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Progressing from graphite to silicon-based anodes for lithium-ion batteries increases the importance of a depth-resolved understanding
of the reversible and irreversible processes across the thickness of the anode electrode. Considerable changes in electrode volume
and mass loading upon (de—)lithiation make silicon electrodes more susceptible to continuous side reactions and to the isolation of
active material particles, leading to non-uniform and accelerated electrode degradation. Here, we investigate the evolution of lithium
concentration profiles across the thickness of porous silicon-graphite (SiG) electrodes (~20 wm thickness, ~1.7 mAh cm~2) with
35 wt% silicon nanoparticles during the first (de—)lithiation cycle. Using ex situ neutron depth profiling (NDP), we monitor depth-
and quantity-resolved (i) the solid-electrolyte-interphase (SEI) formation, (ii) the (de—)lithiation of the active materials, as well as
(iii) the changes in the total lithium content as a function of the state-of-charge (SOC) and depth-of-discharge (DOD). The results
provide depth-resolved information about reversible and irreversible processes occurring during the formation of SiG electrodes,
and thus offer insight into the formation process of silicon-based electrodes.
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The commercialization of lithium-ion batteries featuring high-
capacity silicon-based anodes has been hampered by severe degra-
dation phenomena of the silicon particles and the respective elec-
trode coatings.'~ Silicon particles undergo significant morphological
changes upon (de-)lithiation, which result in an ongoing decompo-
sition of electrolyte constituents.*> On an electrode-level, this leads
to a considerable increase of the mass loading and to concomitant
swelling of the electrode®’ that deteriorates interparticle contacts and
also the ion conducting pathways.>® Consequently, silicon electrodes
are highly susceptible to non-uniform active material utilization and
isolation of active material particles. To understand in more detail
the underlying reversible and irreversible processes requires a depth-
resolved quantification of the lithium concentration across the elec-
trode thickness.

Neutron depth profiling (NDP) is a nuclear analytical technique
which is highly sensitive to °Li and thus allows to measure the dis-
tribution of lithium across the thickness of battery electrodes.”!® Al-
though the detectable depth strongly depends on the electrode mass
loading and its elemental composition, practically relevant silicon-
graphite electrodes can typically be investigated up to thicknesses of
~50 pm.'" Furthermore, the method is independent of the chemi-
cal state of the °Li isotopes, thus providing combined information
stemming from all lithium-containing compounds in the investigated
electrodes, including the binder, the SEI (solid electrolyte interphase),
and the lithiated active materials.!>"!4

Experimental

Silicon-graphite (SiG) electrodes, consisting of 35 wt% silicon
nanoparticles (~200 nm, Wacker Chemie AG, Germany), 45 wt%
graphite (~20 wm, T311, SGL Carbon, Germany), 10 wt% vapor
grown carbon fibers (VGCF-H, Showa Denko, Japan), and 10 wt%
lithium poly(acrylate) binder (LiPAA)'> were prepared by an aqueous
ink procedure.® The electrode mass loading was adjusted to 1.41 &
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0.02 mg cm™2, yielding a first-cycle delithiation capacity of 1.71 %
0.03 mAh cm~2 at a C-rate of 0.1 h™! (= 0.17 mA cm™?) compared
to a theoretical capacity of 2.00 4 0.03 mAh cm™2.1

Galvanostatic (de-)lithiation of the SiG electrodes to different SOC
and DOD was conducted in Li//SiG coin-cells (Hohsen, Japan) at
0.1 h~!. These were composed of a 20 pm thick polyolefin separa-
tor (Celgard, USA) and a 250 pwm thick glass fiber separator (VWR,
USA) sandwiched between a SiG electrode (@ 14 mm) and a lithium
metal electrode (@ 15 mm, ~450 pwm thickness, Rockwood Lithium,
USA). As electrolyte, 1 M LiPFg in a mixture of fluoroethylene
carbonate:ethyl methyl carbonate (FEC:EMC, 20:80 vol%, BASF,
Germany) was used. To form an initial SEI, the first lithiation cy-
cle starting from the open-circuit voltage (OCV) was stopped at
0.25 V vs. Li*/Li; nominally 100%gsoc were obtained by continu-
ing to 0.01 V vs. Li*/Li, while nominally 100%pop were obtained
by conducting the first delithiation cycle up to 1.5 V vs Lit/Li.
For all other SOC and DOD values, a capacity-cutoff was applied
in 20% intervals of the first cycle reversible delithiation capacity of
~1.7 mAh cm™? (i.e., in intervals of ~0.34 mAh cm~?). The mea-
surements were performed in a climate chamber (Binder, Germany)
at 25°C, using a Maccor Battery Cycler 4000 (Maccor, USA).

After (de—)lithiation to defined SOC and DOD, the cells with SiG
electrodes cycled to different potentials/capacities were immediately
transferred into an argon-filled glove box (H,O and O, concentra-
tion <0.1 ppm; MBraun, Germany). There, the SiG electrodes were
extracted and carefully washed with dimethyl carbonate (DMC) to re-
move residues of the liquid electrolyte, thus slowing down relaxation
of possible concentration gradients in the solid phase across the thick-
ness of the electrode coating. The dry electrodes were then sealed in
pouch foil and were only taken out just before the transfer into the
NDP vacuum chamber. This limited their exposure to ambient air to
a few minutes in order to mitigate side reactions. Nevertheless, it is
not expected that side reactions would affect the lithium depth profile
information, because they would only change the chemical state but not
the location of the detected °Li isotopes (either intercalated or trapped
in the SEI). In total, a time of less than 24 h was kept between the elec-
trochemical (de—)lithiation and the NDP investigation in order to min-
imize the possible relaxation of lithium concentration gradients across
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Figure 1. Galvanostatic potential profile of the first (de—)lithiation of the SiG
electrodes in Li//SiG coin-cells at 0.1 h~!. The open circles indicate the differ-
ent SOC (blue) and DOD (brown) at which the SiG electrodes were harvested
from the cells and measured by NDP. Additionally, an electrode cycled only to
0.2 V vs. Lit/Li where the initial SEI formation (i.f.) occurs without lithiation
is shown.

the electrode thickness. The NDP measurements were conducted
ex situ using the N4DP setup at the PGAA facility of MLZ in Garching,
Germany.'!"'® The beamline provides a collimated cold neutron beam
with an area of 12.6 mm? and a flux of 1.35 x 10° cm™2 s~!.!7 The
SiG electrodes were measured with the coating facing the incoming
beam at an angle of 45°.

Results and Discussion

Electrochemical (de-)lithiation of SiG electrodes.—Figure 1
shows the galvanostatic potential profile of the first (de—)lithiation
of the SiG electrodes as a function of the absolute charge through-
put (= Qiiniation + Quetithiation) at a rate of 0.1 h~'. While the lithi-
ation potentials of initially crystalline silicon and graphite largely
overlap, the delithiation of graphite takes place at lower potentials
(<0.2 V vs. Li*/Li) compared to silicon.> However, since graphite ac-
counts for only ~12% of the electrode’s capacity,® the electrochemical
behavior of the SiG electrodes is mainly influenced by the silicon par-
ticles. Accordingly, the lithiation is characterized by a large potential
plateau around 0.1 V vs. Lit/Li which can be ascribed to the two-
phase amorphization of the initially crystalline silicon particles upon
the alloy formation with lithium. The following delithiation shows a
much more sloped profile which originates from dealloying of amor-
phous Li,Si via a solid solution reaction. The small plateau around
0.45 V vs. Li*/Li (between 40-60%DOD in Figure 1) indicates that
only a minor fraction of the Li,Si alloy has recrystallized at potentials
below 0.05 V vs. Li*/Li during the preceding lithiation to form the
highly lithiated Li;sSi, phase.'®

For the NDP measurements, a series of pristine SiG electrodes
were (de-)lithiated to different SOC (blue circles) and DOD (brown
circles) values. Besides fully lithiated (100%gsoc) and fully delithiated
(100%pop) SiG electrodes, samples were taken in SOC/DOD inter-
vals of 20% (viz., ~0.34 mAh cm™2) during the first (de-)lithiation.
In addition, two SiG electrodes in pristine state and after the initial
SEI formation between OCV and 0.25 V vs. Li*/Li were prepared as
reference.

Lithium concentration profiles.—The nuclear reaction of thermal
neutrons with SLi results in the formation of a >H particle (2727 ke V)
and a “He particle (2055 keV) with well-defined energies. Due to the
two-body kinematics, the particles are emitted back-to-back whereby
the residual energy of the particles can be used to determine the depth
of the location of the original °Li isotope.'® Figure 2 shows the lithium
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Figure 2. Lithium concentration profiles as a function of the SiG electrode
mass loading which were calculated from the NDP energy spectra after
(de-)lithiation to different SOC (blue) and DOD (brown).

concentration profile as a function of the mass loading for the SiG elec-
trodes at different SOC (blue lines) and DOD (brown lines). Following
a procedure reported by Trunk et al.,'' the lithium concentration and
the mass loading were calculated from the *H energy spectra. First, the
“He signal was mathematically subtracted from the *H signal because
both signals arise from the same lithium profile.!' Then, the *H inten-
sity was converted into an absolute lithium quantity by normalizing
the measured count rate using a reference material’® and assuming
a constant natural lithium abundance (7.59% for °Li). The electrode
mass loading was calculated from the signal broadening due to the
energy loss of the *H particles using the SRIM (stopping range in
matter) software.?' Because the energy loss is dependent on the mate-
rial composition, changes in the stoichiometry of the SiG electrodes
upon (de-)lithiation were also taken into account.

This was based on three different mass contributions: (i) The
elemental composition of the pristine SiG electrodes (7pyistine)s
as described in the experimental section. (ii) The mass equiv-
alent of the lithium content in the SiG electrode (my;), which
was obtained from the net charge passed through the electrode
Qnet (E Qlithiation - Qdelithiution) for each SOC/DOD’ assuming ev-
ery transferred electron corresponds to one lithium atom irrespec-
tive if it is inserted into the active material or part of the SEI

(my; = %{m ). (iii) The residual mass of the other SEI
compounds (excl. lithium), which was obtained by weighing the har-
vested electrodes and subtracting m,;si,. and my;. The correspond-
ing stoichiometry was approximated by the FEC molecule mpgc
(C3H305F), which is preferentially reduced on silicon electrodes.*
Because no further information concerning the depth-dependent vari-
ation of the SiG electrode matrix-material are accessible, for the en-
ergy loss calculations it was approximated that changes in the electrode
stoichiometry occur evenly across the entire electrode at the different
SOC and DOD states. '?

The lithium concentration profiles shown in Figure 2 can be read
from the right to the left. A mass loading of zero marks the elec-
trode/separator interface, while an increasing mass loading corre-
sponds to greater electrode depth. Because the energy loss is a sta-
tistical process, the signal broadens toward higher mass loadings (=
lower energies, originating from greater depth), whereby the inflec-
tion point indicates the interface between the SiG electrode and the
Cu current collector.!! In the pristine SiG electrode (lowest blue
line), a small lithium concentration can be observed. This corre-
sponds entirely to the LiPAA binder which is uniformly distributed
across the SiG electrode thickness.!? After the initial SEI formation at
0.25 V vs. Li*/Li (blue line labelled “i.f.”), the lithium concentra-
tion increases notably. Since the lithiation of crystalline silicon does
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not occur at potentials above 0.25 V vs. Li*/Li,° most of the abso-
lute charge throughput (~0.13 mAh cm~2, see Figure 1) can be as-
cribed to the reductive decomposition of electrolyte constituents, pref-
erentially FEC,* and the subsequent formation of lithium-containing
SEI compounds like LiF and Li,CO;. Upon continued lithiation of
the SiG electrodes (blue lines), the lithium concentration increases
steadily, which can be mostly attributed to the lithium intercalation
into graphite (LiCy) and the alloying with silicon (Li,Si). In addition,
the profile broadens toward higher mass loadings, which is caused by
the large molar quantity of lithium as well as by the ongoing deposi-
tion of electrolyte decomposition products. For example, at 80%soc
the SiG electrode contains a capacity of ~1.44 mAh cm™2. Using
Faraday’s law and assuming one electron per lithium, this translates
into a lithium mass of 0.37 mgy; cm™~2. Considering that this SiG elec-
trode weighed 1.41 mg cm™2 in its pristine state and 1.93 mg cm™2
after cell disassembly, this corresponds to a mass increase of 0.52 mg
cm™2 of which 0.37 mg;; cm~2 account for lithium. The remaining
0.15 mg cm~2 can be ascribed to electrolyte decomposition products.
Overall, the electrode mass loading increased by ~40% compared
to the pristine state, resulting in a larger energy loss and a broaden-
ing of the lithium concentration profile. Remarkably, the plateau-like
shape of the profiles in Figure 2 remains almost unchanged at different
SOC/DOD and mass loadings, respectively, thus indicating a uniform
lithium distribution across the thickness of the SiG electrode. Conse-
quently, the lithiation of the active materials occurs homogeneously
throughout the thickness of the SiG electrodes, which is consistent
with the expected absence of lithium ion concentration gradients in
the electrolyte phase within the pores of the only ~20 pwm thick SiG
electrodes at the low C-rate of 0.1 h=1.12

Another feature in the concentration profiles is a small peak at the
interface between the electrode and the separator, i.e., at the onset
of the mass loading scale in Figure 2, which occurs independently
of the individual SOC and DOD states. These findings corroborate
to our earlier studies where the peak was found to vanish only after
extensive charge-discharge cycling.'”> Although this phenomenon is
still subject to further investigation, Trunk et al. reported earlier,'!
that it is not necessarily related to a true enrichment of lithium at the
surface. Instead, they ascribed its origin to the solid-particle nature
(e.g., particle size distribution) of the electrode coating, which results
in a higher apparent amount of lithium-containing compounds in the
outermost electrode layer compared to an average layer in the electrode
bulk.

During the subsequent delithiation cycle, the lithium content and
the mass loading decrease gradually, while the plateau-like profile is
maintained at all DOD levels. Thus, the lithium deintercalation from
LiC, (mainly between 100%gsoc and 80%pop) as well as the subse-
quent dealloying of LiSi occur homogeneously throughout the thick-
ness of the electrode, analogous to what was observed during lithiation.
Consequently, any immobilized lithium or electrolyte decomposition
products are also uniformly distributed across the thickness of the
electrodes. This becomes even more evident by comparing the SiG
electrode after the initial SEI formation (labelled “i.f.””) and the fully
delithiated SiG electrode at 100%pop (lowest brown line). Accord-
ingly, both electrodes indicate the same profile shape and a similar
lithium content; the slightly larger lithium concentration at 100%pop
can be attributed to ongoing SEI growth caused by silicon particle ex-
pansion and contraction over the course of the first (de—)lithiation cycle
as well as a minor fraction of immobilized lithium trapped by electri-
cally isolated active material particles. Thus, our results demonstrate
that the here investigated SiG electrodes are uniformly (de-)lithiated
at 0.1 h™!, despite a considerable but mostly reversible change in the
electrode mass loading of more than +50% (0.7-0.8 mg cm™?) at
100%soc-

Quantifying the lithium content.—To verify that the lithium con-
centration profiles represent the entire SiG electrode, Figure 3 com-
pares the total lithium content of the SiG electrodes vs. the abso-
lute charge throughput by two different approaches: i) either calcu-
lated from the NDP spectra (open triangles) or ii) determined elec-
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Figure 3. Total lithium content of the SiG electrodes as a function of the ab-
solute charge throughput over the course of the first (de—)lithiation cycle to
different SOC (blue) and DOD (brown) values. The lithium contents were ei-
ther derived electrochemically from the net charge passed through the elec-
trode (solid squares) or calculated from the NDP spectra (open triangles).
The lithium content in the LiPAA binder was subtracted from the NDP data
(0.049 mAh cm—2) because it is not accessible from the electrochemical data.

trochemically by considering the net charge passed through the elec-
trode Qner (= Quithiation — Qetithiarion)» Which was obtained from the
electrochemical data (solid squares). The former were corrected by
the lithium content measured for the LiPAA binder which cannot
be determined from the electrochemical data. Accordingly, the in-
tegration of the *H signal from the NDP spectrum of the pristine
SiG electrode reveals a lithium content of 0.049 + 0.002 mAh cm™2.
This value agrees well with the ~0.048 mAh cm~2 derived from the
composition of the pristine electrode, assuming an electrode mass
loading of 1.41 mg cm~2, 10wt% binder, and a molecular weight of
77.9 g mol~! (i.e., the molecular weight of one repeat unit of LiPAA).
As can be seen, throughout the first (de—)lithiation of the SiG electrode,
the agreement between the electrochemically and the NDP—derived
lithium content is excellent for all SOC and DOD values. This con-
firms that the lithium concentration profiles in Figure 2 indeed reflect
the entire electrode coating and thus provide depth—-resolved informa-
tion about several reversible and irreversible processes, including the
SEI formation, (de-)lithiation of the active materials, as well as the
considerable changes in the electrode mass loading.

Conclusions

Using ex situ NDP, we quantified the evolution of lithium concen-
tration profiles across the thickness of SiG electrodes over the first
(de-)lithiation cycle. Our results revealed that during the first
(de-)lithiation at a slow C-rate of 0.1 h™! both the initial SEI for-
mation above 0.25 V vs. Li*/Li as well as the ongoing electrolyte
decomposition measured after full delithiation (100%pop) occur uni-
formly across the thickness of the SiG electrodes. Despite considerable
changes in the total lithium content and the electrode mass loading,
the same plateau-like profile was maintained throughout the first (de—
)lithiation cycle, thus indicating a depth-independent utilization of
the active materials. A comparison of the lithium content determined
from the electrochemical data and calculated from the NDP spectra
revealed an excellent agreement. Therefore, NDP offers a powerful
tool to evaluate various degradation phenomena of silicon electrodes
in a depth-resolved way, including (i) the uniformity of the SEI growth
upon cycling, (ii) the active material utilization in prelithiated or capac-
itively oversized silicon electrodes, as well as (iii) the SOC distribution
at different C—rates.
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