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Elucidating Degradation Mechanisms of Silicon-graphite
Electrodes in Lithium-ion Batteries by Local

Electrochemistry

Nomnotho Jiyane,” Enrique Garcia-Quismondo,” Edgar Ventosa,” Wolfgang Schuhmann,*®

and Carla Santana Santos*

The integrity of the solid electrolyte interphase (SEI) formed on
the negative electrode of lithium-ion batteries (LIB) is especially
critical for the performance of next-generation LIBs comprising
silicon-carbon based electrode materials. The protecting charac-
ter of the SEl is compromised due to volume expansion and
shrinking during de/intercalation of Li ions leading to irrever-
sible changes upon long-term cycling. Scanning electrochemical
microscopy (SECM) is proposed as local electrochemical
technique to investigate the degradation mechanisms of
advanced negative electrodes. The impact of charge/discharge

Introduction

Graphite remains the most widely used material for negative
electrodes in lithium-ion batteries (LIB) due to its long cycle life,
low operating voltage, and cost-effectiveness."’ New alternative
materials are of utmost importance to improve battery capacity,
sustainability, and costs. One of the promising materials is
silicon, often mixed with carbon, which is considered a next-
generation LIB material due to its high theoretical specific
capacity of 4200 mAhg™’, the abundance of Si on earth, and
the high Li-ion diffusivity in amorphous o-Li,Si.> Due to the
formation of a Li—Si alloy Si suffers from a large volume change
during lithiation/de-lithiation in consecutive charge-discharge
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cycling on the SEI properties on Si—C electrodes was inves-
tigated, and the sensitivity of SECM successfully reveals
inhomogeneities at an early stage of the cycling already at
about 5 cycles. Macroscopic EIS measurements and evaluation
of the coulombic efficiency may result in misleading interpreta-
tions of degradation. SECM is demonstrated to be a powerful
and complementary technique for revealing pm-heterogene-
ities in the SEI surface reactivity after a few charge/discharge
cycles.

cycles. The concomitant morphological changes lead to physical
distortions provoking defects in the anode material, thus
affecting the stability of the SEL”" The SEl is a nanometre-thick
protecting film,’® which is electronically insulating and ionically
conducting, preventing continuous electrolyte decomposition
at the electrode surface.””’ This protective property enables the
achieved long cycle life of LIB, although the negative electrodes
operate far away from the stability window of the electrolyte.
Therefore, stability and integrity of the SEI have been identified
as the main limitation for the Si-based LIB electrodes due to the
volume changes occurring upon (de-)lithiation. '

A variety of different methods were applied to gain
fundamental insight into the morphology and chemical
composition of the SEI, namely X-ray absorption spectroscopy
(XAS),'? X-ray photoelectron spectroscopy (XPS),"® energy-
dispersive X-ray spectroscopy (EDX),!"” atomic force microscopy
(AFM),"™ and scanning electron microscopy (SEM)."' Electro-
chemical impedance spectroscopy (EIS) is the most widely used
method to evaluate the electrochemical properties of the
SEL?" While much attention is paid to assessing the ionic
properties of the SEl by EIS, the protecting properties of the SEI
caused by negligible electronic conductivity are rarely inves-
tigated, most likely due to a lack of simple but suitable
analytical tools.”? Scanning electrochemical probe microscopy
techniques were demonstrated as a powerful in-situ approach
to uncover the electrochemical properties of the SEI with a
lateral resolution in the um-nm range.”® The so-called feedback
mode of scanning electrochemical microscopy (SECM) is able to
interrogate the local electrochemical reactivity of the SEl and to
locally map the electron transfer kinetics across the SEL#2¥
SECM was used to investigate the surface reactivity of Si
electrodes.™ However, while useful insight into the surface
reactivity of model Si samples were disclosed, the behavior and
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challenges of real-world porous Si-based electrodes may differ
significantly. To the best of our knowledge, feedback-mode
SECM (FB-SECM) was not reported for the investigation of the
SEIl properties on commercial silicon or silicon-graphite (Si—C)
surfaces, despite the evolution of the integrity of the SEI is
known to be critical for the performance of Si-based electrodes.

Herein, FB-SECM is applied as an accelerated approach to
investigate the degradation of commercial and porous Si-
graphite electrodes. SEl-covered Si—C samples were systemati-
cally prepared by electrochemical ageing of individual Si—C
electrodes using a coaxial three-electrode configuration Swage-
lok cell B" to ensure reproducibility. After disassembling the cell
inside the argon-filled glovebox, the SEl-covered S—C electrode
was interrogated using FB-SECM demonstrating the formation
of inhomogeneities in the SEI already after a few charge-
discharge cycles.

Results and Discussion
SEl formation on commercial Si—C electrodes

Electrochemical ageing of Si—C electrodes was performed using
a previously described coaxial three-electrode Swagelok cell®'??
and a cyclic potentiodynamic protocol. The three-electrode
configuration is essential to ensure potential control between
the working electrode (anode) and the reference electrode (Li)
while the current flows through the counter electrode (Li disc).
Moreover, before disassembling, the aged electrodes were
characterized through EIS. Using the coaxial cell configuration
(see scheme in Figure 1a) allows us to mitigate artefacts which
appear in conventional three-electrode Swagelok T-cells due to
the lack of symmetric current lines.”" Differences in the impact
of the design of the Swagelok cells on the EIS are discussed in
more detail in the Supporting Information (Section S1).

The formation of the SEI was carried out by scanning the
potential of the pristine Si—C electrode from the open-circuit
potential (OCP) until 10 mV vs. Li/Li*. Samples with varying
ageing states were prepared by scanning the potential from

10mV to 1.5V at a scan rate of 0.1 mVs™' after the initial SEI
formation to provoke Li* de-intercalation. The number of
potentiodynamic cycles was 1, 3, 5, 7, 9, and 11. Note, that each
sample was prepared with a new pristine Si—C anode.

The evolution of coulombic efficiency (CE) with the number
of potentiodynamic cycles after SElI formation is shown in
Figure 1(b); for more details, see Supporting Information,
Section S2. The CE steadily increased during the first cycles until
cycle number 7 and remained nearly stable at 95% until cycle
11. The Nyquist plots of the corresponding potentiostatic EIS
measurements for the lithiated negative electrodes are dis-
played in Figure 1(c). The charge transfer resistance (R.) and the
SEl resistance (R;) were derived by fitting the experimental EIS
data to electrical equivalent circuits. Interestingly, after the first
cycle, a clear contribution of the SEI was noticed with the
appearance of an RC process. After cycles 3, 5 and 7 a higher
internal resistance appeared, with a clear one-RC contribution.
This is attributed to the overlap of time constants for both
charge-transfer processes leading to the resistances, Rg; and Ry
The analysis of EIS data showed the evolution of the areal
resistance, namely the sum of resistances (electrolyte, SEI, and
charge transfer resistances, R, + Rs; + R.). The internal resistance
increased with the number of cycles, i.e., the value of R, + R +
R increased from 28.7 Q, to 40.4 Q, to 46.3 Q, to 52.0 Q, to
66.0 Q, to 1083 Q for 1 cycle, 3 cycles, 5 cycles, 7 cycles, 9
cycles and 11 cycles, respectively. Notice that the Nyquist plots
obtained from the samples with 9 and 11 cycles exhibit two
separate charge-transfer processes. Despite the EIS data un-
ambiguously revealing a correlation between the internal
resistance and the capacity fading during cycling, without
additional insights into the degradation process, an in-depth
interpretation of the EIS measurements is impossible. The
evolution of the CE becoming stable after 7 cycles cannot
explain the EIS data. Ageing of Si—C electrodes is used to
illustrate the need for complementary electrochemical techni-
ques for a deeper interpretation of the complex electrochemical
reactions occurring in real-world electrodes.
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Figure 1. a) Scheme of the coaxial-Swagelok cell (three electrodes).?? b) Coulombic efficiency (mean and standard error of the means) of each cycled Si—C
sample. ¢) Nyquist plots of Si—C electrodes after cycling at OCP; EIS were recorded using the coaxial-Swagelok cell. Electrolyte: 1 M LiPF¢ (EC: DMC) 4 VC 2 %w/

w. EIS performed at DC: OCP, AC: 10 mV rms, frequency range: 100 kHz to 1T mHz.
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Local electrochemistry of cycled Si-C electrodes

Feedback mode SECM (FB-SECM) was employed to investigate
Si—C electrodes at different ageing stages. Each Si—C electrode
was transferred from the Swagelok cell into the SECM cell. To
avoid any contamination of the samples, SECM measurements
were carried out inside the same Ar-filled glovebox (for more
experimental details see Supporting Information, Section S3).
The SECM cell was filled with a battery-grade electrolyte
consisting of 1 M LiClO, in EC:PC in the presence of ferrocene
(Fc) as a redox mediator. Note that electrochemical ageing in
the Swagelok cell was carried out using a standard battery
electrolyte. The SECM tip (Pt-disc ultramicroelectrode, 25 pm)
was biased to 3.5 V vs. Li/Li* for the oxidation of Fc. The sample
electrode surface was not polarized during the SECM evalua-
tion. The tip response correlates with the capability of the
sample surface to promote electron transfer reactions so that
the protecting character of the SEI towards electrolyte decom-
position can be interrogated.

Figure 2 shows SECM maps over Si—C electrodes aged with
different cycle numbers. The normalized current responses
indicated a homogeneous reactive surface over the pristine
sample (i/ip, > 1, Figure 2a). In contrast, a heterogeneous SECM
map was recorded over the electrode after SElI formation
without further cycling (Figure 2b). Some regions showed an
i/ipue =1 (orange), which represents an interface capable of
promoting electron transfer reactions at a high rate, while there
were some regions where the surface showed a protecting
character (i/iy,, <<1, greenish), which is attributed to an SEI-
covered surface. The orange areas are obviously not protected
by an intact SEI. The overall surface area scanned by the SECM
tip was typically 1x1mm? and the SEl-protected zones in
Figure 1(b) were in the pm? scale range. The SEl-covered area
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increased with the number of cycles, as clearly seen in the
SECM maps recorded over the Si—C samples after 3 and 5 cycles
(Figure 2c and 2d, respectively). The number of reactive pixels
increased in the SECM image of the sample after 7 cycles
(Figure 2e), indicating that repetitive cycling provokes a loss of
protecting character. Although the SECM imaging was only
performed over a comparatively small area, it is reasonable to
believe that the size of the area is sufficiently representative of
the entire electrode surface. With the number of cycles, the
protecting character of the SEI diminished continuously from 5
to 11 cycles (Figure 2d-g). After 11 cycles the protecting
character of the SEI was lost. Figure 2(h) shows the statistics of
the normalized current for each SECM map indicating the
heterogeneity in each sample. The average values of /iy
decreased with the increasing number of cycles until cycle
number 5, suggesting an increasing protecting character of the
SEl with the number of cycles. Afterwards, from cycle 5 on, the
average values of i/i,, increased, indicating a decrease in the
protecting character of the SEI. However, the trend for the last
cycles does not correlate with the macroscopic results. While
the capacity was continuously fading, the coulombic efficiency
remained stable after 5 cycles. This discrepancy indicates a
second influencing factor. We suggest that the volume changes
inherent to charging/discharging of Si—C electrodes lead to the
detachment of active particles. This detachment would expose
SEl-uncovered areas. SECM mapping indicates that while the SEI
quickly improve its protecting character, detachment of active
materials plays a significant role at higher cycle numbers.
Besides the intuitive information provided by SECM surface
mapping, intrinsic properties of the surface, such as quantitative
kinetic parameters, can be extracted by performing approach
curves of the polarized microelectrode tip towards the surface.
The shape of the normalized approach curve is dependent on

(c) 3 cycles (d) 5 cycles
ifibulk ifibulk
1000 20 1000 2.0
800 16 800 1.6
600 1.2 =600 1.2
5
400 0.8 ';'400 08
H Bu

200 04 200 o4
. h. o0 O 00

o o o o o
S =] =]

s,l‘ o s+
X [um]

1000

(g) 11 cycles (h)
ifibulk
1000 20 25
800 16 20
600 | 12 45
5400 E
- 08,01 | L _ _ — _ e .
200 H E 04
0.5
O T T 0.0
o o o o o
~ ~ © © =] Pristine 1 3 5 7 9 M
X[um] = No.of cycles

Figure 2. SECM maps of Si—C electrode samples, a-g) scanned region on Si—C surfaces showing areas covered with SEI with values of /i, <1 (green)
representing insulating properties, and i/i,,, > 1 (orange) indicating conductive properties. Measurements were performed in 10 mM Fc; 1 M LiClO, (EC: PC);
Eyp 3.5 V vs. Li. h) bar graph showing the average of all current values of an SECM map; error bars represent the standard deviation for each SECM image.
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Figure 3. a-g) FB-SECM approach curves: dimensionless plots (i/i,, vs. d) showing the tip current as a function of tip-to-surface distance. SECM tip: 25 pm Pt
UME, electrolyte: 10 mM FC in 1 M LiClO, (EC: PC). Each approach curve was performed at different locations 100 um apart from each other. h) Mean k-value in

dependence from the cycle number

the SECM tip geometry, which is known, and the first-order
kinetics rate constants, k (cm/s), of the Fc* reduction process
occurring at the sample surface. Quantitative kinetics values
were obtained by fitting the approach curves to the theoretical
expressions.” In general, a fast electron-transfer reaction at a
conducting surface exhibits k—oo, while at a completely
insulating surface k—0. Sequential approach curves were
recorded at different locations over the same electrode
samples, and the k-values were derived by fitting. The FB-SECM
approach curves are shown in Figure 3 and the corresponding
k-values are summarized in Figure 3(h) and Table S3 in the
Supporting Information. For approach curves performed to-
wards the pristine Si—C surface (log k=—1.4), the normalized
current increased in the vicinity of the substrate due to positive
feedback. ®**¥ In agreement with the SECM maps, the approach
curves towards a Si—C surface after SEI formation presented a
heterogenous response (Figure 3b).

There were regions with protecting characteristics indicat-
ing the formation of an effective SEl, and some areas revealed
high electron-transfer rates due to a poorly protecting SEl or a
not-SEl covered surface. The calculated k values (log k=—3) are
lower than those obtained for the pristine surface.

A negative feedback effect was observed for the approach
curves performed towards the electrode samples after 3, 5 and
7 cycles (Figure 3c—e). The rate constant decreased to log k=
—6, confirming the presence of a homogeneous and effectively
protecting SEl. The approach curves towards the electrode
sample after 9 cycles revealed various areas with effective
protecting and poorly protecting properties with a wide
variation of the electron-transfer rate constant (Figure 3h). After
11 cycles, a non-protecting electrode surface with a log k=
—2.5 was obtained. Our previous results for model thin-film Si
electrodes revealed that the SElI was already damaged during

Batteries & Supercaps 2023, 6, €202300126 (4 of 6)

the first delithiation due to volume changes.” The formed
discontinuities in the SEI were “covered” by fresh SEI formed
during the second lithiation so that a homogeneous SEI was
obtained after 3 cycles. This is consistent with the results
obtained for commercial Si—C electrodes. However, due to the
likely detachment of active particles upon prolonged cycling,
SEl-uncovered areas are exposed. Hence, as suggested by the
SECM results, on the one hand, the surface reactivity and on the
other hand, the charge-transfer resistance for the (de-)lithiation
process increase explaining the global EIS data shown above.
Figure 4 summarizes schematically the proposed ageing mech-

Copper WM  Electrically not connected
= Si-C e\ 2\ Electron transfer reaction

m SE|
A B
.

A B

Figure 4. lllustration of proposed degradation mechanism for commercial
Si—C electrodes. Initially, SEI growth is heterogeneous, and regions with large
variations in the protecting properties of the SEI are obtained (i, ii). With
increasing cycle number, a more homogeneous SEl is obtained (iii).
Prolonged cycling causes cracking (iv) and, ultimately, disintegration (v) of
the anode material.
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anism. Figure 4(i) shows the initial SEI formation, and after 3
cycles the formed SEI blocked the electron-transfer reaction at
the surface (Figure 4ii). Figure 4(iii and iv) shows the appearance
of not SEl-covered regions leading ultimately to a detachment
of Si—C particles (Figure 4v).

Conclusions

Elucidation of degradation mechanisms for next-generation LIB
electrodes in which unknown processes are taking place
simultaneously requires the implementation of complementary
analytical techniques. Commercial Si-graphite electrodes were
used in this work as a case study to illustrate the capability of
SECM to complement EIS. The evaluation of the evolution of
surface reactivity at the Si—C electrodes during the cycling
processes by means of FB-SECM measurements unraveled two
major ageing processes. Firstly, the formation of an effective SEI
was observed, which became more homogeneous during the
first few cycles. The heterogeneous electron-transfer rate
constant k derived from SECM approach curves decreased
significantly during these first cycles. Prolonged cycling led to
the appearance of areas with high k values due to the
detachment of active particles. The information revealed by FB-
SECM provided the basis for the interpretation of the evolution
of global EIS results. SECM was demonstrated as a complemen-
tary characterization technique for real-world commercial
electrodes, which contributes to the interpretation of complex
electrochemical processes as illustrated for the case of next-
generation Si-based electrodes.

Experimental Section

Chemical and electrode material

All chemicals and reagents were used as received from the
manufacturer. 99.9% Lithium ribbon 0.38 mm thick, battery-grade
lithium hexafluorophosphate solution in ethylene carbonate and
dimethyl carbonate (1.0 M LiPF, in EC: DMC (v/v)) were from
Sigma-Aldrich. Ferrocene (Fc) (98%), ethylene carbonate (EC),
propylene carbonate (PC) 99.7% anhydrous, and vinylene
carbonate (VC), were obtained from Sigma-Aldrich and 98%
Lithium perchlorate, LiClO,, from Alfa Aesar. 0.025 mm 99.9% Pt
wire was purchased from Goodfellow and sealed in borosilicate
glass capillary 100 mm, outside @ 1.5 mm (Hilgenberg). Ti mesh was
used as coaxial counter electrode (CE). All experiments were
performed using an Autolab potentiostat PGSTAT 30.

Negative electrode

The vacuum-sealed pouch cell (Si—C 15%, NMC 811 composition)
was from LiFun Technology and used as received without electro-
lyte (dry). The negative electrode was disassembled inside the
glovebox and cut with a spherical puncher prior to the cycling
process. SElI formation was performed using a standard three-
electrode Swagelok cell, commonly used in LIBs. Figure S1(a) in the
Supporting Information displays a representation of the T-cell. The
circular punched-off battery electrode and Li metal (10 mm) were
used as WE and CE, respectively. Additionally, a polyolefin

Batteries & Supercaps 2023, 6, €202300126 (5 of 6)

membrane was used to avoid damage to the SEI upon disassem-
bling the cell, along with a glass fibre separator to carry 100 uL 1 M
LiPFs EC: DMC (1:1 wt%) 2% VC w/w. A thin concave reference
electrode (RE) (6 mm g) filled with a small Li metal strip was placed
in the cell, and an additional glass fibre separator soaked with
50 pL SEI electrolyte was placed between the electrode sandwich
and the reference electrode.

The coaxial Swagelok cell has a RE in a coaxial position in the plane
with the annular WE.®? The CE was Li ribbon (12 mm g), and the
WE was the Si—C substrate (12 mm @). Polyolefin and glass fibre
separators (12 mm @) wetted with 80 uL LiPFs 2% VC w/w electro-
lyte were used to separate the CE and the WE.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) was carried out on
pristine samples and after cycling at a DC potential of around 2.1V
and 0.1V, respectively. In the coaxial Swagelok cell, the frequency
range for EIS measurement was 100 kHz to 1 mHz. Potentiodynamic
charging was performed at individual pristine Si—C sample surfaces
by scanning the potential from open circuit potential (OCP) to
0.01 V vs. Li/Li*. Linear sweep voltammograms were performed at a
scan rate of 0.1 mVs™' followed by holding the potential at 10 mV
for 1 hour to grow the SEI. After that, the potential was cycled from
10mV to 1.5V (cycling). Lastly, another global EIS measurement
was carried out with the charged anode (DC potential of around
100 mV). Scanning electrochemical microscopy was carried out
using an in-house setup inside an Ar-filled glovebox (O, <0.1 ppm,
H,O0 < 0.1 ppm). FB-SECM and imaging were performed in a 10 mM
ferrocene (Fc) solution dissolved with 1M LiClIO, ethylene
carbonate (EC) and propylene carbonate (PC) 1:1 containing 1M
LICIO, in the dedicated SECM electrochemical cell.
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