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ABSTRACT: Silicon (Si) is an attractive anode material for Li-ion batteries (LIBs) due to its high theoretical specific capacity.
However, the solid—electrolyte interphase (SEI) formation, caused by liquid electrolyte decomposition, often befalls Si electrodes.
The SEI layer is less Li-ion conductive, which would significantly inhibit Li-ion transport and delay the reaction kinetics.
Understanding the interaction between the SEI components and Li-ion diffusion is crucial for further improving the cycling
performance of Si. Herein, different liquid electrolytes are applied to investigate the induced SEI components, structures, and their
role in Li-ion transport. It is found that Si electrodes exhibit higher discharge capacities in LiClO,-based electrolytes than in LiPF,-
based electrolytes. This behavior suggests that a denser and more conductive SEI layer is formed in LiClO -based electrolytes. In
addition, a coating of a Li;PO, artificial SEI layer on Si suppresses the formation of natural SEI formation, leading to higher capacity
retentions. Furthermore, galvanostatic intermittent titration technique (GITT) measurements are applied to calculate Li-ion
diffusion coefficients, which are found in the range of 1073-107Y° m?/s.
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1. INTRODUCTION

Lithium-ion battery (LIB) technology has become the most
popular battery type in electric vehicles, communication devices,
and portable electronics due to its superior properties, e.g,
higher energy density, higher voltage, and lower self-discharge
than other energy-storage systems.' ~* With the demands of life,
many requirements of high energy and power densities in such
applications intensified the search for stable and robust Li-ion
intercalation capacity compounds as active Li host materials in
Li-ion battery electrodes.” In recent years, various high-capacity
anode materials have been explored. Si is deemed one of the
most promising anode materials for next-generation LIBs with
the high specific capacity of 3579 mAh/g, low reaction potential
of 0.4 V vs Li/Li*, low cost, natural abundance, environmental
friendliness, and safety.’”®

Nowadays, some drawbacks still hinder the commercial
breakthrough of Si electrodes, e.g., solid—electrolyte interphase
(SEI) formation, low intrinsic electronic/Li-ionic conductivity,
and severe volume changes (up to 300%).”"" The SEI is a
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significant drawback for the Si anode. SEI is a multiple-layered
film formed at the interface between Si and the electrolyte due to
electrolyte decomposition.'' The SEI layer formed on the Si
surface will affect the electrochemical performance of Si anodes.
For example, SEI will decrease the capacity retention rate of Si.
Due to the irreversible formation of SEI, about 15% of the total
charge is lost upon lithiation."” In addition, the formed SEI layer
will hinder the insertion/extraction of Li-ions, delaying the
electrochemical reaction kinetics. Many studies revealed that the
SEI on Si has a double-layer structure composed of an inner and
an outer layer.">~"° The inner SEI is predominantly composed
of inorganic substances, including LiF, Li, O, and Li,CO;, which
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are dense, thin, and relatively stable."®'” The outer SEI layer is
located on the top of the inner SEI layer. It is primarily made up
of organic materials, such as ROCO,Li (where R is a low-
molecular-weight alkyl group), and continues to grow during
cycling.'"* ™" Chen et al. further suggested that the inner SEI
layer is 1.5 times less Li-ionic conductive than the outer SEIL
Thus, the transport of Li-ions through the inner SEI plays a
critical limiting role in Si electrodes.

In recent years, the fast charging/discharging capability
(>6 C) of electrode materials has been a critical performance
requirement of LIB for future electric vehicle applications. The
Li-ion diffusion coefficient largely defines the fast charging/
discharging properties of an electrode. Therefore, studying the
Li-ion diffusion coeflicient of Si thin-film anodes is very
important for its application. The chemical diffusivity in Si
electrodes is also investigated by various electrochemical
methods, such as cyclic voltammetry (CV),”'~* electro-
chemical impedance spectroscopy (EIS),”*** and potentiostatic
intermittent titration (PITT)Zé_ % or galvanostatic intermittent
titration (GITT).””™*" In GITT, a cell is exposed to a series of
continuous current pulses, alternately between relatively short
discharge/charge steps and relatively long rest steps, to
determine critical physical characteristics, including the reaction
rate constant, open-circuit voltage (OCV), and diffusion
coeficient.*> However, most of the relaxation times used in
the literature to determine the Li-ion diffusion coefficient of the
Si anode by GITT are very short (less than 20 min).””* Si
anodes cannot reach the equilibrium state under such short
relaxation times due to chemical reaction, which reduces the
accuracy of the measured values.

In this work, we first compare the electrochemical perform-
ances of 50 nm Si thin-ilm anodes with LiClO,-based and
LiPF4-based electrolytes and found that the Si anode is more
stable in LiClO-based electrolytes. The thickness, morphology,
and composition of the formed SEI layers are systematically
studied, which are the main factors to affect the stability. The
morphology of the SEI layer formed in LiClO,-based electro-
lytes was found to be denser and smoother, which improves the
stability. Moreover, the formed SEI layers were measured by
time-of-flight secondary ion mass spectrometry (ToF-SIMS) to
analyze the compositions across the thickness. In addition, we
also deposited a Li;PO, layer on the Si surface, which confirmed
that the Li;PO, layer could suppress the SEI layer formation. It
was found that Li;PO, can improve the Coulombic efficiency
and stability of Si anodes, indicating that Li;PO, is an excellent
artificial layer to protect Si anodes. Finally, GITT measurements
were carried out on these samples, and the relaxation time was
extended to 3 h by the so-called voltage-prediction method so
that the electrode could be considered to reach the equilibrium
state.”* The corresponding Li-ion diffusion coefficients during
the discharge process calculated by GITT measurements are
found to be more accurate.

2. EXPERIMENTAL SECTION

2.1. Synthesis. All sputter deposition targets (Cu, Si, and
Li;PO,) were obtained from Advanced Engineering Materials
Co., China. Si wafers with 4 in. diameters were used as
substrates. A physical vapor deposition (PVD) system (Kurt J.
Lesker, U.K.) was used to prepare samples. A Cu layer, 150 nm
thick, was deposited onto the Si crystalline substrates by thermal
evaporation. Then, an amorphous 50 nm thick Si film was
deposited on Cu by direct-current magnetron sputtering as thin-
film electrodes. Furthermore, the artificial layer of 60 nm Li;PO,,

thin films was deposited by RF magnetron sputtering (Figure
S1). A chamber pressure of S mTorr and a sputtering power of
90 W in an Ar atmosphere were used in the sputtering process.

2.2. Characterization. Scanning electron microscopy
(SEM) images were taken on by a Quanta FEG 650 (FEI)
environmental scanning electron microscope operated at a
voltage of 20 kV. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) analyses were performed by the
ToF-SIMS IV of the company ION-TOF (Miinster, Germany),
and depth profiling was carried out by a 30 keV ion source beam.

2.3. Electrochemical Measurements. The electrochem-
ical performance of Si electrodes was tested in custom-made
Teflon cells, of which the schematic layout can be found
elsewhere.”> The surface area of Si electrodes is well-defined
with 1.54 cm?® for the electrochemical test. Two Li-metal
electrodes were used as the counter and reference electrodes. 1
M LiClO, and 1 M LiPF dissolved in propylene carbonate (PC)
and 1 M LiPFy in ethylene carbonate (EC)/dimethyl carbonate
(DMC)/diethyl carbonate (DEC) (1:1:1 in a volume ratio)
were used as liquid electrolytes. All electrochemical measure-
ments were performed in an Ar-filled glovebox with an M2300
galvanostat (Maccor). Galvanostatic charge/discharge cycling
was performed in the voltage range of 0.05—1.5 V vs Li/Li".
Galvanostatic intermittent titration (GITT) measurements
were carried out with a small current of 0.15 C. Each pulse
lasted 10 min and was followed by a 60 min resting period in the
GITT tests.”® All GITT measurements were carried out at room
temperature.

2.4. Voltage-Relaxation Model. In this work, a voltage-
prediction method was applied to analyze the GITT data.
Instead, the voltage-relaxation end value is determined from the
measured first part of a voltage-relaxation curve and
mathematical optimization/fitting function.>>° Furthermore,
the function contains three more parameters that are also
determined by fitting. This property implies that these
parameters are updated for each situation. The following
derived expression describes the general model for the
voltage-relaxation process used in the GITT analyses®”

a3 &/2

tlog()]" (1)

where a, > 0, a, > 0, and a3 > 0 are rate-determining constants
and 4, is the final relaxation voltage (an asymptotical value, i.e.,
EMF), V, is the relaxation voltage at time t, [log(t)]® is the
natural logarithm (with base e) of time [s] in the power a,, and &
is a random error term.

The parameters g; for i from 0 to 3 can be estimated by
applying the (concentrated) ordinary least-squares (OLS)
scheme. For that, eq 1 can be rearranged by taking squared
values

V,=a -

2

a3 2 —¢g

3| = -V t

(t‘”[log(f)]“l] (ap=Vi)e 2)

Taking the natural logarithm of both sides reduces eq 2 to a usual
linear regression model
log([ay—V,I*) = A, + A,log(t) + Ajlog(log(t)) + ¢,
3)
where A = 2log (a3), A, = —2ay, and A; = —2a,. For each fixed

value of ay, eq 3 can be written as the usual regression model

y=Xoa + ¢ (4)
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Figure 1. Electrochemical measurements of Si electrodes in different liquid electrolytes. (a) First discharge curves of Si and Si-Li;PO, anodes in
LiClO,-based and LiPF4-based electrolytes. (b) Discharge capacities of Si and Si-Li;PO, anodes in different electrolytes.

Figure 2. SEM image of the pristine Si thin film (a) and after cycling with LiClO, in PC solvents (b), LiPF4 in PC solvents (c), and LiPF,in EC/EDC/
DMC solvents (d). SEM image of the pristine Si-Li;PO, thin film (e) and after cycling with LiClO, in PC solvents (f).

where a = (4, A4, A3),; Y= (log([ao - Vl]z)) S log([ao -
V), € = (e1,..,€y)’, and matrix X is defined as

1 log(t;) log(log(t,))
1 log(t,) log(log(t,))

1 log(ty) log(log(ty)) (5)
First, the initial guess of a, can be obtained, for example, by
adding 100 mV to the last observed voltage sample, After that,
the initial OLS estimator is obtained for a, i.e., & = (A}, A,, A3)/,
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where @ = (X’ X) ™' X’ y. Then, the squared sum error lly — Xall*
is calculated. This procedure is repeated for a number of initial
guesses from the interval around a,. The size of the interval and
the number of points are adjustable parameters of the method.
The point where the minimal value for Ily — XalI* is achieved is
taken as @, This approach leads to a more straightforward
implementation than numerical minimizing lly — Xall* with
respect to a, and « jointly. Finally, the parameters in the original
model of eq 1 will be recovered as &, = —A,/2, &, = —A3/2, and
a3 =exp (AI/ 2). Since there are four unknown parameters a; (for
i from 0 to 3) in eq 1, at least four sample points are needed to
solve the set of equations, i.e., N > 4.
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Figure 3. Sputter-etched TOF-SIMS spectra of Si electrodes after GITT measurements in LiClO,-based electrolytes (a), LiPF in PC solvents (b), and

LiPF4 in EC/EDC/DMC solvents (c).

3. RESULTS AND DISCUSSION

Amorphous Si thin films (50 nm) deposited by PVD were
electrochemically characterized in LiClO,-based and LiPFs-
based electrolytes. The first discharge cycle profiles of Si-based
anodes in different electrolytes and corresponding differential
discharge capacity profiles are shown in Figure 1. In Figure 1a, a
short voltage plateau appears around 1 V, which is thought to be
caused by the SEI formation through the decomposition of
carbonaceous solvents and lithium salts.*® However, the plateau
duration differs in these samples, indicating that the formed SEI
on the Si anode with LiPF; in EC/EDC/DMC solvents is
thicker than in the other two samples. When using PC solvents,
the SEI on the Si anode with LiClO, is slightly more than that of
LiPF¢-based electrolytes. This observation indicates that both
Li-salts and organic solvents will influence the SEI formation.
The first discharge capacities of these samples are 6285, 5129,
and 6517 mAh/g (as shown in Figure 1b), which also suggests
different SEI formation mass/thickness. After 50 cycles, the
discharge capacity of the three samples had already reached a
relatively stable state. However, the stable capacity of the Si
anode with LiClO,-based electrolytes is higher, which indicates
that the Si anode with LiClO,-based electrolytes in PC performs
higher reversible capacity and better stability. To further explore
whether the SEI layer affects the stability of the Si electrode, an
artificial layer of LPO was deposited on the Si surface. The same
measurements were performed (as shown in Figure 1a,b), which
will be discussed in detail in the subsequent sections.

To explore the SEI influence on the electrochemical stability
of Si, we compared the SEI morphology and composition with
different electrolytes. SEM images of fresh Si thin films and
cycled Si anodes with different electrolytes are shown in Figure
2. Compared with the as-deposited Si films (Figure 2a), the
cycled Si shows a relatively rough surface morphology (Figure
2b—d). Notably, the surfaces of Si cycled with LiPF in PC or
EC/DMC/DEC solvents (Figure 2c,d) are rougher than with
LiClO,-based electrolytes (Figure 2b). It seems denser and
smoother, which is beneficial for Li* transport in Si electrodes.

To check the SEI composition, sputter-etched ToF-SIMS
analyses were performed for the Si electrodes cycled with
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different electrolytes. Figure 3a—c shows the C, O, Li, Cl (F), Si,
Li, and P spectra of the Si samples (rinsed by PC or DMC and
dried) after the discharging process. Four zones are observed
based on Si spectra with corresponding zones marked by vertical
gray lines: SEI layer (before the Si area), Si thin-film electrode,
current collector, and Si substrate. As shown in Figure 3a, the
first peak of the Si element in the Si anode with LiClO,-based
electrolytes appeared near the sputtering time of 1000 s, which
indicates that the sputtering time ranging from 0 to 750 s
corresponds to the SEI layer. In the SEI layer, there are two
peaks of chlorine. One is in the outermost layer of the SEI layer.
The other is in the place closest to the Si film but less in the
middle, which indicates that LiCl is distrlbuted in the outermost
and innermost layers of the SEI layer.”” Carbon is primarily
distributed in the outer SEI layer. In the inner part near the Si
film, the carbon content is low, indicating that organic species,
such as ROCO,Li (where R is a low-molecular-weight alkyl
group), are mainly distributed in the outer SEI layer. The
content of O and Li in the inner layer is high, indicating that the
inner SEI layer is prlmarﬂZ composed of inorganic oxygenates,
such as Li,O and Li,CO;.”” However, Figure 3b,c shows that the
F and carbon contents are relatively high in the whole SEI layers,
indicating that LiF and organic species are distributed
homogeneously across the whole SEI layer formed in LiPFq-
based electrolytes.*” The distribution of other elements in these
samples is similar. Therefore, the difference in the composition
of SEI layers formed in different electrolytes is LiCl and LiF. LiCl
(Figure 3a) is only distributed in the outermost and innermost
layers of the SEI layer. At the same time, LiF (Figure 3b,c) exists
in the whole SEI layer, which may roughen the SEI layers. In
addition, the electronegativity of fluorine is stronger than that of
chlorine, which leads to a higher bond energy of Li—F (577 kJ/
mol) than that of Li—Cl (469 kJ/mol) and other SEI
compositions,” resulting in that LiF exhibits lower Li-ion
diffusivity. Therefore, the SEI layer formed on the Si anode
surface in LiClO,-based electrolytes will be more beneficial for
Li-ion diffusion than that formed in LiPF¢-based electrolytes.
A good SEI layer can prevent further electrolyte decom-
position and stop the peeling of anode materials. However, the
properties of the formed SEI layer, such as morphology and
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Figure 4. GITT measurement results of the Si anode with LiClO, in PC solvents (a), LiPF4 in PC solvents (b), LiPF in EC/EDC/DMC solvents (c),

and the Si-Li;PO, anode with LiClO, in PC solvents (d).

composition, highly depend on the electrolyte salts and organic
solvents. Constructing an appropriate artificial layer on
electrodes that suppresses the SEI formation could significantly
improve the cycling stability of Si. For this purpose, a 60 nm
Li;PO, thin film was deposited on the Si surface (Figure 2e).
The LiClO,-based electrolytes were found to be more favorable
for stability and continued to be used for testing. Figure 1a (pink
line) shows the voltage drop of a Li;PO,-protected Si electrode
in the first lithiation process. No SEI formation voltage plateau,
ataround 1V, was observed, indicating that Li;PO, can suppress
the SEI formation. Due to the absence of SEI formation, the first
discharge capacity of Li;PO,-protected Si (3323 mAh/g) is
much lower than that of the pure Si thin film (Figure 1b).
However, the second discharge capacity is near to the intimal
capacity, and capacity retention (84.8%) is significantly higher
than that of pure Si electrodes (56.1%) during the second cycle
(Figure 1b). Compared with pure Si electrodes, the surface of
the Si-Li;PO, electrode is smoother after cycling (Figure 2e,f).
This observation implies that Li;PO, can suppress the SEI
formation on Si anodes and serves as a protective layer to
improve the capacity retention by reducing the chemical
reaction between Si anodes and electrolytes.

The Li-ion diffusion coeflicient is an essential parameter to
evaluate the capability of an electrode for high-rate charging and
discharging. Li-ions are easier to migrate and diffuse in electrode
materials with a higher diffusion coefficient. GITT measure-
ments were applied to evaluate the Li-ion diffusion coefficient
(D) in Si electrodes. In the GITT experiments, the working
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electrodes were initially loaded with a constant current pulse
(0.15 C) at t,, and this pulse was held for 10 min. Subsequently,
the current was disconnected and rested for 1 h. The voltage
between the working electrode and the reference electrode was
measured until an equilibrium value V, was achieved. Figure 4
shows the GITT voltage curves as a function of test time for the
Si electrodes.

The potential change during a single pulse and subsequent
relaxation in GITT measurement with LiCIO, in PC electrolytes
is illustrated in Figure Sa. Compared with the GITT results from
other literature with a relaxation time of 20 min,>”®' the
relaxation time used here is longer. However, the potential does
not reach a complete equilibrium state even at the end of the
relaxation period, with a slight increase occurring throughout the
relaxation period. A possible reason could be the side reactions
that occur during the relaxation period.”" To minimize these
effects, a voltage-relaxation model”” was applied to predict the
relaxation voltage during a 3 h relaxation time (Figure Sa). As
shown in Figure 6a—d, the measured voltage curves (blue line)
still have an upward trend with a relaxation time of 1 h. However,
the predicted relaxation voltages (pink line) at a relaxation time
of 3 h are far closer to equilibrium.

Moreover, it was discovered that skipping the starting part of
the relaxation period improves fit and prediction. The parts of
the relaxation voltages that have been skipped are marked by
green dots. Based on the predicted voltages, the EMF curves are
shown in Figure Sb—e. It was found that a plateau when the
voltage is near 0.5—0.6 V in the pure Si anodes is due to the
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Figure S. EMF and Li diffusion coefficient curves. (a) Characteristic pulse of observed voltages and predicted voltages in an enlarged view in GITT
measurement with LiClO, in PC electrolytes; (b) EMF curve and chemical diffusivities of Li from GITT measurements for the Si anode with LiClO,, in
PC electrolytes; (c) EMF curve and chemical diffusivities of Li from GITT measurements for the Si anode with LiPF in PC solvents; (d) EMF curve
and chemical diffusivities of Li from GITT measurements for the Si anode with LiPF4 in EC/EDC/DMC solvents; (e) EMF curve and chemical
diffusivities of Li from GITT measurements for the Si-Li;PO, anode with LiClO, in PC electrolytes; and (f) chemical diffusion curves of Li for Si and
Si-Li;PO, anodes in LiClO,-based and LiPF4-based electrolytes.

formation of SEI layers. However, the whole plateau becomes AV Y

S

AV,

t

4
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MgS
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almost invisible in the Li;PO,-protected Si anode, confirming

(6)

that Li;PO, can suppress the SEI formation.
Further, the effect of the SEI layer on the estimated Li-ion

Here, where my is the weight of the electrode material, Vy; [cm®/
diffusion coefficients is discussed. The diffusion coefficients

mol] is the molar volume, My [g/mol] is the molar weight, S
[cm?] is the area of the electrode—electrolyte interface, L [cm] is
the electrode thickness, AV, is the measured potential change

(Dyy) of Li-ions were calculated according to eq 6, derived from
Fick’s second law™**
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Figure 6. Measured voltage curves (blue) and predicted voltage curves (pink) as a function of the relaxation time for Si anodes with LiClO, in PC
electrolytes (a); Si anode with LiPF in PC solvents (b); Si anode with LiPF in EC/EDC/DMC solvents (c); and Si-Li;PO, anode with LiClO, in PC

electrolytes (d).

during the current pulse, and AVy is the difference in the
potential at the end of two subsequent relaxation periods
(Figure Sa). Since the working electrode is assumed to be in
equilibrium at the end of the relaxation period, the predicted
voltage is more suitable for calculating the Li-ion diffusion
coeflicients.

The Li-ion diffusion coeflicients Dy ;* calculated using eq 6 and
predicted equilibrium voltages are plotted in Figure Sb—e as a
function of the stoichiometric index x (in Li,Si). In these curves,
there are similar values and similar “W” shapes. This
phenomenon is consistent with the findings of earlier
studies.”””" Because Li* diffusion could take place through the
phase border and inside each phase while being strongly
accompanied by interactions with other nearby ions, there was a
significant shift in the chemical diffusion coefficient of Li* in the
two-phase area. Therefore, the calculated Dy, is just an apparent
*3 Here, Si anodes in LiClO,-based electrolytes are
represented to be discussed. The results are shown in Figure
Sb, where the (estimated) equilibrium voltages and chemical
diffusivities are plotted as a function of relative Li concentration
x. The Li-ion diffusion coefficient curves exhibit a shape similar
to the letter “W”, consistent with earlier published results.®' For
the first pulse, the diffusivity is observed to start at ~5 X 107"
m?/s. It subsequently decreases by 3 orders of magnitude to a
minimum of 1 X 1072 m?/s near x ~ 0.5. Afterward, the
diffusivity increases again to around 1 X 107" m?/s at x = 1,
where a local maximum is reached.

value.
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In general, diftusivity drops with lithiation. However, there are
local humps aligned with slopes and plateaus on the voltage
curve. When comparing the calculated Li-ion diffusion
coeflicients of the various samples with an experiment relaxation
time of 1 h (Figure S2) and extended time of 3 h (Figure 5f), the
estimated values of the lithium-ion diffusion coefficients for the
voltage-prediction method have the same order of magnitude as
values based on experimentally measured voltages. However,
there is less noise visible, and there is less difference between
various samples. That indicates that the lithium-ion diffusion
coefficients estimated on the base of the voltage-prediction
method are more accurate. In addition, it turns out that the
values of chemical diffusivities are similar. The protective layer,
therefore, does not improve the Li-ion diffusivity of Si
electrodes. The fact that all diffusion coefficients are similar
can be attributed to the rate-determining property of the
diffusion rate in the Si electrodes. Since the Si layers are all of the
same, the diffusion process must be similar in all electrodes.
Therefore, the observed spread between the curves in Figure Sf
can be attributed to the measurement and/or simulation error.

4. CONCLUSIONS

SEI formation at the electrode/electrolyte interface significantly
influences the cycling stability of Si anodes. Herein, we found
that Si anodes with LiClO,-based electrolytes are more stable
than those with LiPF4-based electrolytes. This observation is
attributed to the fact that the SEI on Si formed with LiClO,-
based electrolytes is dense, hard, relatively homogeneous, and
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with a main component of LiCl. In the case of using LiPF4-based
electrolytes, LiF is the main phase in SEI. Si has a better cycling
performance in LiClO,-based electrolytes than in LiPF4-based
electrolytes, which can be explained by the fact that LiCl has
better Li-ionic conductivity than LiF. In addition, Li;PO, was
deposited on the Si surface to suppress the SEI layer formation
and improve the coulombic efficiency and stability. Finally,
GITT measurements were carried out on the various Si
electrodes. The relaxation times were extended to 3 h by the
voltage-prediction method to reach a state closer to the
equilibrium. The corresponding Li-ion diffusion coefhicients
calculated during the discharge process range from 107> to
107" ecm?/s.
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