentage of silicon
and carbon in the composite were evaluated by TG analysis, which
was performed in air atmosphere with a heating rate of 10 °C/min in
the range 20-750 °C. TGA measurement provides further proofs of the
reduction of graphene oxide by the thermal treatment. In fact, as
shown in Fig. 3, with the increasing of the temperature, the nSi/RGO
shows no weight variations up to 450 °C, confirming a good thermal sta-
bility due to the absence of labile oxygen functional groups on the RGO.
A small weight loss occurs between 420 °C and 550 °C, which can be
assigned to the oxidation of graphene present on the surface of the
nSi/RGO composite. After that, an abrupt weight loss occurs between
550 °C and 650 °C, which can be assigned to the oxidation of graphene
present on the bulk of the nSi/RGO composite. Correspondingly, the
DSC curve shows a strong exothermal peak centered at 630 °C. With fur-
ther heating, little weight loss occurs until 750 °C. The weight percent-
age of the final remainder was about 31.2 wt. %, revealing the contents
of Si in the composite. Since the process of thermal oxidation of the sil-
icon in the temperature range examined is very slow [40], in this deter-
mination was not taken into account the weight of any layer of silicon
oxide formed on the surface of the grains. By combining this result
with the electrode composition described in Par. 2.3, a Si loading in
the electrodes can be estimated as about 0.9 ~ 1 mg/cm?.

3.2. Electrochemical characterization of the nSi/RGO electrode

Fig. 4a shows the voltage profiles of some relevant initial cycles for
the nSi/RGO electrode, cycled galvanostatically with a current of
0.05 mA between 0.01 V and 2.5 V. The applied current corresponds to
specific currents, calculated with respect to the weights of nSi/RGO
and Si, of about 15 and 48 mA/g, respectively. The open circuit potential
(OCV) of the electrode is approximately 2.5 V vs. Li*/Li. Upon lithiation,
the voltage quickly decreases below 0.8 V. For further lithium insertion,
the voltage slowly declines allowing the insertion of a large amount of
lithium and evidencing a large plateau in a potential window approxi-
mately between 0.75 V and 0.4 V. After that, the potential decreases
with a higher slope until a new plateau, below 0.15V, is evidenced. In
charge, the cell voltage quickly increases to about 0.2 V. Lithium extrac-
tion is then revealed by two pronounced shoulders below 1.0 V, while a
monotonous sloping line describes further electrode charge up to 2.5 V.
The capacity associated with the first discharge is about 3.7 mAh, while
the one associated with the subsequent charge is about 1.1 mAh,
resulting in a very large first-cycle irreversible capacity loss (ICL) and
in a Coulombic efficiency of about 30% (Fig. 4b). After the first cycle,
quite reproducible profiles upon both discharge and charge are
evidenced. The discharge capacity progressively decreases from 1.68
to 1.35 mAh, while the charge capacity shows an opposite trend
increasing from 1.18 to 1.35 mAh, probably because of the progressive
‘activation’ (i.e. wetting by electrolyte) of larger portions of electrode
material upon cycling. As a consequence, after 6 cycles the capacities
in charge and discharge converge and the Coulombic efficiency
approaches unity.

There are two possible ways to explain the origin of the high capac-
ity loss observed during the first lithiation cycle. From a point of view,
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Fig. 3. Termogravimetry (solid line) and differential scanning calorimetry (dash line) for the nSi/RGO nanocomposite conducted from room temperature up to 750 °C at a rate of 10 °C/min

under air.

the irreversible capacity could be attributed to a decomposition process
involving molecules of the solvent and the electrolyte in contact with
the surface of the RGO. On the other hand, it is also possible that lithium
is inserted into silicon during the first discharge but then lithium is
made unavailable in the next charge cycle. This can be due to the fact
that silicon loses his connection with the conductive substrate or be-
cause the lithium segregates inside the silicon particle. The very large
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first-cycle ICL, and the reversible charge/discharge behavior of the elec-
trode, can be explained by analyzing the calculated dQ/dE vs. V differen-
tial profiles shown in Fig. 4c. The differential profile of the first discharge
shows a large amount of capacity exchanged by irreversible processes in
the voltage range 0.8-0.2 V. This can be mainly ascribed to the forma-
tion of a solid electrolyte interphase (SEI) between the electrolyte and
the active material, taking place preferentially at the surface of RGO
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Fig. 4. (a) Voltage profiles for a cell containing the nSi/RGO and cycled at 0.05 mA. (b) Capacity in charge and discharge (left axis) and efficiency (right axis) for the previous described cell.
(c) Differential dQ/dE vs. E profiles corresponding to the voltage profiles shown in panel (a).
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nanosheets. This is the main reason for the very large ICL, which is com-
monly [37,41-43] evidenced for composite materials where an amor-
phous carbon matrix is the main component of the active material, as
is the case for the nSi/RGO composite under investigation. Also silicon
powder without any modification shows a high first discharge capacity
but it also has the highest ICL. The large ICL s probably caused by SEI for-
mation during the first lithiation due to higher crystallinity. Ball milled
silicon shows a lower first discharge capacity, and lower ICL. This is
most probably due to the fact that ball milled Si powders have more ox-
idized surfaces which act as a buffer of poor conductivity [44]. The large
ICL exhibited by nSi/RGO can be ascribed both to the high surface of sil-
icon nanoparticles and the absence of a surface passivation layer, prob-
ably removed during the high-temperature reduction step. The large
exposed surface in the absence of a protective surface film gives rise
to a great reactivity which results in a large ICL. Further irreversible ca-
pacity can be ascribed to Li storage at the surface, cavities and defects of
the disordered carbon [45,46].

Below 0.15V, a high and relatively broad peak shows up (A), corre-
sponding to the sloping plateau in Fig. 4a at the same potential values.
This feature can be associated with Li intercalation into the partly
restacked RGO matrix and, mainly, to the first Si lithiation by Li. The lat-
ter process involves transformation of the pristine crystalline Si struc-
ture into amorphous Li,Si alloys, with an expected final stoichiometry
of Liy5Si4 [35-47]. In the subsequent charge, and in the following cycles,
two couples of reversible peaks are observed: (B), (C) at0.3 Vand 0.5V
during charge, and (D), (E) at 0.25V and 0.05 V during discharge. These
features can be respectively ascribed to reversible processes of Li-Si
dealloying and alloying, respectively, occurring through formation of
amorphous Li,Si phases [13]. However, some low-potential irreversible
features, related to Li-C storage and SEI formation, may still be observed
during the discharges, evidencing that several cycles are needed to com-
plete the irreversible processes.

The observed charge-discharge behavior is consistent with the one
observed in Ref. [38], where the electrochemical response of a nSi/
RGO active material prepared in similar conditions (but with different
electrode and electrolyte formulations) had been analyzed. However,
voltage values of the observed features are slightly shifted to lower
values during discharge and to higher values during charge, probably
related to the higher loading of the electrodes (4.6 vs. 1 mg/cm?) that
here induces higher cell polarization. For the same reason, the very
low-potential peak usually associated with the formation of the crystal-
line Li;5Si4 end-member [47] is not observed in the present case. The re-
duction of the cell performance due to the increase of the electrode load
must be taken into consideration when designing electrochemical cells
based on silicon anode in order to fully exploit the properties of this ma-
terial. As regards the reversible capacity, it can be estimated from the
values obtained during the charge steps (corresponding to Li release
from the electrode), where there is no bias from irreversible processes.
Upon electrode activation, the specific capacity values obtained during
electrode charge progressively raise from 1040 mAh/g at first cycle to
1285 mAh/g at sixth cycle (normalized to the content of active Si). As
noted earlier, charge and discharge capacities converge to the same
value at sixth cycle, revealing that irreversible processes are no longer
occurring. The low value of the specific capacity exhibited by silicon
also argues in favor of the thesis that part of the irreversible capacity ex-
hibited during the first discharge cycle can be related to lithium inserted
into the silicon and which had become unavailable for subsequent cy-
cles due to electric detachment of the silicon particles from the conduc-
tive RGO substrate.

To evaluate the effect of the charge current on the cell capacity, the
cell was galvanostatically cycled at various currents equal to 0.15, 0.3,
0.75, 1.50, 3.00, and 7.50 mA (corresponding to a specific current
range from approx. 170-7100 mA/g, normalized to the weight of Si).
To ensure the same initial conditions, the cell was always discharged
with a constant current of 0.15 mA. Considering the total capacity ex-
hibited by the electrode in the last charge cycle (equal to 1.35 mAh), it

follows that the currents used to charge the electrode correspond to
the rates of C/9, C/4.5 C/1.8, 1.1C, 2.2C, and 5.5C. The results of the test
are shown in Fig. 5a and b. By increasing the charge current, the capacity
decreases and the cell polarization increases. This trend is different from
that observed in Ref. [40], where the capacity increased upon increase of
the charge/discharge rate. This difference can be explained, once again,
with the different loadings of the electrodes. In Ref. [40], the low elec-
trode loading (about 1 mg/cm?), together with the optimized elec-
trode/electrolyte interface obtained by tailored formulations of the
two systems, allowed a full utilization of the active material at every
charge/discharge rate, so that the capacity and the efficiency were lim-
ited only by the mechanical stresses induced by the formation of the
crystalline Li;5Si4 end-member of the lithiation, more pronounced at
low rates and negligible at higher rates. In the present case, the higher
electrode loading (about 4.5 x) induces an electrode polarization that
results into the main limitation to active material utilization, and be-
comes more relevant as the current is increased. To establish the dis-
charge performance of the nSi/RGO electrode at different current
densities, the Peukert dependence is measured. The Peukert law is pre-
sented by Eq. (1) [48]:

Cr = Taislais" (1)

where C; represents the rated discharge capacity in mAh; and Tg; and
I4is are the discharge time and discharge current expressed in h and
mA, respectively. The parameter k is the Peukert constant. The Peukert
constant provides an indication of the power capability of the cell: the
smaller the value of k, the higher the power capability. This parameter
is strongly dependent on the battery technology: for lithium-ion tech-
nology, this parameter changes between 1.00 and 1.28 [49]. The effec-
tive capacity, Ce, is the product of the discharge time and discharge
current. By rearranging Eq. (1), we can obtain Eq. (2) in which the effec-
tive capacity, C,, is related to the rated discharge capacity C,, Peukert
constant k, and discharge current I;s:

Ce = Taislais = Crlais' " (2)

To evaluate the Peukert constant k, the specific discharge capacity is
plotted as a function of the specific current in a double logarithmic plot
as shown in Fig. 5b. From the slope of the curve, a Peukert constant k of
1.56 is calculated. The specific capacity extrapolated to zero current is
about 3794 mAh/g if normalized to the Si content, and about
1286 mAh/g if normalized to the overall nSi/RGO composite active ma-
terial, the latter value being quite close to the experimental charge/dis-
charge capacity obtained in Ref. [40] with optimized electrode and
electrolyte formulation.

3.3. Electrochemical characterization of the lithium-ion battery cell

The lithium cell containing the nSi/RGO-based electrode was opened
and the electrode extracted. The electrode was used as an anode in a
lithium-ion battery cell using a LiFePO4-based electrode as a cathode.
This strategy allowed to exploit the reversible capacity of the nSi/RGO
anode avoiding the very high irreversible capacity loss needed for acti-
vation of the fresh electrode (see Par. 3.3). Despite commercial cells are
generally limited by the cathode, in this experiment, we decided to pre-
pare an anode limited cell for the exclusive purpose of obtaining infor-
mation regarding the negative electrode. The cell was cycled at
constant current of 0.08 mA (current density about 0.070 mA/cm?) in
charge and discharge. The charge was interrupted when 0.80 mAh of ca-
pacity was accumulated into the electrode. The discharge was
interrupted when the cell voltage dropped off to 2.0 V. Fig. 6a shows
the voltage profiles as a function of the specific capacity (based on the
weight of nSi/RGO in the anode) for the above described cell. Fig. 6b re-
ports the specific capacity, in charge and discharge. In the same figure,
the Coulombic efficiency, defined as the ratio between the discharged
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Fig. 5. (a) Voltage profiles as a function of the capacity for an electrode based on nSi/RGO evaluated at various charge currents. The charge currents are equal to 0.15, 0.3, 0.75, 1.50, 3.00, and
7.50 mA. The cell was discharged with a constant current of 0.15 mA. (b) Double logarithm plot showing the specific capacity as a function of the specific current.

capacity and the charge accumulated in the previous cycle, is also
shown. The cell in the initial state has a voltage of about 1.8 V. During
all the cycles the cell has charged for 10 hours accumulating the full
allowed capacity (equal to 230 mAh/g). In the first discharge cycle,
only the 50% of the charged capacity is released, probably due to a
side reaction that consumes great part of the charged capacity. In subse-
quent cycles, the released capacity slowly tends to increase and, at the
end of the test, the discharge capacity is increased up to 200 mAh/g. Un-
fortunately, the side reaction is not completely eliminated in the follow-
ing cycles because the efficiency is always low and settles on 85%. The
average discharge voltage was about 2.78 V. To evaluate the effect of
the discharge current on the cell capacity, the lithium-ion cell was
galvanostatically cycled at various discharge currents equal to 0.075,
0.150, 0.75, 1.5, 2.25, and 3.75 mA (current density values in the range
0.066-3.75 mA/ cm?). The cell was always charged with a constant cur-
rent of 0.075 mA, to ensure the same initial conditions. Considering the
total capacity exhibited by the electrode active material in the last dis-
charge cycle (equal to 0.68 mAh), it follows that the currents used to
discharge the electrode correspond to the rates of C/9, C/4.5, 1.1C,
2.2C, 3.3C, and 5.5C. Fig. 7a shows the voltage profiles as a function of
the specific capacity for a LiFePO4/nSi-RGO lithium-ion battery cell cy-
cled at the various discharge currents. When discharged at the lowest
discharge current, the cell shows a high voltage plateau that extends
for less than 0.2 mAh. Then the voltage monotonically decreases to
reach the end discharge condition providing about 750 mAh/g. By in-
creasing the discharge rate, the high voltage plateau, the capacity, and
the average discharge voltage sharply decrease due to a severe polariza-
tion affecting the cell. By doubling the discharge current, a halving of the
capacity is recorded. To evaluate the variation of the specific capacity at
the various discharge rates, in Fig. 7b, the specific capacity values are

3.8
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reported as a function of the specific current in a double logarithmic
graph. Also in this case, a linear behavior is observed. The specific capac-
ity extrapolated to zero current is about 3940 mAh/g while the value of
the Peukert constant k is equal to 1.60. The similarity between these
values and those found for the lithium cell shown in Fig. 5b allows to
conclude that the battery performances are limited by the nSi/RGO-
based electrode, namely, by the high polarization due to its thickness
rather than by possible mechanical instability induced by Li;sSig
lithiation end-member, which formation is here prevented by the cell
polarization.

4. Conclusions

The chemical-physical and electrochemical characterization of the
nSi/RGO composite allowed to assess the characteristics of the material
and its electrochemical behavior when used as an electrode in a lithium
cell. It was found that the heat treatment under reducing atmosphere
was effective in transforming the graphene oxide into graphene sheets.
In agreement with the X-ray diffraction and scanning electron micros-
copy, it is possible to conclude that during this treatment, there has
been a partial restacking of graphene sheets. The heat treatment did
not affect the silicon that preserved a nanoscale morphology. The scan-
ning electron micrograph revealed that, despite that Si nanoparticles
and graphene nanosheets have undergone to a great mixing, the two
phases are still easily distinguishable.

The thermal analysis allowed to estimate the amount of silicon pres-
ent in the composite. The electrochemical characterization of the nSi/
RGO composite performed in a lithium cell, carried out at low current,
showed that the material presents a high first cycle irreversible capacity.
In agreement with previous works, the irreversible capacity was
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Fig. 6. (a) Voltage profiles as a function of the capacity for a LiFePO,/nSi-RGO lithium-ion battery cell cycled at 0.08 mA. (b) Cell capacity as a function of the cycle number. Coulombic

efficiency is also reported.
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Fig. 7. (a) Voltage profiles as a function of the capacity for a LiFePO4/nSi-RGO lithium-ion battery cell cycled at various discharge currents. The discharge currents are equal to 0.075, 0.150,
0.75, 1.5, 2.25, and 3.75 mA. The cell was charged with a constant current of 0.075 mA. (b) Double logarithm plot showing the specific capacity as a function of the specific current.

attributed to the formation of a passivation layer on the electrode sur-
face or capture of lithium ions in cavities and defects present into the
disordered carbon matrix. This irreversible reaction does not end at
the first cycle as it continues even in the following cycles and it seems
to be completed only after about six charge and discharge cycles. The
electrode behavior is very sensitive to variations in current, and its ca-
pacity decreases, while the average charge voltage increases, with the
increase of the charging current. The Peukert constant k was calculated
to be 1.56. The electrode was used as an anode to assemble a full
lithium-ion battery cell, by coupling the nSi/RGO electrode with a
LiFePO4-based cathode. Upon charge, the battery was capable of storing
230 mAh/g of capacity. In the first discharge, the battery released only
50% of the charged capacity. In subsequent cycles, the discharge capacity
slowly increases. Nevertheless, the side reaction affecting the cell is not
completely eliminated and the Coulombic efficiency at the last cycle
was no higher than 0.85. When cycled at low discharge rate, the battery
presents an average discharge voltage around 2.78 V and an anode ac-
tive material specific capacity of about 750 mAh/g. By increasing the dis-
charge rate, the capacity and the average discharge voltage sharply
decrease. It was found that the doubling the discharge current deter-
mines a halving of capacity. The Peukert constant k was calculated to
be 1.60. The similarity between the values of the Peukert constant al-
lows to conclude that the performances of the battery are limited by
the polarization of the ‘thick’ nSi/RGO-based anode.
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