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ABSTRACT: Silicon nanowires (SiNWs) have attracted great
attention as promising anode materials for lithium ion batteries
(LIBs) on account of their high capacity and improved cyclability
compared with bulk silicon. The interface behavior, especially the
solid electrolyte interphase (SEI), plays a significant role in the
performance and stability of the electrodes. We report herein an in
situ single nanowire atomic force microscopy (AFM) method to
investigate the interface electrochemistry of silicon nanowire
(SiNW) electrode. The morphology and Young’s modulus of the
individual SiNW anode surface during the SEI growth were quantitatively tracked. Three distinct stages of the SEI formation on
the SiNW anode were observed. On the basis of the potential-dependent morphology and Young’s modulus evolution of SEI, a
mixture-packing structural model was proposed for the SEI film on SiNW anode.
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■ INTRODUCTION

The great interest in applying lithium ion batteries (LIBs) to
power electric vehicles has induced the research of the anode
and cathode materials with higher energy density, extended
cycle life, and low cost.1,2 As for anode materials, silicon is
expected to be a potential candidate for its relatively low
discharge potential, abundance in crust, and the extremely high
theoretical energy capacity (4200 mAh·g−1 for Li4.4Si),

3 which
is almost ten times higher than that of the current graphite
anode (372 mAh·g−1 for LiC6).

4 However, the practical
application of silicon anode is restricted by its excessive volume
variation (nearly 300%) during Li ions insertion and extraction,
which leads to mechanical degradation of the electrodes during
cycling.5−7 A number of studies have suggested that nanoscale
silicon is more robust than bulk materials with regard to cyclic
degradation.8,9 Among various kinds of silicon nanomaterials,
silicon nanowires (SiNWs) have been demonstrated to be
capable of withstanding massive volume changes without
pulverization, benefiting from their unique 1D nanostructure
and enabling them to be promising anodes for LIBs.10−12

The solid electrolyte interphase (SEI), forming at the
electrode surface mainly during the first cycle, plays a crucial
role in anode electrochemistry of LIBs and is closely related to
the irreversible capacity loss, conductibility, passivation, and
stability of the electrodes.13 Extensive results have confirmed
that the main components of SEI include lithium alkyl
carbonate, polyoxyethylene, lithium alkyloxide, Li2CO3, and

other inorganic compounds.14,15 An ideal SEI acts like a smart
guard, who allows Li ions to pass through but blocks
electrons.16 In the case of silicon anodes, the considerable
volume expansion and contraction pose a challenge for
stabilizing the SEI on them. The volume change of the silicon
could cause SEI collapse and continuous formation during
cycling, resulting in electrolyte consumption and capacity
loss.17 Therefore, a flexible and stable SEI is required to protect
the electrode from further reaction with the electrolyte and
promise long-term cyclic performance. Understanding the
formation and the mechanical properties of SEI could provide
valuable information about the stability and degradation of the
electrodes and is helpful to build effective SEI film for the
electrodes with complex structure.
Advanced surface and interface characterization techniques

have been applied to understand the formation and properties
of SEI. Ex situ approaches often require removing the samples
from the electrochemical cells and rinsing traces of the
electrolyte with solvents, which may result in mechanical
damage or chemical composition changes of the original SEI.
Besides, most of the components of SEI are highly sensitive to
contamination, air, and humidity. In situ approaches, in
contrast, are highly desirable to characterize the nature of SEI
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directly.18 Complemented to spectroscopy and electron
microscope techniques,19−24 in situ atomic force microscopy
(AFM) has the advantage of monitoring the interface
topography and properties simultaneously with nanoscale
resolution. Previously, in situ AFM combined with electro-
chemical control has been applied to the morphological
investigation of SEI film or volume effect of silicon film and
other bulk electrodes.25−27 However, the volume effect and
interface properties are highly dependent to the dimension
scale of the materials. It is of great interest to carry out in situ
characterization on electrode materials with a dimension close
to that used in a practical battery system, such as nanowire
electrodes, which unfortunately has not been reported yet.
In this work, we use individual single crystalline SiNW as a

model electrode and focus on the evolution of SEI film and the
electrode volume expansion/contraction during the first
discharging/charging cycle via in situ AFM. A facile method
to prepare single nanowire electrode for in situ AFM
characterization is established. The morphological evolution
and mechanical properties of the SiNW interface are obtained,
and a mixture-packing structural model is proposed for the SEI
film on SiNW. This is the first time, to the best of our
knowledge, for the interface process and properties of the
SiNW anode to be quantitatively identified by in situ AFM.
Moreover, the present work demonstrates that the Young’s
modulus mapping of the electrode interface could provide
valuable information about the structure and property of SEI
film, which is important for optimizing the electrodes structure
and battery systems.

■ EXPERIMENTAL SECTION
Fabrication of Silicon Nanowires. Silicon nanowires were

prepared from an n-type Si(100) wafer with resistivity of 0.05−0.2
Ω·cm by metal assisted electroless etching.28 In brief, the Si wafers
were cleaned by ultrasonication in acetone and ethanol for 10 min,
respectively, followed by degreasing in boiling mixed solution of
H2SO4 and H2O2 (98% H2SO4/30% H2O2 = 7:3 by volume) for 30
min and rinsing with Milli-Q water. Finally, the cleaned Si wafers were
dipped in 5% HF solution to remove the native oxides and then
immediately immersed in a Teflon beaker that holds an aqueous
etchant solution containing 6 mol·L−1 HF and 0.04 mol·L−1 AgNO3
for 30 min at room temperature. After the etching process, the
obtained samples were washed in nitric acid (HNO3, 37.5%) for 10
min to remove Ag films from the SiNW surfaces. The morphology of
fabricated SiNWs was characterized with field-emission scanning
electron microscopy (SEM, JEOL 6701F, 5 kV). The structure
characterization was performed by field-emission transmission electron
microscopy (TEM, JEOL 2011F, 200 kV).
Cyclic Voltammetry Measurement. Cyclic voltammetry (CV) of

the SiNWs electrodes was measured in electrochemical half cells with
Li metal foil as the counter electrodes. The SiNWs were dispersed on
Cu foils as cathodes without any conductive additives and binders.
One molar LiPF6 (battery grade, ≥99.99%, Sigma-Aldrich) dissolved
in propylene carbonate (PC) (anhydrous, 99.7%, Sigma-Aldrich)
served as the electrolyte. A CV test was carried out with an AutoLab
(PGSTAT302N, Metrohm) at 0.5 mV·s−1 between 1.8 and 0.01 V. All
potentials are reported referring to Li/Li+.
Preparation of Single Silicon Nanowire Electrode. The

fabricated SiNWs were ultrasonically dispersed in ethanol and then
dropped at a 1.2 × 1.2 cm2 Si wafer with a 300 nm thick Cu film,
which was prepared by magnetron sputtering (PVD75, Kurt J. Lesker).
The electrical contact between the SiNW and Cu film was achieved by
depositing a carbon film at one end of the SiNW utilizing focused ion
beam (FIB) (Helios 600 NanoLab, FEI).
In Situ Single Silicon Nanowire AFM. In situ AFM experiments

were conducted with a commercial AFM (Bruker Multimode 8 with a

Nanoscope V controller) in a homemade argon-filled glovebox at
room temperature. The sample was placed at the bottom of a custom-
designed AFM fluid cell with an O-ring to prevent electrolyte leakage.
In order to realize in situ electrochemical measurement during
morphology and Young’s modulus mapping, we combined an external
AutoLab with the AFM electrochemical cell to control the potentials.
The used electrolyte was 1 mol·L−1 LiPF6/PC. All AFM images were
acquired in peak force tapping (PFT) mode.

A “scraping” experiment was conducted to remove the SEI in
contact mode. The applied scanning force during scraping was slightly
larger than that for imaging in contact mode. Then, an in situ
quantitative nanomechanics (QNM) experiment was performed in a
larger area containing the scraped region to compare and analyze the
property of the underlayer and outlayer of the SEI film.

X-ray Photoelectron Spectroscopy Characterization. XPS
measurements were performed on an ESCALab220i-XL electron
spectrometer (VG Scientific) using 300W Al Kα radiation (hν =
1486.6 eV). The base pressure was about 3 × 10−9 mbar, and the
binding energies were referenced to the hydrocarbon C1s peak at 284.8
eV. The SiNWs electrodes were assembled into electrochemical half
cells as described earlier and discharged to 0.6 and 0.01 V and charged
to 0.6 V in the first cycle. Then, the samples were removed from the
cells in the argon-filled glovebox and rinsed in dimethylcarbonate
(DMC) to remove the residual salt and solvent. All samples were dried
under vacuum and then transported to the XPS facility in sealed bags.

■ RESULTS AND DISCUSSION
Single SiNW Electrode Preparation. The SEM images of

as-prepared SiNWs fabricated on n-type Si(100) substrate are
shown in Figure 1a. The straight SiNWs are always

perpendicular to the etched surface and orient in the [100]
directions, as shown in the side-view SEM image (inset).29 The
length of the SiNWs is ca. 12 μm, and their diameter sizes vary
from a few tens to hundreds of nanometers. Figure 1b shows
the TEM images of a single silicon nanowire. The high-
resolution TEM image (inset) confirms that the SiNW is single
crystalline.
The single silicon nanowire anode is fabricated by fixing a

SiNW on a 300 nm thick Cu film supported by a Si wafer. A
tape-like carbon pad is deposited on the SiNW by FIB. Bonding
the nanowire to the Cu film not only avoids nanowire electrode

Figure 1. (a) SEM image of SiNWs arrays fabricated on a Si(100)
wafer with the inset of a side-view SEM image of the SiNWs. (b) TEM
and high-resolution TEM (inset) images of a SiNW with the
orientation of [100]. (c) SEM image and (d) AFM image of the
same single SiNW anode fixed on the Cu film substrate.
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floating in the electrolyte but also ensures good electrical
contact between the nanowire and Cu film. Figure 1c,d shows
the SEM and AFM images of a single SiNW anode. A carbon
circle is deposited around the anode and serves as a marker for
finding the SiNW under the optical microscope easily. The
single silicon nanowire model anode is able to react with the
electrolyte thoroughly for its nanoscale dimension. Thus, we
can monitor the SEI evolution on SiNW at distinct discharge
and charge states, which is difficult to achieve for bulk or
collective electrode materials.
Electrochemical Measurement. Figure 2 shows the cyclic

voltammogram of SiNWs electrodes between 1.8 and 0.01 V in

1 M LiPF6/PC. Two small cathodic peaks are observed at ca.
1.14 and 0.58 V, respectively (inset in Figure 2), which
disappear in the subsequent cycles (Supporting Information
Figure S1). Hence, the above two peaks can be attributed to the
reduction reactions of electrolyte and are closely related to the
SEI formation. Moreover, the absence of corresponding anodic
peaks means that the decomposition of electrolyte is
irreversible. A sharp increase of cathodic current at potentials
below 0.1 V can be assigned primarily to the intercalation of Li
ions. The two anodic peaks appear at 0.31 and 0.47 V,
respectively, corresponding to the extraction of Li ions from the
SiNWs. To sum up, the CV results suggest that the SEI
formation mainly takes place in the first discharge/charge cycle
and the Li ions can be inserted/extracted reversibly in pure PC-
based electrolyte.30,31

In Situ AFM Observation of SEI Growth. The surface
morphology evolution of the single SiNW anode during the
first cycle was followed by the peak force tapping (PFT) mode
using in situ AFM. PFT mode can effectively minimize the
damage of the sample surface during scanning for its unique
operating mode.32 The primary SEI film or its upper layer is so
gentle and sticky that it may be removed during AFM scanning
by contact or even tapping mode.33 PFT mode operates at even
lower forces than tapping mode so that can keep SEI from
erosion by the tip during AFM imaging.
Figure 3a−g presents the in situ AFM images of a SiNW

anode (see the SEM image in Supporting Information Figure
S2) during the first discharging process. In Figure 3a, some
particle-like precipitates are observed on the SiNW surface,
presumably corresponding to the decomposition of electrolyte
on the surface above 1.1 V. When the potential is decreased to
0.4 V, no significant morphological changes can be seen on the
SiNW surface except for a few inconspicuous new granules.

When the potential is further reduced to less than 0.33 V, a
rough and inhomogeneous layer of particle-like deposition
almost covers the whole nanowire. During the discharge
process, we notice that the height and lateral dimension of the
film increase significantly, although most particles on the SiNW
surface do not change much. At potentials below 0.1 V, the
SiNW swells evidently, primarily due to the intercalation of Li
ions. Besides, several new particles deposit randomly on the
surface shown in Figure 3f,g, indicating new SEI growth. This
result suggests that the formation of SEI is not completed at
potentials above lithiation but rather occurs by accompanying
the Li ions insertion below 0.1 V.34

The evolution of the total height of SiNW and SEI was
quantitatively examined by the cross-section analysis in Figure
3k. There is a slight increase of height and width (∼5 nm) from
1.2 to 0.4 V, corresponding to the growth of the primary SEI
with respect to the cathode reaction process of the small
current peaks around 1.14 and 0.58 V. In contrast, the primary
SEI is much thinner than that which forms from a higher
potential in EC-based electrolyte solution.27 When the SiNW is
discharged to 0.15 V, the height rapidly increases by 17−24 nm,
mainly attributed to the growth of SEI. After Li ions
intercalation, the height of SiNW increases to more than 90
nm. However, the thickness of the newly formed SEI could not
be quantified, as volume expansion of bulk SiNW during the
lithiation process contributes to the height increase as well.
On the basis of the morphological analysis, the formation of

SEI on SiNW goes through three stages with distinct features
under different potentials: (i) above 0.4 V, the SEI grows slowly
and the primary SEI is thin (ca. 5 nm). Only a few particles
exist on the SiNW, and the granular coverage is about 30%. (ii)
Rapid growth of the SEI occurs below 0.33 V with a thicker and
grainy feature. The coverage of the SEI film at 0.15 V is almost

Figure 2. First cyclic voltammogram of the SiNWs anodes in 1 mol·
L−1 LiPF6/PC at a scan rate of 0.5 mV·s−1. The inset shows the onset
of current flow above 0.2 V.

Figure 3. (a−j) The in situ AFM height images of a single SiNW
anode during the first cycle at different discharge/charge states. The
scan direction is from bottom to top, and the scan area is 1 × 0.5 μm2.
(k) Cross-section analysis of the height of the location marked by a
white dashed line during the cycle. (l) The AFM image of the SiNW
after the first cycle.
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100%. (iii) During the lithiation process below 0.1 V, the SEI
keeps growing with a slower rate than the second stage. New
particles appear on the SiNW surface during this process. As a
result, the SiNW anode is completely covered by a SEI film
with an estimated thickness of ca.22−29 nm after the formation
process.
Since AFM cannot directly analyze the components of SEI,

we carried out XPS as a complementary method to get the
chemical information on the SEI. The XPS results suggest that
the SEI formed on SiNW in 1 M LiPF6/PC is mainly composed
of organic species, LiF, Li2CO3, and/or other carbonates. LiF is
primarily formed at the first growth stage of SEI, and Li2CO3 is
mainly formed at lower potentials (see the details in Supporting
Information Figure S3).
Next, we have observed the morphology evolution of SiNW

in the charging process as shown in Figure 3h−j. The height of
SiNW gradually decreases upon delithiation for Li ions
extraction from SiNW. However, no dramatic morphological
changes of the SEI surface could be recognized. In a wide scan
(3 × 3 μm2) after the first cycle shown in Figure 3l, the
structure of SiNW remains intact and no cracks can be
observed (see the in situ AFM images of this scan area in
Supporting Information Figure S4). The result supports that
SiNWs have the advantage of bearing volume changes during
the first lithiation/delithiation cycle, in comparison to Si thin
film and amorphous Si nanorods which do not.22,26

Furthermore, during the process of volume expansion and
contraction, the SEI maintains a sound condition without
cracks or being scraped off, indicating that a stable SEI film can
form on the SiNW anode in the LiPF6/PC system. Moreover,
the SEI remains stable during the second cycle, and the SiNW
exhibits good performance while enduring the huge volume
changes (see the details in Supporting Information Figure S5).
It should be noted from Figure 3k that there is an obvious

difference on the height changes between the left and the right
parts of the SiNW anode during the volume expansion and
contraction process. A bigger height and lateral dimension
change appears on the right part. As previously mentioned, the
structure of the SiNW anode used in the experiment has a
single crystal nature and its orientation is [100]. The outer
surfaces around SiNW are with different crystallographic planes.
It seems that the volume expansion of crystal SiNW is
orientation dependent. This result is consistent with recent
findings of anisotropic swelling in lithiation of Si nanopillars
and SiNWs based on SEM and TEM studies.35,36

Young’s Modulus of SEI. Mechanical properties of SEI are
of great importance for the long-term cyclic performance of
LIBs electrode materials especially for the high capacity anode
materials with large volume changes. Here, we utilize peak force
quantitative nanomechanics (PF-QNM), an extended applica-
tion of the PFT mode,37,38 to measure the Young’s modulus of
the SiNW surface during SEI growth. The working principle
and calibration process of QNM are described in the
Supporting Information.
The in situ Young’s modulus mapping was obtained

simultaneously when capturing the morphology of SiNW. As
shown in Figure 4a, the Young’s modulus of the SiNW surface
is nearly 700 MPa at the beginning of discharge (1.5 V). As the
potential drops to 0.6 V, the Young’s modulus reduces to
around 150 MPa. The decrease in the modulus results from a
thin primary SEI film formed on the surface of SiNW anode
upon discharge shown in Figure 3b,k. When the potential is
swept to 0.4 V, the Young’s modulus remains almost

unchanged. At the same time, no significant changes can be
observed from the morphology (Figure 3c). After the second
growth stage of SEI, as shown in Figure 4d, the Young’s
modulus increases slightly and becomes inhomogeneous at 0.15
V, which is attributed to the growth of a thick and particle-like
SEI on the nanowire. When the potential is further reduced to
0.01 V, the modulus becomes more inhomogeneous as shown
in Figure 4e. On the basis of the above results, the
inhomogeneity and magnitude of the modulus of the SiNW
surface are found to present an ascending trend during
discharging process.
In order to clarify the distribution and trend of the modulus

during SEI growth, we analyze the Young’s modulus of the
location marked by a dashed yellow line along the SiNW in the
discharging process. According to Figure 4f, the modulus
becomes more inhomogeneous and increases obviously during
the SEI growth. Furthermore, statistical analysis of the
distribution of the modulus for the same sites on SiNW is
carried out as shown in Figure 4g. A slightly increasing trend of
the statistic mean value and distribution of modulus with the
growth of the SEI film is observed. The Young’s modulus
results indicate that the structure and components of SEI
dynamically change during the formation progress, which is
consistent with the XPS analysis.

SEI Structure and Thickness. In order to analyze the
cross-section profile and thickness of the SEI film, a “scraping”
experiment was conducted. Figure 5a shows the height image of
the scraped area. Several grains can be seen on the surface of
the scraped SiNW, suggesting that residual SEI is left on the
anode surface. The SiNW is verified to be structurally sound
with no cracks and impairment after scraping the SEI off. Figure
5b displays the corresponding image of Young’s modulus
mapping. It is clear that the Young’s modulus of the surface of
the scraped SiNW (marked with A and B) is slightly smaller
than that of the outer surface of the intact SEI (marked with
C). Figure 5c,d displays the cross-section analysis of the height
and Young’s modulus of the SEI on SiNW. In Figure 5c, the
Young’s modulus value of the intact SEI surface is around 250
MPa, while the modulus of the scraped area is around 200 MPa,

Figure 4. (a−e) The AFM images of Young’s modulus mapping of a
single SiNW anode in the first discharge process. The scan direction is
from bottom to top, and the scan area is 1 × 0.5 μm2. (f) The
distribution of Young’s modulus along the location marked with a
dashed yellow line. (g) The statistic values of Young’s modulus of the
area marked with a dashed white box.
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implying a relatively hard outlayer and a slightly soft underlayer
of the SEI film. From the cross-section analysis, we also find
that the SEI is rough with uneven thickness along the SiNW.
To further evaluate the thickness of the residual SEI, the

applied force during scraping in contact mode was slightly
increased. We kept scraping the SiNW until it was broken off,
and the last AFM image of the intact nanowire was used for the
thickness analysis. We overlaid the AFM images of the same
position of a SiNW at different scraping stages to evaluate the
depth profile of SEI. Figure 6 presents the line profiles of the

height along the axis of SiNW after the first cycle (red line),
with residual SEI (blue line), and after further scraping to
remove the SEI (black line) and pristine SiNW (dashed gray
line). The SEI is rough on the anode surface with a thickness
range of 18−38 nm. The volume of SiNW after the first cycle
expands obviously. An irreversible height increase is estimated
to be around 14% compared to the pristine SiNW.
A range of research has focused on the structure and

formation mechanism of the SEI film for LIBs.14,39,40 For
different battery systems, the composition and structure of SEI
is strongly affected by the electrode materials and electrolyte
composition. A popular double-layer or multilayer model of the
SEI film can be described in brief as a porous organic layer close
to electrolyte and a compact inorganic layer next to the

electrode.33,41,42 In contrast, our results show that the surface of
SEI has a slightly bigger Young’s modulus, and there is no such
obvious feature of the layered structure of the SEI film on the
SiNW anode in the LiPF6/PC system.
On the basis of the observation results of in situ morphology

and Young’s modulus evolution of SEI, a model diagram of the
growth and structure of SEI is displayed in Figure 7. In the first

growth stage above 0.4 V, the electrolyte accepts electrons from
the surface of the SiNW to form the primary SEI composed of
carbonates, organic compounds, and LiF. The primary SEI film
is thin and has low granular coverage. In the second growth
stage below 0.33 V, a rough and inhomogeneous film rapidly
covers the whole nanowire. The new growth of SEI is close to
the surface of the electrode. During this stage, the Young’s
modulus slightly increases presumably due to more inorganic
substances such as Li2CO3 being generated. In the third growth
stage along with lithiation process, the SEI grows slowly and
new particles appear on the SEI surface. This model describes
the development of the three growth stages of SEI and accounts
for the slightly increasing trend of the distribution and statistic
value of Young’s modulus. Studies have suggested that the SEI
is an accumulation of numerous particles of different chemical
compositions with boundaries between them.39,43 According to
our model and in situ observation, the SEI is an accumulation
of the inorganics and organics mixture with a slightly hard outer
shell. The mixture-packing structure is flexible, stable, and
capable of adapting to the volume changes of SiNW.

Figure 5. Images of height (a) and modulus (b) of the SiNW anode after being scraped. The line profiles of the topography (black) and modulus
(blue) along the SiNW (c) (marked with a dashed red line) and along the horizontal cross section (d) (marked with a dashed yellow line).

Figure 6. Line profiles along the axis of the SiNW after the first cycle
(red line), with residual SEI (blue line), and after further scraping
(black line) and pristine SiNW (dashed gray line).

Figure 7.Model diagram of the growth and structure of the SEI on the
SiNW anode during the first discharge process.
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■ CONCLUSIONS
In conclusion, we demonstrated the single nanowire in situ
AFM method to understand the SEI growth on the SiNW
anode. The formation process and mechanical properties of the
SEI film on the SiNW anode in 1 M LiPF6/PC were
characterized through various operation modes of in situ
AFM. Three distinct stages were observed in the formation of
SEI at different potentials. A thin primary film formed on the
SiNW anode above 0.4 V. When the potential was decreased to
0.33 V, the surface was soon covered by a thick and particle-like
SEI. The growth of the SEI continued with the alloying process
below 0.1 V. After the first cycle, the SEI formed on the SiNW
was rough and inhomogeneous with a thickness of 28 ± 10 nm.
The SEI film remained intact after the first cycle, showing the
abilities to withstand the big volume change during the first
lithiation and delithiation cycle. The Young’s modulus of the
complete SEI film shows the statistics value within a range of
50−400 MPa, consistent with the composition nature of the
SEI. The modulus of the SiNW interface slightly increased with
the growth of SEI, indicating the evolution of composition of
the film, which was correlated with ex situ XPS analysis. A
mixture-packing structure model is proposed for the SEI film
on the SiNW anode. Our results show new insights and
complexity of the SEI film for the Si anode with different
morphology. Finally, we envision that in situ AFM investigation
of the single electrode electrochemistry process could be
applicable to other electrode systems of LIB.
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