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Abstract Silicon, an attractive candidate for highenergy lithium-ion batteries (LIBs), displays an alloying
mechanism with lithium and presents several unique
characteristics which make it an interesting scientific
topic and also a technological challenge. In situ local
probe measurements have been recently developed to
understand the lithiation process and propose an effective remedy to the failure mechanisms. One of the most
specific techniques, which is able to follow the phase
changes in poorly crystallized electrode materials,
makes use of Raman spectroscopy within the battery,
i.e., in operando mode. Such an approach has been
successful but is still limited by the rather signal-tonoise ratio of the spectroscopy. Herein, the operando
Raman signal from the silicon anodes is enhanced by
plasmonic nanoparticles following the known surfaceenhanced Raman spectroscopy (SERS). Coinage metals
(Ag and Au) display a surface plasmon resonance in the
visible and allow the SERS effect to take place. We have
found that the as-prepared materials reach high specific
capacities over 1000 mAh/g with stability over more
than 1000 cycles at 1C rate and can be suitable to
perform as anodes in LIB. Moreover, the incorporation
of coinage metals enables SERS to take place specifically on the surface of silicon. Consequently, by using a
specially designed Raman cell, it is possible to follow
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Introduction
Silicon is a very attractive candidate for use as an anode
material in lithium-ion batteries (LIBs) due to its natural
abundance (Rochow et al. 1973) and high theoretical
capacity of 3600 mAh/g (Okamoto 1990). Despite extensive research (Shi et al. 2016; Teki et al. 2009; Jiao
et al. 2016), the commercialization of silicon is still
difficult due to its large volume expansion on lithium
insertion during battery cycling. The formation of an
unstable solid electrolyte interface (SEI) on the silicon
surface is an additional obstacle that prevents the mass
production of lithium silicon batteries. The SEI layer is
formed due to the continuous degradation of the electrolyte during battery cycling, which initially shields the
electrode active material from solvent decomposition at
highly negative voltages (Chan et al. 2009; Zheng et al.
2005). However, as the SEI layer thickens, capacity
fading is observed (Oumellal et al. 2011). Deep understanding of the processes that lead to silicon-based Liion battery failure must be obtained in order to solve the
capacity fading and other problems related to the silicon
anode material (Bruce et al. 2008). To address these
issues, many techniques have been previously used:
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nanostructuring, porous structures, nanocomposites,
coating of Si-active materials with conductive materials,
and many more (Bok et al. 2014).
However, no solutions have yet been found, and much
research is still needed. By applying in situ characterization
techniques, battery electrode materials can be monitored.
Furthermore, a better understanding of the metastable
states, side reactions between the electrolyte and the electrode, effects of continuous cycling of the battery, and rapid
charging and discharging can be obtained. Until now,
several in situ strategies such as real-time NMR investigations (Key et al. 2009), operando electron magnetic measurements (Gershinsky et al. 2014), and in situ Raman
spectroscopy have been introduced (Yang et al. 2015; Hy
et al. 2014; Nanda et al. 2009). Raman spectroscopy is a
powerful, nondestructive, highly specific optical tool that
can specify the identity of a single molecule. Despite its
obvious assets, Raman spectroscopy suffers from several
limitations, such as sample heating due to intense laser
radiation and a very weak output spectrum. To address this
problem, surface-enhanced Raman scattering can be
employed. When a sample is placed near a roughened
noble metal surface (such as Ag, Au or Cu), the Raman
scattering signal can be greatly enhanced due to the localized surface plasmon resonance (LSPR) phenomenon
(Gabudean et al. 2011; Guillot et al. 2010; Hossain et al.
2009; Tan et al. 2013). SERS is a powerful spectroscopic
technique that can increase the Raman signal by an order
of 1010 (Sharma et al. 2012; Stiles et al. 2008). SERS is
surface-selective and highly sensitive, thereby broadening
the scope of Raman scattering to include a wide variety of
systems, such as the in situ analysis of electrochemical,
catalytic, biological, and organic structures (Yang et al.
2015; Han et al. 2016; Qiu et al. 2016; Ma et al. 2016).
In the current research, noble-metal-decorated silicon
nanoparticles are synthesized by a galvanic replacement
reaction (GRR). Si/Au and Si/Ag display enhancement of
the Raman spectrum, due to the SERS effect. Si, Si/Au,
and Si/Ag show high capacity retention in a binder-free
anode vs. lithium. In the manuscript, we report operando
Raman spectroscopy of anode materials during the
discharge-charge cycle.

Experimental section
Silicon powder, crystalline, APS ~ 100 nm (99%, Alfa
Aesar), silver nitrate (AgNO 3, 99.9% Ag, Strem
Chemicals), hydrogen tetrachloroaurate (III) hydrate
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(HAuCl4) (Strem Chemicals), and hydrofluoric acid
(HF, Fluka) are used as received.
Synthesis of Ag-Si composite One gram of silicon
nanopowder is dispersed by magnetic stirring in 10 ml
of ethanol. 1.93 mmol of silver nitrate (AgNO3) is
dissolved in 13.5 ml of ethanol and 1.5 ml of
hydrofluoric acid (HF) is added under stirring. Then,
the as-prepared silver nitrate (AgNO3) solution is slowly
added to the silicon dispersion. The mixture is stirred for
3 min and centrifuged (4000 rpm for 5 min) to collect a
dark brown precipitant. The product is redispersed in
ethanol with a vortex and the dispersion is centrifuged at
4000 rpm for 5 min to separate the dark brown solid
product. The procedure is repeated twice and the product is finally dried under vacuum for 8 h at 150 °C to
obtain silver-decorated silicon composite.
Synthesis of gold (Au)-silicon composite One gram of
silicon nanopowder is dispersed by magnetic stirring in
10 ml of ethanol. 0.94 mmol of HAuCl4 is dissolved in
13.5 ml of ethanol and 1.5 ml of HF is added under
stirring. Then, the as prepared HAuCl4 solution is slowly added to the silicon dispersion. The mixture is stirred
for 3 min and centrifuged (4000 rpm for 5 min) to collect
a dark brown precipitant. The product is redispersed in
ethanol with a vortex and the dispersion is centrifuged at
4000 rpm for 5 min to separate the dark brown solid
product. The procedure is repeated twice and the product is finally dried under vacuum for 8 h at 150 °C to
obtain a gold-decorated silicon composite.
Characterization The structure of silicon NPs is investigated by transmission electron microscopy on a FEI
Tecnai-12 operated at 120 kV or a JEOL JEM-1400
(LaB6) at 120 kV. The sample is prepared by dropcasting a sonicated dispersion in ethanol on a copper
grid. Raman spectra of the samples are collected on a
Jobin-Yvon Horiba Raman spectrometer equipped with
Olympus U-5RE-2 microscope (×100 lens) and the
Raman spectrometer uses a green laser source (532 nm).
Electrodes of nanocomposites All the work has been
achieved in an Ar-filled glovebox. The dry composite
powder has been laminated onto a roughened copper
foil (Oxygenfree, SE-Cu58, Schlenk Metallfolien
GmbH & Co. KG). The powder has been equally spread
on the surface and adhesion to the current collector has
been enhanced by applying a manual pressure with a
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Kimwipes paper. The loading of the active material has
been 30 μg. For the electrochemical half-cell studies of
the composite, we have used an electrode with surface
area of 1 cm2.
Coin cells Anodes are tested in coin-type cells (2523,
NRC, Canada) vs. lithium metal (Chemetall Foote Corporation, USA). Electrolyte solution is a mixture of
fluoro-ethylene carbonate (FEC, Aldrich, < 20 ppm water) and dimethyl carbonate (DMC, Aldrich, < 20 ppm
water) (1:4 ratio) with 1 mol L−1 LiPF6 (Aldrich). The
cells are assembled in an argon-filled glove box, with a
purifying system (MBraun GmbH, Germany), oxygen,
and water contents below 1 ppm. Coin cells are cycled at
30 °C using BT2000 battery cycler (Arbin Instruments,
USA) (three cycles at C/10, therefore C rate: all capacity
in 1 h). Cyclic voltammetry is measured with Bio-Logic,
multi-channel potentiostat at 1 mV/s between 0.8 and
0.01 V vs. Li+/Li. The active mass of silicon anodes is
measured by dissolving the Si and dosing with ICP-AES
three times.
Operando Raman cell A standard coin cell is assembled
according to Scheme 1. In a typical set up, a 1-mm
diameter window is manufactured in the spacer, separator, and the anode part of the battery. Fifty microliters of
electrolyte is added and a cover glass (1 × 1 cm) is glued
on top of the window in order to seal the cell.

Results and discussion
Synthesis and characterization
The synthesis of two samples of noble-metal-decorated
silicon nanoparticles (Si/Au, Si/Ag) is achieved by HFassisted galvanic displacement, the experimental
Glass
window

Laser
Lithium

Separator
Electrode

Baery
assembly

Spacer

Scheme 1 Li-ion battery set up for operando Raman

procedure described in the experimental section. Electroless deposition is an effective way to generate metalcoated silicon (Si) nanoparticles, via a GRR occurring
between metal cations and silicon in the presence of
fluoride (Sayed et al. 2009). Furthermore, this technique
can be used for the synthesis of various silicon nanostructures (nanowires and porous nanoparticles) (Chai
et al. 2008; Hochbaum et al. 2009; Huang et al. 2010,
2011). Both samples Si/Au and Si/Ag are obtained by
the GRR route. By controlling the time of the reaction
and the reactant concentration, it is possible to fabricate
noble-metal-decorated Si nanoparticles quantitatively.
Typically, there are two reactions that take place simultaneously during the electroless deposition, given by
Agþ þ e− →Ag;

ð1aÞ

Au3þ þ 3e− →Au;

ð1bÞ

Si þ 6F − →½SiF 6 2− þ 4e−

ð2Þ

In this procedure, silicon donates electrons to reduce
the Ag+ (or Au3+) ions to Ag0 (or Au0) and continuous
galvanic displacement occurs on the silicon surface.
This results in the formation of a large density of local
nano-electrochemical cells on the Si surface, leading to
metallic Ag (or Au) deposits. However, to prevent the
formation of porous silicon nanoparticles, the etching
step is rapidly terminated. Ag or Au nanoparticles are
spread on the silicon nanoparticle surface. Figure 1 presents the TEM images of the Si/Ag (a) and Si/Au (b)
nanoparticles. The electron diffraction patterns exhibit a
typical morphology of the cubic crystal structure of
silicon (Fd-3m, a = 5.4309 Å, JPCDS 27-1402). The
presence of metallic nanoparticles of Ag or Au can be
clearly seen on the surface of the silicon nanoparticles.
There is no evidence of etching, and the silicon nanoparticles preserve their structure. In addition, electron
diffraction patterns confirm the formation of Ag and Au
nanoparticles which crystallize within the space group
Fm-3m (face centered cubic). The relative loading of Ag
and Au nanoparticles on Si surface is measured by EDS
spectrum in scanning electron microscope. The Ag/Si
and Au/Si atomic ratio reaches the value of 1:15 and
1:30, respectively.
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Fig. 1 Transmission electron microscopy (TEM) images and corresponding selected area electron diffraction (SAED) of the Si/Ag (a) and
Si/Au (b) nanoparticles

The XRD is collected from Si/Ag, Si/Au, and pristine
silicon (Fig. 2). The reflections, which can be attributed
to Au (ICCD#00-004-0784) and Ag (ICCD#01-0870597), are present with the Si reflections (ICCD#00027-1402). It is clearly seen that the synthesis conditions, involving HF, have not damaged the crystals
structure of Si.
Ex situ electrochemical characterization of Si/Ag and Si/
Au composites
To analyze the electrochemical activity of the Si/Au and
Si/Ag nanoparticles, the materials are tested as anodes in
Li-ion half-cells vs. Li metal. Cyclic voltammetry measurements of the Si/Ag and Si/Au nanoparticles are
presented in Figs. 3a and 4a. The measurements are

Fig. 2 X-ray diffraction (XRD) patterns of Si/Au, Si/Ag, and
pristine Si powder

carried out at three scanning rates: the first 10 cycles at
1 mV/s, the next 10 cycles at 5 mV/s, and the last 10
cycles at 1 mV/s. The typical cyclic voltammograms for
silicon undergoing lithiation and delithiation are presented. Two lithiation plateaus at 0.02 and 0.16 V vs.
Li during discharge and delithiation at 0.3 and 0.53 V
vs. lithium during charge can be observed (Figs. 3a and
4a), corresponding to the two main phases of the Li×Si
alloys (Wilson et al. 1997).
The processes are completely reversible. Galvanostatic
measurements of the Si/Ag and Si/Au nanoparticles are
presented in Figs. 3b and 4b, revealing the cycleability and
work recovery of the battery at the rate of 1C. The measurements are carried out as follows: first, the battery is
cycled at C/5 for three cycles and then the cycling proceeds
at 1C (1-h full discharge and 1-h charge) for 100 cycles.
The initial capacity is 2250 mAh/g but drops to 1250
during the first three cycles, indicating a capacity loss
due to the formation of SEI and the change to a higher
cycling rate (from C/5 to 1C).
Both materials exhibit a long life cycle of 1100 cycles
and show stable and reversible capacities. It is worth
nothing that since thin-layer, Si-based, electrodes are utilized in this work, the electrolyte volume is rather low,
50 μl. Due to that, no further optimization of the electrolyte
has been carried out and the FEC content has not been
optimized. Rate capability measurements are carried out
from cycle 103 to 203 (Figs. 3c and 4c). The Si/Ag and Si/
Au nanoparticles exhibit reversible and stable capacity at
all the given rates. Only at 10C, full charge, and discharge
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Fig. 3 Ex situ electrochemical characterization of Si/Ag nanoparticles. Cyclic voltammogram (a), galvanostatic cycling at 1C (b), and rate
capability at different rates: C/5, 1C, 2C, 5C, 10C (c)

in 6 min each, the specific capacity drops. However, when
the rate is decreased to C/5, full charge and discharge take
5 h each and the battery capacity is fully restored. It is
important to mention that both materials maintain their
capacity after the rate capability tests; however, the capacity starts to fade after 400 cycles. The electrochemical
performances are remarkable since significant capacity
fade was previously reported with excess Au on Si nanowires (Chockla et al. 2012).

Ex situ Raman measurements
Raman spectroscopy is an excellent tool, allowing monitoring of the evolution of silicon structure. Siliconsilicon bonds are symmetrical and result in strong Raman scattering. Crystalline silicon has highly uniform

bond angles and lengths and exhibits sharp Raman
peaks, with a characteristic sharp band at 520 cm−1.
Noble metals (Ag, Au) are known to be Raman active
and allow the SERS effect to take place due to the LSPR
phenomenon. To evaluate the Raman activity of the Si/
Ag and Si/Au nanoparticles, an ex situ Raman analysis
is performed directly on the previously prepared electrodes. Figure 5 presents the Raman measurements of
the Si/Ag and Si/Au nanoparticles directly applied to the
copper current collector and pristine silicon nanoparticles as the control. A sharp typical peak for crystalline
silicon appears at 520 cm−1. As planned, both Si/Ag and
Si/Au signals are enhanced in comparison to the pristine
silicon (85,700 for Si/Ag, 47,471 for Si/Au, and only
3248 for pristine Si), indicating the SERS effect that
takes place due to the plasmonic NPs on the surface of
the Si NPs.
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Fig. 4 Ex situ electrochemical characterization of Si/Au nanoparticles. Cyclic voltammogram (a), galvanostatic cycling at 1C (b), and rate
capability at different rates: C/5, 1C, 2C, 5C, 10C (c)

Operando Raman measurements

Fig. 5 Ex situ Raman measurements of the pristine Si and decorated Si/Ag and Si/Au

Scheme 1 presents the setup utilized for the operando
Raman measurements. A glass window is constructed
on the anode side of a commercial coin cell, allowing
the exposure of the working electrode to the scanning
Raman laser, while connected to a potentiostat.
This setup is identical to that of the coin cells used for
prolonged cycling, and the operando Raman spectrum is
collected on the same electrodes. When the plasmonic
nanostructures Si/Ag and Si/Au are excited with light of
a specific wavelength, the conduction electrons on the
nanoparticle surface oscillate collectively and generate
an enhanced electromagnetic field, or local surface plasmon resonance LSPR. The LSPR bands for Ag and Au
fall within the visible portion of the electromagnetic
spectrum, at ≈ 470 nm for Ag and ≈ 530 nm for Au.
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Moreover, the LSPR phenomenon allows the surfaceenhanced Raman scattering effect to occur. Operando
Raman measurements of Si/Ag are presented in Fig. 6.
The time-voltage graph reveals the first discharge
and charge curve of the Si/Ag nanoparticles (Fig. 6A).
The voltage plateau obtained between 1.7 and 1.5 V is
related to the reduction in Ag and the formation of the
AgLi phase. Then another plateau, at 0.16 V, indicates
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the formation of the Si×Li phase. The corresponding
operando Raman spectra (Fig. 6c, d) reveals a sharp
peak at 520 cm−1, indicating the presence of crystalline
silicon during the 1st hour of the discharge process. As
the lithiation process proceeds, the silicon peak continuously diminishes. Moreover, the Raman measurements
between 45 min and 3 h (Fig. 6d) reveal the formation of
a plateau in the spectra. This corresponds to the plateau

Fig. 6 Operando Raman measurements and the first cycle of Si/Ag nanocomposite (a), voltage profile (b), Raman spectra for 6 h (c), Raman
spectra for the first 2 h (d), and the full Raman spectra of the first cycle (e)
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in the lithiation curve, indicating the silver lithiation and
the formation of the non-plasmonic AgLi phase. In
addition, Fig. 6e presents the full Raman spectrum that
is obtained during the first cycle, by either lithiation or
delithiation, for 10 h. The silicon peak slowly fades and
disappears completely after 5 h of lithiation, indicating
the formation of an inactive Raman Si×Li phase. It is
important to mention that no obvious enhancement in
the signal can be seen from the spectra due to the silver
lithiation during cycling. Figure 7 presents the operando
Raman measurements of the Si/Au nanoparticles. The
time-voltage curve presents the first discharge and
charge plot of the nanoparticles (Fig. 7a). A typical
Si×Li phase formation plateau can be seen on the graph
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at 0.16 V, consistent with the cyclic voltammetry measurements. It has been reported previously that Au thin
film may thermodynamically undergo lithiation at similar potentials (Bach et al. 2016). However, since the
gold lithiation is kinetically very slow, we do not observe an electrochemical or structural evidence of the
Li×Au phase formation during the first cycle.
This result is consistent with the previous reports of
composites Si/Au as anode material for LIBs (Chockla
et al. 2012). Furthermore, since the Au nanoparticles
decorate the Si surface, the lithiation occurs first at the
interface between the Au and the Si (Chou et al. 2015),
which explains how we mitigate Au lithiation during the
first cycle, and enables the SERS effect. The

Fig. 7 Operando Raman measurements and the first cycle of Si/Au nanocomposite (a), voltage profile (b), and full Raman spectra of the
first cycle (c)
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corresponding Raman spectra reveal the silicon peak
fading during the first discharge until its final disappearance after 5 h. Moreover, the initial large enhancement
in the signal can be clearly seen in the spectra, indicating
the SERS effect that occurs due to the LSPR phenomenon exhibited by the Au nanoparticles. Raman in situ
measurements of silicon nanoparticles as the control
sample are presented in Fig. 8. The time-voltage curve
presents the first discharge and charge plot of pristine
silicon nanoparticles. The corresponding Raman spectrum reveals the silicon peak fading during the first
discharge. Figure 8d presents the intensity of the Si/Ag
and Si/Au nanoparticles relative to one another. For the
Si/Ag nanoparticles, the intensity of the silicon peak is
completely diminished after only 30 min of the
operando measurements. However, Si/Au nanoparticles
exhibit a gradual drop in the intensity peak, until the
final reduction after 2 h. These trends reveal the presence of plasmonic Au nanoparticles that allow the SERS
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effect to take place. Moreover, the fast disappearance of
the intensity peak of Si/Ag nanoparticles indicates that
the enhancement in the signal is insufficient, due to the
reduction in silver upon lithium insertion to an AgLi
phase.
General discussion
All studied nanoparticles (Si/Ag, Si/Au) show good
performance as Li-ion anodic materials, consistent with
the previous reports (Ashuri et al. 2016; Ko et al. 2016;
Xie et al. 2017). Silicon structure is not harmed during
the synthesis, confirming that the HF-assisted galvanic
replacement reaction method is suitable for the preparation of coinage-metal-decorated silicon nanoparticles
(Figs. 3 and 4). Moreover, the Si/Ag and Si/Au samples
have been found suitable for SERS measurements, since
the Raman signal has been enhanced to 85,700 and
47,471 for Si/Ag and Si/Au, respectively (Fig. 5).

Fig. 8 Operando Raman measurements and first cycle of pristine silicon (a) during the first cycle, voltage profile (b), full Raman spectra of
the first cycle (c), and intensity evolution comparison between Si/Au and Si/Ag nanoparticles (d)
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During the measurements, all the materials displayed
electrochemical activity, confirming the suitability of
the as-prepared cell for the operando experiments. Si/
Ag nanoparticles have exhibited typical plateaus for
silicon lithiation (Fig. 6a). An additional plateau between 1.7 and 1.5 V can be attributed to the reduction
in silver nanoparticles during discharge and the AgLi
phase formation. Further insertion of lithium upon silicon only takes place after the disappearance of the
plasmonic Ag nanoparticles. The corresponding Raman
spectra (Fig. 6c, d) reveal an additional plateau between
0.5 and 2 h, related to the side reaction of silver reduction. Consequently, no obvious enhancement in the
signal can be seen. Therefore, the Si/Ag nanoparticles
are not applicable for further silicon-surface characterization by SERS. It is important to mention that due to
the amorphous nature of the lithiated Si phase, Si×Li is
not visible in the Raman spectra, and the peak at
520 cm−1 diminishes until its full disappearance upon
lithium insertion. The Si/Au nanoparticles display a
standard silicon-driven electrochemical performance,
consistent with the ex situ measurements. In addition,
the Si/Au nanoparticles exhibit a typical silicon peak at
520 cm−1, which is gradually reduced upon lithium
insertion. Further operando measurements should be
carried out to gain better understanding of the SEI
formation processes. These results confirm that the plasmonic gold nanoparticles are suitable as nanoantennas,
allowing deeper characterization of the silicon surface
and the processes undergone upon lithium insertion.
This operando SERS technique can complement the
XPS post-mortem studies of Si electrodes (Ferraresi
et al. 2016).

Conclusions
Herein, we demonstrate the synthesis of a coinagemetal-silicon composite intended to be used as anode material for operando SERS measurements in a
Li-ion battery. The Si/Ag and Si/Au nanoparticles
are synthesized through an HF-assisted galvanic replacement reaction. The as-prepared materials exhibit excellent electrochemical performance,
reaching high specific capacities over 1000 mAh/g
with stability over more than 1000 cycles at 1C rate.
On the other hand, the plasmonic NPs enable surface enhancement Raman spectra, thereby allowing
further operando characterization. During the

discharge of the Si/Ag nanoparticles, the Ag
lithiation prevents enhancement in the Raman signal. The Si/Au nanoparticles show typical electrochemical performance and exhibit a large enhancement in the Raman signal. Au NPs form effective
nanoantennas on the silicon surface, thereby
allowing the SERS effect to take place. In the future,
by using Si/Au nanoparticles for the operando measurements, we will be able to monitor the processes
occurring on the silicon surface during battery
cycling.
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