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ARTICLE INFO ABSTRACT

Keywords: An unconventional electroanalytical method has been used for tracking processes in silicon anodes in lithium
Lithium-ion battery ion batteries: a 3D visualization of relaxation times. Impedance data of the electrodes were collected at differ-
DRT ent potentials and different cycles during cyclic voltammetry, and were treated by means of the Distribution of

Impedance spectroscopy
Silicon anode
Solid electrolyte interphase

Relaxation Times (DRT) method. A 3D visualization of the results allowed to identify the formation of a solid
electrolyte interphase on the anode, composed of two layers with different relaxation times. Such findings are
not possible by conventional analysis of impedance data by modeling with equivalent circuits, nor by simple

DRT alone. Additionally, it was possible to observe that the characteristic relaxation time of the lithiation of
the Si anode becomes smaller upon cycling, indicating that the material experiences structural transformations
that allow it to lithiate faster. This result is relevant to motivate the use of micron-sized particles in the anode.

1. Introduction

Rechargeable batteries exhibit a myriad of physicochemical pro-
cesses related to distinct events occurring at the electrode-electrolyte
interface [1]. Interfacial processes govern the longevity and electro-
chemical performance of rechargeable batteries; thus, it is necessary
to accurately assess reactions that take place at this electrode—elec-
trolyte interface [1]. Among the various types of rechargeable battery
systems, lithium-ion batteries (LIBs) continue to be the subject of
intense research because of their widespread applications [2-5]. The
understanding of the complex interplay between the anode, cathode,
and electrolyte is essential to advance LIB technology. In particular,
the formation of a stable solid electrolyte interphase (SEI) layer at
the anode plays a crucial role in the reversible electrochemical behav-
ior [6].

Ongoing research is dedicated to producing active materials with
higher capacities coupled with stable cycling. Silicon is an attractive
anode due to its high gravimetric capacity (4200 mAh g~ for Liy,Sis
at high temperature (~325 °C) and 3580 mAh g~ for Li;5Si4 at room
temperature), which is ten-fold higher than graphite (372 mAh g™ 1)
[7-12]. Moreover, Si is appealing because it is the second most abun-
dant element in the Earth's crust, it is environmentally friendly, and it
has a low electrochemical potential (~0.37 V vs. Li/Li*) [13-16].
However, the main drawback to adopting Si as an anode is that the
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volume change (> 300%) during cycling generates significant mechan-
ical stress that commonly cracks and pulverizes the particles in just a
few cycles, which ultimately leads to significant capacity fade [17].
This large volume change in silicon results in another issue-the forma-
tion of an unstable SEI layer. It is desirable that the SEI layer is dense,
stable, and provides high ionic conductivity [8,18]. To address these
problems, nano- and micro-structured Si has been recently developed,
as well as nanostructured Si composites, such as Si-carbon, Si-metal,
Si-transition metal oxides, and Si-polymer. Although recent efforts
have focused on Si nanoengineering, it is also important to consider
the use of micron-sized particles, for advantages in processibility. In
this sense, it has been demonstrated that Si microwires with an opti-
mized geometry present an exceptional performance as anode material
in lithium-ion batteries, with the advantage of a lower production cost
compared to nanostructured Si [6,19-22,52].

The performance of LIBs is in large part affected by interfacial pro-
cesses, and it is now well understood that the decomposition of the
organic electrolyte leads to a stable SEI on graphite, but not on Si.
Yet, attempts to understand the evolution of the SEI upon cycling still
remains to be fully comprehended [23-27] To understand the complex
dynamics of the SEI on Si, vast efforts that include X-ray characteriza-
tion, neutron-based methods, and infrared-based techniques have
recently been used [28]. For instance, Cao et al. combined in situ
X-ray reflectivity, ex situ X-ray photoelectron spectroscopy, linear
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sweep voltammetry and first principles calculations to study the for-
mation of the SEI layer for a Si anode [29]. Their results showed the
formation of two well-defined layers of SEI layer: an “inorganic SEI”
layer comprising a bottom-SEI layer at the Si/SEI junction, which
results from the lithiation of the native oxide, and an “organic-SEI”
layer on top the “inorganic SEI” layer at the bottom-SEl/electrolyte
interface.

Electroanalytical techniques are complementary for understanding
interfacial processes in an electrochemical cell like a lithium-ion bat-
tery. Electrochemical impedance spectroscopy (EIS) is a nondestruc-
tive tool for the analysis of the polarization behavior of
electrochemical systems in the frequency domain [30]. By studying
the behavior of electrochemical processes with EIS, one can study com-
plex systems characterized by multiple timescales by extracting vari-
ous time constants associated for a given process [20]. Typically,
impedance data are fitted using an equivalent circuit model (EC-
model), which provides values of the elements and, hence, the physical
characteristics. Yet, the choice of an appropriate EC requires prior
knowledge of the impedance of each element, which may be difficult
to assign. For example, Hansen et al. showed that by using an appropri-
ate EC model, it is possible to extract time constant values (t = RC) and
directly correlate those values to the phase transformations in Si
microwires (pW-Si) with in situ Fast-Fourier-Transform Impedance
Spectroscopy and voltammetric data [31]. According to their results,
the fastest process (lowest t) arises from the electrolyte interaction
with the carbon-composite matrix of the pW-Si electrodes. The next
fastest process then corresponds to the formation of the SEI layer,
which is formed in the first cycle. The slowest process then correlates
to the charge transfer in the pW-Si electrode. With the aforementioned
assumptions of the physical characteristics of the pW-Si electrode, it
was possible to extract characteristic T time values for these distinct
interfacial processes.

To complement EIS analysis, the distribution of relaxation time
(DRT) method provides an alternative approach to analyzing EIS data
[32-35]. The DRT method is a complementary electroanalytical tool
used to interpret an electrochemical system as a continuous distribu-
tion of RQ elements as a function of relaxation times (Fig. 3)
[22-24,35]. This method offers direct access to a distribution of time
constants of the system under study in the time scale, rather than dis-
crete values. The DRT analysis has found recent success for under-
standing electrochemical processes associated with fuel cells [36-40]
and batteries [41-43]. In particular, the Ciucci group has recently
advanced this analysis by proper regularization and fitting of impe-
dance data, while verifying their techniques by correlating both theory
and experiment [44-47]. Thus far, the DRT method has mainly been
used at particular charged/discharged states of a battery as a single-
point measurement [31-33]. In the present study, it was chosen to
study bulk micro-Si-carbon composite electrodes in a LIB configura-
tion, while acquiring impedance spectra at small increments of voltage
throughout the entire voltage range (0.02-1.0 V vs. Li/Li*) during cyc-
lic voltammetry. The addition of a third independent variable, the volt-
age, allows one to observe gradual changes in the time response of the
electrochemical system in three dimensions. This method of represent-
ing DRT-derived data in three dimensions allows to map out both time-
dependent (frequency or time constant) and potential-dependent pro-
cesses in high resolution. The Si electrodes serve as a model system
with which to study the dynamic processes which evolve as a function
of cycle number, where pulverization, crystalline-to-amorphous transi-
tions, and SEI growth all contribute greatly to the impedance response.
The purpose of the present study is to use impedance spectroscopy as a
means to investigate these complicated processes occurring in silicon
anodes while being charge/discharge cycled. The described technique
could become complementary to other techniques, such as in situ X-
ray reflectivity, scanning Electron Microscopy, X-ray diffraction, and
cyclic voltammetry [14,22,48,53].
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2. Experimental

Slurries were prepared by mixing commercial Si powder (Alfa Aesar,
APS 1-5 pm, 99.9%) with conductive carbon (Super P) and sodium car-
boxymethyl cellulose (Sigma-Aldrich, average M,, ~90,000) in a ratio of
3:6:1 with de-ionized water (18 MQ cm). This slurry was then coated
onto a 9-um thick copper foil (MTI corporation, >99.99%) and subse-
quently dried at 80 °C for 24 h under vacuum. The large amount of con-
ductive carbon was used to minimize limitations in the electronic
transport to the Si particles, to be able to relate the observations to ionic
transport and electrochemical processes.

All electrochemical tests were performed using a metallic lithium
as a counter electrode in stainless steel CR2032 coin cells, in which
a Whatman glass fiber separator (GF/C) was soaked in 200 pL of
LP30 electrolyte (1 M LiPFg in EC:DMC 50:50 v:v, Sigma-Aldrich). Cyc-
lic voltammetry was performed at a scan rate of 0.1 mV s~ ! in a volt-
age range from 0.02 to 1.0 V vs. Li/Li*. Stepped electrochemical
impedance spectroscopy (SPEIS) was performed within a frequency
range of 10 mHz —200 kHz using a small AC signal of 10 mV. Impe-
dance data were collected across the entire voltage range in 20 mV
increments (51 total EIS scans). The data were fitted with an EC-model
of a series resistor and three RQ (where R is the resistance and Q is a
constant phase element) circuits, using the EC-Lab® software from
Bio-Logic, in agreement with reported work on Si anodes [12,49].
For many analyses of the present work, three representative voltages
were chosen from the highest, medium, and lowest voltage regions:
0.98 V, 0.48 and 0.04 V, respectively.

The DRT analysis was used to identify characteristic distribution of
typical EIS timescales where the experimental data were fitted against
a model (Zprr), which is obtained from the following relationship
[35]:

zDRch>:RX+/°c 8(7) (1)

o 1+i2zfr

where R, is the ohmic resistance, and g(t) represents the reactive
impedance as a function of relaxation times t (impedance distribution
in the time scale), and f is the frequency. The t and f are related by the
expression:
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Fig. 1. Cyclic voltammogram of Li//Si cells cycled for 75 cycles from 0.02 to
1.0 Vvs. Li/Li* in 1 M LiPFg in EC:DMC.
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Fig. 2. Nyquist plots of Li//Si cells in their (a—c) pristine state, (d-f) after one formation cycle, and (g-i) after 75 cycles. Impedance data were collected at 0.98,
0.49, and 0.04 V. The red circles correspond to the experimental data while the black lines correspond to the equivalent circuit fitting. The equivalent circuit used

in each fitting can be seen in the embedded figure of each measurement.

1
T:ﬁ (2)

The Matlab GUIL, DRTtools, developed by Ciucci et al. was used for
fitting our impedance data based on the Tikhonov regularization [35].
In this way, Eq (1) can then be expressed as [35]:

Zprr = R + /:” y(lne) din(z) 3)

~ 1 +i2xft

where y[In(t)] = 7g(7); In(y(z)) is then another representation of
the distribution of relaxation times.

3. Results and discussion

The morphology of the carbon-composite electrode comprising sil-
icon powder, conductive carbon, and polymeric binder was investi-
gated with scanning electron microscopy (Fig. Slab, in
supplementary information). The heterogeneous electrode architec-
ture exhibits a Si particle size distribution of 1-5 pm (Fig. Sla). At
higher magnification, we observe the morphology of the Si particles
that are well-dispersed within the carbon-composite matrix
(Fig. S1b). Morphological changes occurring cycling have been already

thoroughly studied, as in the work of H. Cheng et al. [50], D. Yao et al.
[51], K. Zhang et al. [52], serving as a reference to correlate with the
electrochemical results of the present work. The Si electrodes paired
with Li metal (Li//Si) were first assessed by cyclic voltammetry (CV)
to observe key oxidation/reduction features (Fig. 1). The voltammetric
features are similar to previously reported studies on Si [53,54]. Dur-
ing the first cycle, the peak at ~ 0.63 V is attributed to the formation of
a solid electrolyte interphase layer, and the peak at ~ 0.22 V corre-
sponds to the formation of a Li-Si alloy (Li;3Sis phase; inset in
Fig. 1) [12,40]. In the second cycle, two peaks are observed during
the lithiation process that correspond to the formation of c-Li,Sis
(~0.05 V) and the transformation to new phase of a-Liyy,Sis
(~0.025 V) due to the formation of crystalline core and an amorphous
shell in the Si particles according to S.-Y. Lai’s work [40,42,55]. Upon
delithiation, two peaks appear at ~ 0.3 V and ~ 0.5 V, which corre-
spond to the partial extraction of Li from Li,Si, phases and the com-
plete extraction of Li from Si, respectively [39,40,56,57]. During the
first few cycles one can observe that the intensity of the peaks
at ~0.22 and 0.05 V (lithiation) and 0.5 V (delithiation) increase, what
is normal, considering that during the first cycle Si is becoming amor-
phous, and every cycle it is possible to lithiate a bit more [15]. For
large Si particles of hundreds to thousands of nm, it is common that
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Fig. 3. The (a—c) 3D Nyquist plots collected from 0.02 to 1.0 V vs. Li/Li™* for Li//Si cells measured in its (a) pristine state, (b) after 1st formation cycle, and (c) after
75 cycles. Color-mapped DRT plots of y(t) vs. time constant and voltage for Li//Si cells measured in its (d) pristine state, (e) after 1st formation cycle, and (f) after
75 cycles.

Table 1
Tabulated values of the time constants (t) calculated from the Nyquist plots from equivalent circuit fitting.
Cycle History Component Time constant, t (s)
0.98 V 0.49 Vv 0.04 V
Pristine Electrode 82.4 119 223
SEI - 0.130 7.18 x 1072
Electrolyte 3.67 x 107* 7.95 x 1074 8.72 x 1074
1st Formation Cycle Electrode 123 226 131.4
SEI 0.206 0.189 0.679
Electrolyte 27.5 x 107* 16.5 x 10~* 109 x 107*
75 Cycles Electrode 233 206 87.7
SEI 0.120 0.107 1.62
Electrolyte 29.4 x 1074 15.7 x 10~* 38.6 x 107
the material is not completely lithiated in a voltammetric cycle [13]. depths, causing cracks and deactivation of Si pieces and consequently
On the other hand, as the time per cycle is short in voltammetry, lim- intensity fade upon prolonged cycling. Furthermore, the apparent low
iting the lithiation depth, the particles are just stressed in shallow efficiency between the first and second voltammetric cycle is quite
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Table 2
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Tabulated values of the time constants (t) calculated from the DRT analysis (Fig. 3).

Cycle History Component Time constant, t (s)
0.98 V 0.49V 0.04 V
Pristine Electrode 1.6 0.1 2
SEI 3.0 x 1072 2.85 x 1072 9.9 x 1072
Electrolyte 0.4 x 1074 1.9 x 107* 2.2 x 1074
1st Formation Cycle Electrode 0.29 0.12 0.19
SEI 1 1.5 x 1072 0.89 x 1072 2.1 x 1072
SEI 2 0.11 0.9 1.9
Electrolyte 41 x 1074 49 x 1074 46 x 1074
75 Cycles Electrode 52 x 1072 3.8 x 1072 1.8 x 1072
SEI 1.13 0.98 2.1
Electrolyte 6.5 x 1074 7.1 x 1074 6.9 x 1074

common for micron-sized Si anodes, related to SEI layer formation.
What occurs is that the Si lithiation does not only occur at specific volt-
ages, but is distributed over the entire voltage range, as can be evi-
denced by the change in the time constant of Si lithiation with
varying voltage (see Fig. 3d-f). This variation is largest in the first
cycle [14,15,18,23,24,58]. The area under the curve in the negative
voltage sweep is close to the area under the curve in the positive volt-
age sweep.

To understand the dynamic processes that occur; such as electrode
degradation, formation of an SEI layer, and electrolyte decomposition;
and how they affect the total impedance response of the Li//Si cells
during cycle, Nyquist plots of three cells with different cycling histo-
ries were analyzed: pristine, after one cycle (formation cycle), and
after 75 cycles. (Fig. 2). It was used an equivalent circuit of a series
resistance and two RQ for the first pristine state, and a series resistance
and three RQ circuits for the rest of the cases, in accordance with
related work on Si anodes [12,21,48,59] to fit the impedance spectra
through an iterative algorithm of the software EC-Lab of BioLogic. The
values obtained from fitting were attributed to the SEI layer, charge-
transfer, and electronic contact between the current collector and
anode components, which include the Si particles, binder, and conduc-
tive carbon [21,44]. Nyquist plots at three different DC voltages of
0.98, 0.49, and 0.04 V were chosen for this study. At 0.98 V, the elec-
trode is in its fully charged state (delithiated). At 0.49 V, a SEI layer
has formed during the first cycles, and it is the potential before the
alloying of Li with Si. Finally, at 0.04 V, Si has alloyed with Li™.

For all three samples (pristine, 1st formation cycle, and 75 cycles),
the changes in the diameter of the semicircles of the Nyquist plots are
evident at all DC voltages selected (Fig. 2), which qualitatively indi-
cates changes in the ohmic resistances associated to the different pro-
cesses. The time constants calculated from the R and Q values (time
constant t RQ) derived from the EC-fits are reported in Table 1.
With © one can distinguish distinct processes from their associated
electrochemical time scale. The slowest time constant can be associ-
ated with charge transfer in the Si anode (tg;). The formation of the
SEI layer around the Si particles can be related to another RQ element,
expressed as tsg;. The fastest process is related to the charge transport
in the electrolyte (Tejectrolyte) [12,21,32]. Table 1 summarizes all the
values of the t assigned to the contributions at the different compo-
nents such as Si, SEI layer, and electrolyte at each voltage. The R
and Q values can be found in Tables S1-S3.

As can be seen for the pristine anode at 0.98 V (see Table 1), the cell
exhibits high impedance at low frequencies of Z;,; = ~1800 €, probably
due to the presence of a native SiO, layer (Fig. 2a) [19,60]. At 0.49 V,
according to Cao’s work, the SEI layer has now formed. At 0.7 V, the inor-
ganic-SEI is formed into lithium silicides (Li,Si) and lithium silicates
(Li,SiOy). In addition, at 0.6 V, the organic-SEI is formed, which consists
mainly of the electrolyte decomposition products [21-23,61], resulting
inasmaller Z,, of 1180 Q (Fig. 2b). At 0.04 V, a further increase in Z, to
1480 Q (Fig. 2c) is observed, as a result of the formation of a Li-Si alloy
which is confirmed by CV analysis.

In a separate study, after the Li//Si cell undergoes the 1st formation
cycle, changes in the semicircles are also evident (Fig. 2d-f). Of note,
we assume that an unstable SEI layer [8] has already formed during
the cycle prior to the EIS measurements. Interestingly, Z. at 0.98,
0.49, and 0.04 V are smaller compared to those observed for the pris-
tine cell (Table S2). We attribute this reduction in Z., to the amor-
phization of the Si particles [14,18,41,62]. Finally, the fitted Nyquist
plots of Li//Si cell cycled up to 75 cycles are presented in Fig. 2g-i.
At 0.98 V one can observe an increase in the Z,, but a slight decrease
in the capacitance of the Si-Li element (Table S3), however, it is
observed that at 0.49 V the Z,,, decreases, once a new SEI layer has
formed, to finally find the lowest Z, of 121.3 Q at 0.04 V correspond-
ing to the Si/Li alloy [21,46,47].

In the calculation of T obtained at 0.98 V for the pristine Li//Si cell,
two RQ and a series resistance were used. The slowest 7t is associated
with the Si electrode (ts; and tg;.1;) and the faster process is related to
the charge transfer through the electrolyte (teiectrolyte) [12,63]. On the
other hand, at 0.49 V an additional RQ element was added to the
equivalent circuit, which is related to the initial formation of a SEI
layer [19]. The tgg at 0.04 V decreases to 7.18 X 10~ 2 s. The Tejec.
trolytes Which is related to the ionic conduction associated with the
charge transport through the electrolyte, remains in the same order-
of-magnitude in the three voltages analyzed. The tg; at 0.98 V yields
a low value of 82.4 s and at 0.49 V increases to 119 s. At 0.04 V,
the particles now comprise of a Li-Si alloy in addition to a SEI layer,
and 7g;;; increases to 223 s.

For the Li//Si cell after the 1st formation cycle, tsg remains nearly
constant at 0.98 V and 0.49 V (0.206 s and 0.189 s, respectively), but
at the alloying voltage (0.04 V), tgg; increases slightly to 0.679 s, sug-
gesting changes in the SEI layer at this low voltage. Similar to the pris-
tine Li//Si cell, Tejectrolyte remains in the same order-of-magnitude at all
three voltages. For the charge transfer to the Si particles, tg;.1; is also
nearly constant with values ranging from 123 to 226 s and at
0.04 V, shows a time constant of 131.4 s. This is likely due to the for-
mation of Li-Si alloys [12,40].

The time constants were evaluated also after 75 cycles, to gain cer-
tain insight into the structural changes occurring upon cycling, and
possible capacity fading [7,9,46,64]. It is clear that cyclic voltammetry
is not the proper technique for studying aging, but after tens of cycles
some aging is reached. The calculation of the tsg; at 0.98 V in this Li//
Si cell has a value of 0.120 s. At 0.04 V, a high tsg; of 1.62 s is yielded,
indicating the possibility that continuous SEI growth has occurred dur-
ing prolonged cycling. Moreover, it was identified that Tejectrolyte Still
remains in the same order-of-magnitude at the three voltages even
after 75 cycles. The tg;1; at 0.98 V exhibits a slow time constant of
233 s, while at 0.49 V it decreases to 206 s, and at 0.04 V it is 87.7 s.

The associated t values derived from the DRT analysis are summa-
rized in Table 2, and can be visualized in Fig. S2. The values derived
from both techniques are comparable. However, one needs to consider
that there is about 1 order of magnitude of difference between them,
due to the nature of the techniques. The DRT shows the onset
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frequency (relaxation time) of changes in impedance, while the values
obtained by EC-fitting are about the frequency at maxima of impe-
dance; additionally, there is certain level of deviation due to the regu-
larization parameters used for the DRT analysis [35]. The additional
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information that could be gained by DRT is the discovery of an extra
time constant in the order of 10~ 2 s. This time constant appear even
in the pristine electrode at 0.98 V, this it can be associated either to
the conductive matrix containing Si particles [12,44] or most probably
to the native SiO, layer [19]. This time constant remains even at
0.49 V, when the SEI layer has formed, but no additional time con-
stants appear. This may indicate that the native SiO, becomes part
of the SEL then the SEI may be inorganic in large extent during the
first cycle. During the second cycle (1st formation cycle), and addi-
tional SEI layer appear (SEI 2), which is one order of magnitude
slower. This could be associated to the organic part of the SEL

The distribution of relaxation times, y(t), derived from all the impe-
dance data (Fig. 3a—c) were mapped out in greater detail in 3D as the
color-mapped plots of Fig. 3d—f. For these plots, the impedance data were
collected across the entire voltage range in 20 mV increments. In them,
the most representative changes are marked with white arrows, and dot-
ted lines show the trend of each of the components. After the 1st forma-
tion cycle (Fig. 3e), one can observe two contributions related to the tgg;
(SEI 1 and SEI 2 in Table 2), where tsg 1 = 1.5 X 107 2s and tgg 2 =
0.11 s (at 0.98 V), tsgr 1 = 0.89 X 1072 s and sz » = 0.9 s (at
0.49 V), and tggr 1 = 2.1 X 10™ % s and tgp » = 1.9 s (at 0.04 V). These
lines in Fig. 3e of gy clearly indicate that there exist several contribu-
tions to the SEI layer formation, which include an inorganic and organic
layer [19]. A different 3D visualization of the data is shown in Fig. S3, to
corroborate the existence of two SEI signals. The Tejectrolyte Fémains nearly
constant at a value of ~4 x 10~ *s. Moreover, the Si particles also exhi-
bit consistent ts; values (~0.2 s) at the three different voltages.

After 75 cycles, one can observe just one time constant related to
SEI (tsgp); then, it is possible to infer that the contributions associated
to the SEI 1 and SEI 2 merge (Fig. 3f). The overall tsg; values for this
Li//Si cell are higher compared to the pristine and 1st formation cycle
cells, indicating that SEI becomes more isolating upon cycling (has a
higher organic contribution). The SEI grows until a stable layer is
formed, if the voltage limits for cycling are properly set, as previously
reported [15,54]. The mainly organic nature of SEI after long cycling
has been evidenced in different work, like the one of Veith et al. [64].
In the present work, after 75 voltammetry cycles, once the Li//Si cell
has reached a stationary state, tsg; corresponding to the organic and
inorganic phase are mixed, with time constant closer to the one of
the organic contribution (tsg ~ 1 ).

On the other hand, a slight increase in the Tejectrolyte iS also exhib-
ited. The value is ~7 x 10~ *s. This increase in Telectrolyte SUggests that
there is also degradation of the liquid electrolyte with prolonged
cycling. Interestingly, ts; changes very slightly from the 1st formation
cycle to 75 cycles, indicating that the formed Li-Si phases have similar
properties upon cycling after the first cycle (after amorphization).

Based on the range of t values as a function of f, it is also possible to
investigate the kinetics of the aforementioned processes by analyzing
the changes in the phase angle (¢), which is yet another parameter
that represents time-dependent processes. In recent studies, the 3D
Bode analysis was used to understand charge-storage kinetics by rep-
resenting the phase angle (¢) to the frequency and potential in
three-dimensions to assess the kinetic properties of electrochemical
energy storage [65,66,67]. A ¢ of 90° corresponds to an ideal capaci-
tive behavior (e.g., parallel-plate capacitor) while a ¢ of 45° indicates a
diffusion-controlled process, and ¢ < 45° resembles a resistive pro-
cess [20]. The 3D Bode plots representing the ¢ as the dependent vari-
able (Fig. 4) shows strong correlation to the t values exhibited in the
3D DRT plots (Fig. 3). For the pristine Li//Si cell, there is a high ¢ con-
tribution (~65°) within a frequency range (f) from 1 to 100 Hz
(Fig. 4a). This region of the SEI layer initially shows fast kinetics,
but this value decreases to ~ 40° after the 1st formation cycle
(Fig. 4b) and further decreases to ~ 20° after 75 cycles (Fig. 4c). More-
over, as the ¢ continues to decrease within the SEI region, the ¢ at the
low frequency region (slow t), corresponding to the Si particles,
increases with prolonged cycling (Fig. 4a—c). This indicates that the
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Si particles become amorphous, showing a more kinetically favorable
lithiation process [41]. Interestingly, the ¢ values for the electrolyte
remain constant ~ 45° for all three cases (Fig. 4a—c), indicating that this
interfacial process is limited by electrolyte diffusion to the active
material.

4. Conclusions

Visualizing relaxation times of Si anodes in batteries in a 3D plot
has enabled to track their evolution during cycle voltammetry tests,
even with details rarely observable by conventional impedance analy-
sis by EC-modeling. In particular, this technique identified the forma-
tion of the solid electrolyte interphase, which is constituted by two
layers: an inorganic phase, formed parting from a native SiO, layer,
and an organic phase, formed by decomposition products of the elec-
trolyte, which yields a slower time constant. Additionally, a clear
structural change of the anodes could be inferred, within each voltam-
metry cycle (different Si-Li phases form) and from cycle to cycle. The
time constant related to the charge transfer to the Si anodes becomes
faster from cycle to cycle, tending towards a stationary state. The val-
ues of relaxation times obtained by DRT are comparable to the ones
obtained by EC-fitting, but shifted one order of magnitude, due to
the nature of the techniques. 3D visualization of DRT data can be con-
sidered an advanced technique, providing further mechanistic insights
into the complex charge-storage processes associated with silicon
anodes.
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