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ABSTRACT: Electrochemical degradation on silicon (Si) anodes prevents
them from being successfully used in lithium (Li)-ion battery full cells. Unlike
the case of graphite anodes, the natural solid electrolyte interphase (SEI)
films generated from carbonate electrolytes do not self-passivate on Si,
causing continuous electrolyte decomposition and loss of Li ions. In this
work, we aim at solving the issue of electrochemical degradation by
fabricating artificial SEI films using a solid electrolyte material, lithium
phosphorus oxynitride (Lipon), which conducts Li ions and blocks electrons.
For Si anodes coated with Lipon of 50 nm or thicker, a significant effect is
observed in suppressing electrolyte decomposition, while Lipon of thinner
than 40 nm has a limited effect. Ionic and electronic conductivity
measurements reveal that the artificial SEI is effective when it is a pure
ionic conductor, but electrolyte decomposition is only partially suppressed
when the artificial SEI is a mixed electronic−ionic conductor. The critical
thickness for this transition in conducting behavior is found to be 40−50 nm. This work provides guidance for designing artificial
SEI films for high-capacity Li-ion battery electrodes using solid electrolyte materials.
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■ INTRODUCTION

Silicon (Si) is considered a candidate for the anodes of next-
generation lithium (Li)-ion batteries (LIBs) because of its high
theoretical specific capacity (4200 mAh g−1), low operation
potential, fast reaction kinetics, and minimal environmental
impact.1−3 However, the commercialization of Si anodes has
not been realized mainly because of degradation of electrodes
during cycling, including mechanical and electrochemical
degradation. Numerous experimental and theoretical works
have shown that the mechanical degradation of Si anodes can
be remedied by reducing the characteristic size of active
materials, i.e., by incorporating nanostructural Si electrodes,
such as nanowires, nanotubes, hollow spheres, as well as core−
shell structures.4−11 Electrochemical degradation of Si, on the
other hand, has drawn less attention, although it has been
recently identified as critical for the performance of Si anodes,
especially in full cells.12−14 The operation potential of Si (below
0.5 V) is beyond the lowest unoccupied molecular orbital
(LUMO) of the commercial carbonate electrolyte (about 1 V).
Thus, the electrolyte undergoes reductive decomposition
during lithiation of Si and forms a film consisting of organic
and inorganic salts, which is usually referred as a solid
electrolyte interphase (SEI) film.15−17 Unlike the case of
graphite anodes, where the SEI film is dynamically stable during
electrochemical cycling,18,19 the SEI film on Si is not
electrochemically passivating.14,20 The large volume change of
Si during cycling further aggravates degradation. As a result, low

Coulombic efficiency resulting from continuous electrolyte
decomposition is often observed for half-cells using Si
electrodes, even when the reversible capacity is stable upon
cycling.14,21,22 Such a nonpassivating SEI film consumes Li ions
and solvent from the electrolyte and limits the cycle life of LIB
full cells using Si anodes.23

To solve the problems of unstable SEI and electrolyte
reductive decomposition on Si anodes, various strategies have
been developed including introducing electrolyte additives to
stabilize the electrolyte/electrode interface14,24,25 and using
organic/inorganic binders26,27 and surface coatings on Si to
function as artificial SEI layers. Metal oxides such as Al2O3 and
MoO3, carbon, and conductive polymers have been shown to
be effective coatings for Si with improved capacity retention
and Coulombic efficiency.21,22,28−31 However, the ionic and
electronic transport mechanisms in such thin, few nanometer or
subnanometer, coatings are not fully understood. The fact that
metal oxides might react with lithium salt to form lithium metal
oxyfluoride further complicates the case.22,32,33 Ideally, the key
functions of an artificial SEI include (1) transporting Li ions to
realize ionic conduction, (2) blocking electrons to prevent
electrochemical decomposition of the electrolyte, and (3)
functioning as a physical barrier to block access of the
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electrolyte to protect the electrodes from corrosion. In this
regard, solid electrolyte materials, which are uniform, free of
pores, ionically conducting, and electronically insulating, are the
best candidates for an artificial SEI.
In this work, we demonstrate the concept of applying solid

electrolyte materials as artificial SEI films to suppress electrolyte
decomposition on Si anodes. Lithium phosphorus oxynitride
(Lipon) is chosen to fabricate the artificial SEI because of its
reasonable ionic conductivity (2 × 10−6 S cm−1) and good
electrochemical stability at low potential.34 We have demon-
strated that Lipon is an effective artificial SEI for several
cathode materials.35−37 In the current work, we use thin-film
electrodes as a model systems to demonstrate the effect of the
artificial SEI on electrochemical degradation of Si, where there
is no complication brought by the binders and conducting
additives. Furthermore, by using ultrathin Si films and limiting
the voltage window during cycling, we eliminate the
complication of mechanical degradation, which is usually
coupled with electrochemical degradation in powder Si
electrodes. Our results indicate that a critical thickness exists
for functionalization of Lipon artificial SEI on Si anodes, and it
is directly related with the ionic and electronic conductivities of
Lipon.

■ EXPERIMENTAL SECTION
Amorphous Si thin films of 50 nm thick were deposited on copper foil
by means of direct-current (DC) sputtering of an undoped pure Si
target (99.999%, Kert J. Lesker) in pure Ar (99.9995%, Air Liquid).
The power used for Si deposition was 10 W. The Lipon coating was
deposited by radio-frequency magnetron sputtering of a homemade
Li3PO4 target in a reactive N2 (99.999%, Air Liquid) atmosphere
under a power of 90 W. The thicknesses of Si and Lipon were
monitored using a quartz crystal microbalance (Inficon) before and
after deposition. Working electrodes with an area of 0.97 cm2 were cut
and assembled into CR2032 coin cells (Hohsen), where pure lithium
metal (Alfa Aesar) foils were used as the counter electrodes. One piece
of polypropylene separator (Celgard 2325) soaked with an electrolyte
and an additional 50 μL electrolyte were added in each cell. The
electrolyte (Novolyte) was 1 M LiPF6 salt dissolved in a 3:7 volume
ratio of ethylene carbonate (EC)/diethyl carbonate. Galvanostatic
cycling of coin cells was conducted using a Maccor 4000 battery cycler
at a rate of C/2.
Lipon thin films of desired thickness on fine lapped alumina plates

(Valley Design) or glass slides (Fisher Scientific) were used for the
conductivity measurement. Pure gold films of 50 nm were used as the
blocking electrodes. The ionic conductivity of Lipon was measured by
means of electrochemical impedance spectroscopy (EIS) using a
Solartron SI 1260 impedance analyzer at room temperature (23 °C).
The frequency was ramped from 10 MHz to 0.1 Hz, and the potential
amplitude was 10 mV. The electronic conductivity of Lipon was
determined by DC measurement of the current under potential
polarization using a Bio-Logic VMP3 potentiostat with low current
functions (current resolution <1 pA). The potential was ramped
between −0.025 and +0.025 V with a step of 1 or 5 mV and was held
at each step for up to 10 h. The stabilized current at each step was used
to determine the electronic conductivity. Lipon samples were sealed in
a dry Ar or N2 atmosphere for both ionic and electronic conductivity
measurements. Homemade Faraday cages were used in all experi-
ments.
Electron microscopy images were taken using a Hitachi S-4300

microscope. Air exposure was avoided during sample transfer to
minimize possible damage. X-ray photoelectron spectroscopy (XPS)
was collected using a PHI 3056 XPS spectrometer with an Al Kα
anode source operated at 350 W. High-resolution data were collected
with a pass energy of 23.5 eV with a 0.05 eV step. Low-resolution
scans were collected with a pass energy of 93.5 eV with a 0.5 eV step.
The binding energy spectra were calibrated by assigning the binding

energy of C 1s (C−C) to 284.8 eV to account for charging. Samples
were transferred from an Ar-filled glovebox to the XPS spectrometer
using a vacuum stage.

■ RESULTS AND DISCUSSION
In this work, we investigate mainly electrochemical degradation
of Si anodes and avoid the complication of mechanical
degradation by choosing thin Si films of only 50 nm thick, as
well as by limiting the potential window during cycling. Figure
1 shows the cycling performance of 50 nm Si cycled between 2

and 0.02 V. The initial reversible capacity is 3441 mAh g−1 and
decays steadily with extended cycling to 15% of the initial value
after 100 cycles. The decay in the reversible capacity results
from the loss of active material, although thin Si films generate
much less cracking than thicker films.7,38 The Coulombic
efficiency stabilizes at about 95% and is a result of the
combined effects of the loss of active material (mechanical
degradation) and continuous SEI formation (electrochemical
degradation). Consequently, it is improper to interpret these
data for the purpose of quantifying electrochemical degrada-
tion. With an increased lower cutoff voltage of 0.1 V, the
reversible capacity delivered by Si anodes is decreased to about
1600 mAh g−1, 38% of its theoretical capacity; however, the
reversible capacity is now relatively stable, as shown in Figure
1a, indicating that mechanical degradation is largely suppressed.
Electrochemical degradation, i.e., the continuous formation of
SEI, is not altered much by changing the lower cutoff
voltage.15−17 The strategy of limiting the voltage or capacity
of the Si anode to improve its cycle life has been demonstrated

Figure 1. (a) Cycling performance of 50 nm Si film with different
lower cutoff voltages. (b) Coulombic efficiency and capacity retention
of Si electrodes cycled between 2 and 0.1 V. Data were obtained using
half-cells.
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by several groups.39−42 With a relatively stable reversible
capacity, we can eliminate the effect of mechanical degradation
and investigate electrochemical degradation.
The natural SEI film formed on Si anodes, which is mainly

the reduction product of EC,13,20,43 is not self-passivating, as is
evidenced by a comparison of the Coulombic efficiency and
capacity retention in Figure 1b. The capacity retention per
cycle, defined as the ratio of the reversible capacity in the
(n + 1)th cycle to that in the nth cycle, is larger than 99% within
100 cycles. This parameter indicates the retention of available
(reversible) active materials during cycling. However, the
Coulombic efficiency, which is defined as the ratio of the charge
(delithiation) capacity to the discharge (lithiation) capacity in
each cycle, is below 98%. The difference between the
Coulombic efficiency and capacity retention is caused by the
charge consumed in electrolyte decomposition. In other words,
about 2% of the total charge in each cycle is consumed by the
continuous formation of an SEI film. This fact indicates that
natural SEI on Si in a carbonate electrolyte is not self-
passivating. The more rapid decay in the Coulombic efficiency
and capacity retention of Si cycled between 0.02 and 2 V is
shown in Figure S1 in the Supporting Information (SI).
Building an artificial SEI film using solid electrolyte materials

can suppress the capacity loss and improve the Coulombic
efficiency during cycling. Although the electrolyte close to the
electrode surface might still be at an unstable potential upon
lithiation, electrochemical reduction reactions cannot occur
because electrons are blocked from the liquid electrolyte by the
artificial SEI, which is electronically insulating in nature. Also,
an artificial SEI layer could potentially block solvent trans-
portation and prevent electrochemical decomposition of the
electrolyte at the interface of electrodes and artificial SEI.44 The
cycling performance of thin Si films coated with Lipon of 5−
100 nm is shown in Figure 2. The capacity retention is
improved by Lipon coating within the thickness range in this
work; no obvious capacity decay is observed for Lipon-coated
Si up to 100 cycles. The reversible capacity is lower when Lipon
is 50 nm or thicker, mainly because of the additional ionic
resistance contributed by Lipon, which effectively increases the
lower cutoff voltage by a few millivolts. The effect of Lipon
artificial SEI on the Coulombic efficiency is shown in Figure 2b.
When the thickness of Lipon is below 20 nm, there is limited
effect in preventing the charge loss, evidenced by the fact that
the stabilized Coulombic efficiency increases slightly to about
98%. When Lipon artificial SEI is thicker than 50 nm, the
Coulombic efficiency increases significantly to 99+%. The
remaining loss, about 0.2−0.7%, is likely due to electrolyte
corrosion of the cell hardware as well as possible residual
electrolyte reduction on Lipon/Si. This observation confirms
that Lipon as a solid electrolyte material can be used as an
effective artificial SEI material for Si anodes. The surface
morphology and XPS spectra of 100 nm Lipon-coated Si after
being cycled 100 times are shown in Figures S3 and S4 in the
SI.
The effect of Lipon artificial SEI can also be seen in the

differential capacity−voltage profile in the first cycle. The
formation of SEI in the first cycle mainly occurs between 0.7
and 0.3 V, with a reduction peak at about 0.47 V, as shown in
Figure 3. With a Lipon coating of 10 or 20 nm, the intensities
of the reduction peaks are reduced, but the peaks are still
visible. When Lipon is thicker than 50 nm, no obvious
reduction peak can be seen in Figure 3.

It is interesting to notice that Lipon artificial SEI films of 10
and 20 nm are not very effective because there is limited
improvement in the Coulombic efficiency, although the
capacity retention of Si is improved. In order to function
properly as an artificial SEI, the surface coating material should
minimize electron transportation. To shed more light on the

Figure 2. (a) Reversible (delithiation) capacity and (b) Coulombic
efficiency as a function of the cycle number for Si coated with Lipon
artificial SEI. Data were obtained using half-cells.

Figure 3. Differential capacity−voltage profiles of Si coated with Lipon
artificial SEI in the first cycle. Si anodes were cycled between 2 and
0.02 V. The inset shows an enlarged view.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5009419 | ACS Appl. Mater. Interfaces 2014, 6, 10083−1008810085



ionic and electronic conducting behavior of ultrathin Lipon, we
measured these properties of Lipon using EIS and DC
polarization tests. Lipon of 400 nm is chosen as a reference
to represent its bulk properties. The Nyquist plots of Lipon
ranging between 400 and 40 nm are shown in Figure 4. The

high-frequency semicircle is a result of ionic conduction and
dielectric capacitance. The equivalent circuit that we use to fit
the EIS data is shown in Figure 3b. Black color resistance R0
represents the resistance of contacts and leads and corresponds
to the intercept of the semicircle with the real axis at the high-
frequency end. The ionic conducting processes are represented
by the red components, consisting of two pairs of resistors/
capacitors at high and medium frequencies (Rion/Cdp and RMF/
CMF), as well as a double-layer capacitance (Cdl) at low
frequency. The electronic resistance Re is only considered for
40 nm Lipon (see the SI for detailed discussions).
The parameters obtained from fitting of the EIS data using

the equivalent circuit are summarized in Table 1, and examples
of the fitting are given in Figure S5 in the SI. We use the ionic

resistance Rion to calculate the ionic conductivity of Lipon. The
ionic conductivity of 400 nm Lipon is found to be 1.2 × 10−6 S
cm−1, within the range of previously reported conductivities for
Lipon.34,45 For Lipon of 100 and 50 nm, the ionic conductivity
is found to be between 1.1 × 10−6 and 1.4 × 10−6 S cm−1. The
deviation from ideal behavior between the high-frequency
semicircle and low-frequency line is likely caused by the
interfaces. It has been reported that the ceramic oxide
electrolytes can be either Li-rich or Li-deficient near the
interfaces, which can lead to an additional R/C circuit (RMF and
CMF) in the EIS plots.46,47 For 40 nm Lipon, the semicircle at
low frequency is caused by electronic conduction. When Lipon
is thinner than 20 nm, the samples were too conductive for EIS
measurement; the ionic conductivity of Lipon is assumed to be
constant. The ionic conductivity as a function of the Lipon
thickness is plotted in Figure 5.

The electronic conductivity of Lipon is measured by DC
polarization experiments and is summarized in Figure 5.
Representative current−voltage curves of Lipon are shown in
Figure S6 in the SI. The electronic conduction of Lipon can be
divided into two regions. When Lipon is thicker than 50 nm,
the electronic conductivity of Lipon is between 10−12 and 10−14

S cm−1, 7 orders of magnitude lower than that of the ionic
conductivity. This fact confirms that the ionic transfer number
of Lipon is close to 1. When the thickness of Lipon is smaller
than 40 nm, the measured electronic conductivity is about 5 ×
10−6 S cm−1, slightly higher than the ionic conductivity. The
transition in the electronic conductivity of Lipon is similar to
the tunneling behavior of ultrathin Al2O3

48 but at a larger
thickness. The physical mechanisms are likely related with the
enlarged space charge regions in heterojunctions49 and need
further study.
As summarized in Figure 5, Lipon is a mixed ionic and

electronic conductor when the thickness is smaller than 40 nm

Figure 4. (a) Nyquist plot of Lipon with a thickness between 400 and
40 nm. (b) Equivalent circuit corresponding to the Nyquist plot. Red
represents the ionic processes, and blue highlights the electronic
conduction.

Table 1. Parameters Obtained from the Fitting of EIS Plots

thickness (nm) R0 (Ω) Rion (Ω) Cdp (F) RMF (Ω)a CMF (F)
a Cdl (F) Re (Ω)

400 0.8 1600 1.2 × 10−8 200 5.0 × 10−6 1.2 × 10−6

100 10 400 3.2 × 10−8 1600 1.7 × 10−6 5.2 × 10−7

50 11 180 8.7 × 10−8 500 6.9 × 10−6 5.0 × 10−7

40 16 160 5.8 × 10−8 500 1.7 × 10−6 5.0 × 10−7 210

aSee the SI.

Figure 5. Electronic and ionic conductivity of ultrathin Lipon.
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and is a pure ionic conductor when it is 50 nm or thicker. As a
result, the critical thickness for Lipon to function as an effective
artificial SEI, which must be pure ionic conductors, is between
40 and 50 nm.
It should be mentioned that this work focuses on

demonstrating the concept of building artificial SEI using
solid electrolyte materials and understanding their impact on
electrochemical degradation of LIBs. Mechanical degradation of
the electrodes is intentionally avoided to provide a system for
this purpose. On the other hand, Lipon as an amorphous
ceramic material is not likely to accommodate the huge volume
expansion in powder Si electrodes. For commercial electrodes
consisting of particle-type active materials, a mechanically
robust artificial SEI that can accommodate the large volume
change of active particles is needed.

■ CONCLUSIONS
In this work, we demonstrate the concept of fabricating artificial
SEI films on Si using solid electrolyte material with an example
of Lipon. Using model systems of 50 nm Si thin films and by
limiting the voltage of cycling, we can examine electrochemical
degradation of Si without complication from cracking in the
active material. Our results show that, in order to function
effectively as an artificial SEI, the Lipon coating has to reach a
critical thickness. This critical thickness is found to be 40−50
nm by examining the ionic and electronic conductivities of
ultrathin Lipon. Lipon is a pure ionic conductor beyond the
critical thickness and is a mixed electronic−ionic conductor
when thinner than the critical thickness. When thicker than 50
nm, Lipon artificial SEI on Si anodes can greatly reduce the
electrolyte decomposition and irreversible capacity during
cycling. The electrochemical method of screening capacity
loss and the strategy of using solid electrolyte materials as
artificial SEI can be applied to other LIB anodes and artificial
SEI materials.
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