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On the Capacity Losses Seen for Optimized Nano-Si
Composite Electrodes in Li-Metal Half-Cells

Fredrik Lindgren, David Rehnlund,* Ruijun Pan, Jean Pettersson, Reza Younesi, Chao Xu,

Torbjérn Gustafsson, Kristina Edstrom, and Leif Nyholm

While the use of silicon-based electrodes can increase the capacity of Li-ion
batteries considerably, their application is associated with significant capacity
losses. In this work, the influences of solid electrolyte interphase (SEI) forma-
tion, volume expansion, and lithium trapping are evaluated for two different
electrochemical cycling schemes using lithium-metal half-cells containing
silicon nanoparticle-based composite electrodes. Lithium trapping, caused
by incomplete delithiation, is demonstrated to be the main reason for the
capacity loss while SEI formation and dissolution affect the accumulated
capacity loss due to a decreased coulombic efficiency. The capacity losses can
be explained by the increasing lithium concentration in the electrode causing
a decreasing lithiation potential and the lithiation cut-off limit being reached
faster. A lithium-to-silicon atomic ratio of 3.28 is found for a silicon electrode
after 650 cycles using 1200 mAhg™' capacity limited cycling. The results
further show that the lithiation step is the capacity-limiting step and that the
capacity losses can be minimized by increasing the efficiency of the delithia-
tion step via the inclusion of constant voltage delithiation steps. Lithium trap-
ping due to incomplete delithiation consequently constitutes a very important

1. Introduction

New electrode materials are required to
meet the demand for Li-based batteries
with better performances.ll Among the
new material candidates for negative elec-
trodes, silicon is particularly interesting
as it may provide about an order of mag-
nitude higher gravimetric as well as volu-
metric energy densities compared to the
graphite-based negative electrodes typi-
cally employed today.”) However, the reali-
zation of commercial silicon electrodes
is hampered by the presence of large
irreversible capacities, electrolyte decom-
position problems, and the significant
capacity losses seen during their cycling.]’!
The latter losses are generally ascribed to
two effects, i.e., the formation of a solid
electrolyte interphase (SEI) layer and the
volume changes associated with the sil-
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icon lithiation and delithiation reactions.
The SEI formation stems from the fact
that at the low potentials of most negative
electrode materials, the electrolyte solvents undergo reduction
until the electrode becomes passivated by an SEI layer.™ In
full cell batteries, where the capacity of the positive electrode
is capacity limiting, the SEI formation gives rise to a decrease
in the cell capacity due to the consumption of a part of the
capacity of the positive electrode.l! For Si electrodes, the integ-
rity of the SEI layer is also affected by the significant volume
variations taking place during the cycling as this may lead to
exposure of new surfaces that also require passivation via SEI
formation.l’] If new surfaces are constantly formed, or if some
of the SEI components dissolve in the electrolyte,® the SEI
formation becomes a continuous process draining the capacity
of the full-cell battery.”! The irreversible SEI formation also
gives rise to decreased coulombic efficiencies. It is, however,
important to note that the SEI formation does not affect the
charge storage capacity of the negative electrode and that in a
half-cell battery, equipped with a lithium-metal counter elec-
trode, the huge capacity of the latter usually compensates for
the charge associated with the SEI formation. The significant
capacity losses typically seen for silicon electrodes upon cycling
in lithium-metal half-cells, can therefore not be explained by
SEI formation.
Volume changes, yielding cracked particles, and loss of elec-
trical contact to the particles, can, on the other hand, give rise
to capacity losses for silicon electrodes cycled in lithium-metal

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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half-cells.®! For silicon, the volume expansion upon full lithi-
ation has been estimated to 280% assuming that Li;;5Si is
formed.”! While it is well known that there can be significant
losses of active material for micrometer-sized silicon parti-
cles,l'% the influence of the effect can be significantly decreased
if nanometer-sized silicon particles and efficient binders are
employed.['12]

As significant capacity losses are generally still seen even
for electrodes composed of nanometer-sized silicon parti-
cles, it was recently proposed(® that the capacity losses seen
for silicon (and other alloy forming electrode materials such
as tin and aluminum) instead mainly stem from diffusion
controlled trapping of lithium in the electrodes. The latter
stems from the inability to completely delithiate the electrode
after the lithiation step due to the fact that a small fraction
(i.e., less than 1%) of the deposited lithium continues to dif-
fuse toward the inner part of the electrode even during the
delithiation step. This two-way diffusion results in a gradual
increase in the lithium concentration in the electrode, which
can be readily seen by determining the lithium concentration
in the electrode as a function of the cycle number using, e.g.,
inductive coupled plasma-atomic emission spectroscopy (ICP-
AES). Although the Li-trapping hypothesisl®l is relatively new,
trapped lithium in electrodes has in fact already been observed
for silicon using neutron reflectometry®3 and considered by
other groups in different ways (e.g., as incomplete delithiation
and slow delithiation kinetics, etc.)l and also for interme-
tallic compounds.! A significant amount of Li; ;5 Si was also
observed in a delithiated silicon electrode employing ex situ
nuclear magnetic resonance (NMR).['® It should be noted that
the amorphous nature of many Li-Si phases makes the detec-
tion of any lithium containing phases in the silicon electrodes
challenging and that the lithium concentrations in the delithi-
ated electrode materials are very low unless the electrode has
been cycled for many cycles. While the trapped lithium often
has been ascribed to the formation of irreversible phases and
slow delithiation kinetics, the reasons for the latter effects
have not been properly explained so far. Other researchers
have instead proposed that the irreversibly lost lithium was
located within the SEI layer.'”] Given that the experimental
data support the presence of trapped lithium and the signifi-
cant potential impact of this effect, it is clearly very important
to study the lithium-trapping phenomenon further using dif-
ferent cycling conditions, electrolytes, and characterization
techniques.

In our previous lithium-trapping study,® we found that
incomplete delithiation could explain the capacity losses seen
for lithium-metal half-cells comprising tin nanorod electrodes
or silicon composite electrodes containing 50 nm sized Si
particles. It was also shown that the capacity increased rather
than decreased during the initial cycles where the most dra-
matic effects of the volume variations would be expected, and
that SEI formation did not affect the charge storage capacity of
the electrodes. The incomplete delithiation, due to the diffu-
sion-controlled trapping of lithium in the electrode, decreased
the coulombic efficiency as well as the charge storage capacity
of the electrode material as further lithiation was found to
become more difficult.l’! The underlying trapping mechanism
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was explained based on diffusion of lithium toward the inner
parts of the electrode rendering a small fraction (less than 1%)
of the deposited lithium inaccessible during the subsequent
delithiation step.l®! The results, however, also indicated that
the influence of the lithium-trapping effect depends on the
time scale of the lithiation and delithiation steps, as well
as the lithium diffusion length in the electrodes. While it was
concluded that it should be possible to decrease the influence
of the lithium-trapping effect by improving the efficiency of
the delithiation step, this approach was not studied in detail.
Moreover, it is still not immediately clear why increasing
lithium concentrations in the silicon electrode give rise to the
observed capacity decreases and why the delithiation of the
almost fully lithiated electrode was unsuccessful even though
the electrode clearly contained large amounts of lithium.
Other important questions concern the influences of the time
domains of the lithiation and delithiation steps and the pos-
sibilities of increasing the efficiency of the delithiation step
by using alternative cycling protocols, e.g., involving capacity
limited cycling or asymmetric cycling with lithiation and del-
ithiation steps of different durations. As lithium trapping
should not lead to irreversible losses of capacity, the possi-
bility of regenerating the electrode clearly needs be studied
further since such approaches can be expected to have con-
siderable implications on the use of not only silicon elec-
trodes but also alloy forming electrodes in general.

The aim of the present work is to address the abovemen-
tioned questions using capacity limited cycling of lithium-
metal based half-cells comprising silicon nanoparticle-based
composite electrodes and an electrolyte especially designed
to provide well-functioning SEI layers. By monitoring the
capacity and accumulated capacity loss (i.e., the sum of the
differences between the lithiation and delithiation charges
for all cycles) and calculating the charge associated with the
amount of lithium found in a cycled silicon electrode using
ICP-AES, it is demonstrated that the capacity loss mainly can
be ascribed to lithium trapping. The charge associated with
the SEI formation and the SEI dissolution rate are likewise
estimated from the experimental data. More importantly, by
using two different cycling protocols, i.e., conventional con-
stant current (CC) and constant current cycling combined
with an additional constant voltage (CCCV) delithiation step,
it is clearly shown that the lifetime of silicon electrodes can
be increased significantly merely by increasing the efficiency
of the delithiation step. The increase in the lithium concen-
tration in the electrode, which is also monitored using hard
X-ray photoelectron spectroscopy (HAXPES) experiments, is
demonstrated to cause a gradual saturation of the electrode
yielding a decrease in the lithiation voltage and the lithium
diffusion coefficient in the silicon electrode. The latter cause
the lithiation cut-off voltage to be reached faster and faster
and the capacity to decrease gradually during cycling. Asym-
metric cycling including lithiation and delithiation steps
with different durations is also investigated as a means of
increasing the lifetime of the silicon electrodes. Finally, the
fundamental features of the lithium trapping phenomenon
and the influence of the cycling protocol on the electrochemical
performance of silicon electrodes are discussed.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Results and Discussion
2.1. Capacity Limited Cycling

In the present work, the electrolyte composition and the cycling
conditions (see Figure 1) were chosen to optimize the lifetime
of the silicon nanoparticle-based composite electrodes. As one
common strategy to prolong the lifetime of silicon electrodes is
to use capacity limited cycling,®! the performances of the half-
cells were evaluated using constant lithiation and delithiation
at a fixed capacity of 1200 mAh g (i.e., 1.2 mAh cm™?). This
capacity corresponds to about 33% of the theoretical capacity
for silicon. The silicon electrode was assumed to be capacity
limiting due to the lithium-metal counter electrode employed
in the half-cell and the lithiation and delithiation cut-off limits
were set to 0.01 and 1.0 V versus Li*/Li, respectively. The
cycling protocol, hence, included a primary coulombic limit
and a secondary voltage limit, so that the lithiation step was
stopped if the potential of the silicon electrode reached 0.01 V
versus Li*/Li. The delithiation step was analogously inter-
rupted if the potential reached 1.0 V versus Li*/Li. Figure 1
illustrates the performances of the silicon electrodes during

www.advenergymat.de

i) capacity limited cycling (i.e., constant current cycling, CC)
and ii) capacity limited cycling with constant current lithiation
and constant current, constant voltage (CCCV) delithiation. In
the latter case, the delithiation was carried out with a constant
current step followed by a voltage pulse to 1.0 V versus Li*/Li
on every 10th cycle. The only difference between the cycling
protocols was hence the constant voltage delithiation step used
in the CCCV case.

As seen in Figure 1A, the intended capacity limited cycling
performance could be maintained for almost 300 cycles when
using the standard (i.e., CC) cycling protocol. However, a dra-
matic capacity decline was observed after about 300 cycles
with the capacity dropping from 1200 to a few mAh g! during
only about 50 cycles. Prior to this, i.e., after about 280 cycles,
a marked decrease could be seen in the coulombic efficiency
(see Figure 1B) indicating a marked change in the electro-
chemical behavior. The coulombic efficiency (i.e., the ratio
between the delithiation and lithiation capacities) was, inci-
dentally, about 98% initially but was found to have increased
to slightly above 99% after 100 cycles. As the lithium-metal
counter electrode should have been be able to compensate for
SEI formation charge, the observed capacity decrease cannot
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Figure 1. Capacity limited cycling for nanosilicon composite electrodes using A,B) standard cycling and C,D) constant current followed by constant
voltage (i.e., CCCV) cycling. In (A) and (C), both the capacity and the accumulated capacity loss are shown as a function of the cycle number. The insets
in (A) show magnified views of sections of the lithiation (black full circles) and delithiation (blue open circles) curves indicated by the letters I1-V. In
(B,D), coulombic efficiency versus cycle number plots are presented for both cycling procedures. The lower curves shows magnified view of the upper
curves. The electrolyte was composed of 0.6 m lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide (LiTDI) dissolved in dimethyl carbonate (DMC) and
ethylene carbonate (EC) also containing fluoroethylene carbonate (FEC) and vinylene carbonate (VC). The volumetric electrolyte composition ratio was

2:1:0.1:0.02 with respect to DMC, EC, FEC, and VC, respectively.
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clearly be explained by SEI formation.I®! The capacity decrease
seen in Figure 1A must, therefore, have stemmed from another
phenomenon directly affecting the charge storage capacity
of the silicon electrode. By plotting the accumulated capacity
loss (i.e., the sum of the differences between the lithiation and
delithiation charges) versus the cycle number, it can be seen
(see Figure 1A) that the accumulated capacity loss (which was
affected by the SEI formation charge) increased continuously to
reach a maximum value of 4990 mAh g after about 350 cycles.
It is likewise evident that the increase was particularly large
between the 290th and 320th cycles, i.e., where the marked
drop in the coulombic efficiency was seen. At this stage, there
was hence a dramatic change in the electrochemical perfor-
mance of the electrode that resulted in a significantly decreased
coulombic efficiency. More importantly, the increasing accu-
mulated capacity loss did not affect the overall electrode per-
formance as stable cycling capacity of 1200 mAh g! could be
maintained during the initial 300 cycles. The experimental
data, therefore, indicate that the silicon electrode gradually
consumed its inherent capacity during the cycling even if this
was not readily seen in the capacity versus cycle number plot.
This demonstrates that capacity limited cycling does not solve
the capacity loss problem but merely increases the number of
useful cycles since the electrode is not allowed to undergo full
lithiation. With capacity limited cycling, the electrode can thus
be maintained functional for a relatively large number of cycles
depending on the difference between the selected capacity limit
and the theoretical capacity for the silicon electrode. Another
important point is that while the accumulated capacity loss
plot shows that the lithiation charge exceeded the delithiation
charge during the first 300 cycles, the delithiation capacity
exceeded the lithiation capacity later on during the cycling.
The accumulated capacity loss, hence, started to decrease once
the capacities of the electrodes had dropped to practically zero.
This effect, which is more clearly seen in the coulombic effi-
ciency versus cycle number in Figure 1B, is difficult to explain
based on a degradation of the electrode due to volume expan-
sion effects. Based on the data in Figure 1A,B, it is, therefore,
reasonable to assume that the rapid capacity loss seen after
about 300 to 350 cycles was coupled to the preceding increase
in the accumulated capacity due to lithium trapping and SEI
formation according to the hypothesis recently proposed by
Rehnlund et al.l¥

The validity of the lithium trapping assumption can be
further investigated by taking a closer look at the data in
Figure 1. Since the capacity of the silicon electrode was at
least 1200 mAh g! (i.e., 33% of the theoretical value) during
300 cycles, the effective coulombic efficiency, i.e., the cou-
lombic efficiency for the capacity limiting reaction, z Li* +
z e + Si = 1i,Si, was 99.63%, as 0.99633% = 0.33. This effec-
tive coulombic efficiency can, hence, be regarded as the average
coulombic efficiency for the abovementioned redox reaction
in the absence of any superimposed irreversible reactions (not
affecting the studied redox reaction). In the presence of such
irreversible reactions, the coulombic efficiency should hence
differ from 100% even when the lithiation and delithiation
charges are identical. Since the effective coulombic efficiency
(of 99.63%) was larger than the experimental coulombic effi-
ciency (which was calculated for each cycle and varied between
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97.3% and 99.4%), the present data consequently indicate the
presence an irreversible reduction reaction. This is in excellent
agreement with the fact that the apparent lithiation capacity
would be given by the sum of the true lithiation charge and the
charge due to the SEI formation. It is, therefore, difficult to pre-
dict the lifetimes of half-cells based on conventional coulombic
efficiency values, which is illustrated as follows. Assuming
a coulombic efficiency of 99%, only 5% of the initial capacity
should have remained after 300 cycles (since 0.99°% = 0.05),
although no significant capacity loss can be seen during the
first 300 cycles in Figure 1A. More importantly, it can be con-
cluded that the accumulated capacity loss must have been
caused by at least two effects: an inability to completely oxidize
the deposited lithium and SEI formation. Since the silicon elec-
trode should be capacity limiting, the capacity decrease seen in
Figure 1A must then have been caused by an inability to oxidize
all the lithium deposited in the preceding lithiation step.
This is in very good agreement with the diffusion controlled
Li-trapping phenomenon recently described by Rehnlund
et al,l® as well as the slow delithiation behavior previously
described in the literature.[!

Since the conventional constant current cycling results
indicate that lithium was trapped in the silicon electrode as a
result of an incomplete delithiation step, an alternative cycling
scheme was used to investigate the possibility of increasing the
delithiation efficiency by including a constant voltage delithia-
tion pulse on every 10th delithiation step. As seen in Figure 1C,
the capacity versus cycle number plot obtained with the latter
CCCV cycling protocol shows that the capacity remained con-
stant during the first 300 cycles in analogy with the conven-
tional cycling results. In contrast to the rapid capacity decline
seen after about 300 cycles during the conventional cycling,
a more irregular and prolonged decline, extending to about
600 cycles, was, however, seen in the CCCV case. The accumu-
lated capacity loss was also smaller in the CCCV case (i.e., about
4300 mAh g! as compared to about 5000 mAh g! for the CC
cycling). The CCCV results consequently demonstrate that the
lifetime of the silicon electrode could be prolonged considerably
when the constant current delithiation step was complemented
with a delithiation voltage step on every 10th cycle. This finding
is difficult to explain based on SEI formation and volume expan-
sion effects, since the experiments were carried out with analo-
gous cells and as the only difference between the CC and CCCV
protocols was the controlled voltage delithiation step used in
the latter case. Since the lithium trapping effect should give rise
to an increasing concentration of lithium in the electrode, the
results instead indicate that the lifetime of the electrode can be
extended by increasing the efficiency of the delithiation step.
The latter is in excellent agreement with previous predictions.[®!
The results, however, likewise indicate that the effect of the
extra delithiation step was most pronounced when the silicon
electrode was almost saturated with respect to lithium. This
can be explained by an increased importance of the diffusion of
lithium from the interior part of the electrode to the electrode
surface once the electrode was almost saturated with lithium.
As the CCCV results show that the efficiency of the delithiation
process can be increased using a controlled voltage pulse, it is
also reasonable to assume that the delithiation rate was limited
by the lithium diffusion rate within the silicon electrode.
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Figure 2. The constant voltage-step-delithiation capacity and the capacity
loss during the subsequent delithiation step as a function of the cycle
number as well as a plot of the duration of the constant voltage step as a
function of the cycle number.

The impact of the constant voltage delithiation pulse can be
studied in more detail using Figure 1C and Figure 2. During
the first 200 cycles, the pulse delithiation capacity was found
to increase to about 330 mAh g! after 200 cycles. Simultane-
ously, the time needed for the pulse current to decay to the cut-
off current limit (i.e., 1 HA) increased from 9 to 140 hours due
to the increasing concentration of lithium and the associated
increase in the diffusion layer thickness of lithium in the elec-
trode (see Section 2.6). The efficiency of the delithiation pulse
can be estimated as follows: based on the data in Figure 1A, it
can be assumed that a capacity of about 15 mAh g! was lost
upon each cycle, which means that the capacity loss during the
ten first cycles should have been about 150 mAh g™'. A compar-
ison of this value with the delithiation pulse capacity of about
80 mAh g! obtained on the 10th cycle indicates that about
55% of the capacity loss could be recovered with the delithia-
tion pulse. A full recovery of the lost capacity was clearly not
very likely as the length of the 10th cycle potential pulse was
approximately nine hours while the total lithiation time during
the first ten cycles was about 60 hours. In Section 2.2, the influ-
ence of the diffusion time on the capacity loss will be discussed
in more detail. The abovementioned results, thus, indicate that
it is possible to recover a significant fraction of the lost capacity
using a complementary controlled voltage delithiation pulse
and that this increases the lifetime of the silicon electrode.

However, as is seen in both Figures 1C and 2, the increase
in the delithiation capacity obtained with the potential pulse
was associated with a corresponding decrease in the delithia-
tion capacity on the subsequent cycle, at least during about the
first 350 cycles. This increased capacity for the lithiation cycle
after the delithiation pulse cycle can be explained by the thicker
lithium concentration profile generated for a longer delithia-
tion step (see Section 2). This allows more lithium to be depos-
ited during the following lithiation step compared to when the
lithiation is carried out after a conventional constant current
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delithiation step. Because of this, the lithium concentration
profile present prior to the delithiation pulse should practically
be restored. During the last 350 cycles a completely different
behavior was, however, seen as the pulse delithiation capacity
then generally exceeded the lithiation capacity on the subse-
quent cycle (see Figure 2). In this part of the experiment, a sig-
nificant amount of lithium was consequently extracted from the
electrode during each delithiation pulse although the reproduc-
ibility in the capacities was lower in this region than during the
first 350 cycles. The occasional increases in the capacity due to
increases in the delithiation charges could possibly be explained
by increases in the electrode area due to the formation of cracks
in the silicon particles. Such cracks would significantly facilitate
the lithium diffusion and previously trapped lithium could then
become accessible. The likelihood for a cracking of the nano-
particles would naturally increase with their lithiation degree,
which could explain why this effect was not seen during the
first 300 cycles. The resulting improved lithium extraction
explains the relative slow capacity decay seen in this part of
the CCCV cycling experiment in Figure 1C. The larger delithi-
ation capacity (compared to the subsequent lithiation capacity)
can be explained by lithium diffusing from the interior parts of
the electrode toward the electrode surface. This is, hence, the
opposite case compared to the behavior seen during the first
350 cycles when lithium was diffusing from the electrode sur-
face toward the interior parts of the electrode.

After the CCCV cycling, the cell was disassembled in a
glovebox and the lithium content in the silicon electrode was
determined using ICP-AES (see the Experimental Section).
Given that the electrode (composed of 3.140 mg silicon) was
found to contain 2.574 mg lithium (see Table S1, Supporting
Information), it is immediately clear that a large amount of
lithium had been trapped in the electrode during the cycling.
This confirms that the mismatch between the lithiation and
delithiation capacities was indeed caused by the inability to
fully oxidize the lithium deposited during the preceding lithi-
ation step. As is described in more detail in Section 1, the
ICP-AES data and the accumulated capacity loss indicate the
formation of an alloy with an average composition of Li; ,4Si.
The results further indicate that 99.5% of the lithium found
in the electrode was present in the silicon electrode while the
remaining 0.5% could be explained by lithium ions present
in an SEI layer with an assumed thickness of 20 nm. As the
lithium atoms in the lithium-—silicon alloy could explain about
80% of the total accumulated capacity loss (see Figure 1C) it is
also evident that the remaining 20% must have been associated
with another process. As is described in Section 1, the latter
capacity loss can be explained by the charge required to main-
tain a SEI layer with a thickness of 20 nm due to a continuous
dissolution of the SEI layer during the cycling at a rate of about
0.2 nm h™L. The elemental analysis data, which hence support
the Li-trapping hypothesis,l®l consequently show that the main
part (i.e., 80%) of the accumulated capacity loss stemmed from
the incomplete delithiation step, in excellent agreement with
the data in Figures 1 and 2.

Even though the ICP-AES results and the data in Figures 1
and 2 clearly show that the silicon electrode gradually became
saturated with lithium during the cycling, it is still not imme-
diately clear why this effect yields the capacity losses seen in
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Figure 3. Cycling curves for the indicated cycles obtained A) during standard constant current cycling, B) prior to a CCCV voltage step, and C)

a CCCV voltage step.

Figure 1. This point, however, can readily be explained using
the cycling curves obtained with the standard and CCCV pro-
tocol, respectively. As can be seen in Figure 3, the standard
cycling lithiation initially mainly involved the so called first
quasi-plateaul® as the second quasi-plateau was not reached
until on the 50th cycle. Upon further cycling, a decrease in
the lithiation potential was seen causing the quasi-plateaus
to merge. In contrast, the shape of the delithiation curves
remained essentially constant during the first 300 cycles. This
difference between the shapes of the lithiation and delithia-
tion curves can, therefore, not be explained by an increase in
the interfacial resistance, e.g., due a growing SEI layer as this
should affect the lithiation and delithiation steps equally. The
experimental data also indicate that the thickness of the SEI
layer remained practically constant during the cycling (see
Section 2.3 as well as Section 1). According to Rehnlund et al.,[®!
the shift in the lithiation potential is more likely to be associ-
ated with an increasing lithium surface concentration. As is
described in more detail in Section 2.6, the lithium trapping
effect should schematically result in the electrode becoming
filled up in a process in which the trapped lithium appears
to move toward the electrode surface. It is also likely that the
lithium diffusion rate in the silicon electrode depends on the
concentration of lithium in the electrode (see Section 1), in
analogy with the behaviors seen for other electrodes.'¥ It can
consequently be expected that the lithiation step should become
more and more difficult as the lithium concentration in the
electrode is increasing. This is clearly seen in Figure S3 in the
Supporting Information, depicting the cycling curves for cycles
400, 500, 600, and 700, respectively.

While the CCCV cycling protocol resulted in cycling curves
with shapes similar to those obtained with the standard CC pro-
tocol, a significant difference was seen between the shapes of
the cycling curves recorded before and after the constant voltage
delithiation step (see Figures 3B,C as well as Figures S3-S5 in
the Supporting Information). Prior to the constant voltage del-
ithiation step, the cycling curve resembled the standard cycling
curve exhibiting two distinguishable quasi-plateaus during the
lithiation. After the constant voltage step, the lithiation curve,
however, only featured the first quasi-plateau. In addition, a
decreased lithiation overpotential was seen which resulted
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in the lithiation terminating within the 0.15 to 0.1 V region
compared to between 0.075 and 0.001 V prior to the constant
voltage step. As previously explained, the lower delithiation
capacity seen in Figure 3C can be explained by the effect of the
preceding delithiation pulse. Based on the results in Figure 3
it can, therefore, be concluded that the delithiation pulse facili-
tates the subsequent lithiation via a decreased surface concen-
tration of lithium in the electrode. The latter maintains the lith-
iation potential higher and hence the lithiation time longer (see
Section 4) which allows the cycling to continue longer before
the lithiation potential reaches the lithiation cut-off limit (i.e.,
the lithium plating potential).

Despite the decreased polarization during the lithiation
step and the longer lifetime for the silicon electrode seen with
the CCCV cycling protocol, it is immediately evident that the
silicon electrode still failed. Based on the magnitude of the
accumulated capacity losses (see Figure 1) and the ICP-AES
results, this stemmed from the fact that the silicon electrode
still became saturated with lithium because of lithium being
trapped on each cycle. However, as previously mentioned, this
is not expected since the delithiation pulse only was used on
every 10th cycle. The gradual capacity losses seen in Figure 1
can, thus, be explained by the decrease in the lithiation poten-
tial (and hence the accessible lithiation cycling window) since
the surface of the silicon electrode gradually was transformed
into a lithium electrode surface. The different shifts in the CC
and CCCV lithiation potentials were, incidentally, also unlikely
to be due to changes in the overvoltages associated with the
lithium counter electrode, the electrolyte and the separator
(which also would affect the available cycling window) as analo-
gous cells were used in the CC and CCCV cycling experiments.
The main difference between the cycling behavior seen during
the standard constant current and the CCCV cycling should,
hence, have been caused by the differences in the lithium con-
centration in the surface region of the silicon electrode due to
the delithiation step. As is evident from the cycling curves in
Figure 3 and Figures S3-S5 in the Supporting Information, the
decrease in the lithiation potential caused the CC capacity to
drop to practically zero already after about 350 cycles whereas
about 620 cycles was required to reach this point using the
CCCV cycling scheme. This significant difference can be

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

explained based on the data in Figure 2 where it is seen that
the effect of the delithiation pulse was particularly pronounced
between approximately the 360th and 620th cycles. The lithia-
tion potentials on cycles 400, 500, 600, and 700 thus remained
above the lithiation cut-off limit for a longer period of time in
the CCCV than in the CC experiments (see Figures S3-S5, Sup-
porting Information).

Another difference between the CC and the CCCV capacity
curves in Figure 1 concerns the dramatic increase in the accu-
mulated capacity loss seen during the 290th to 320th cycles only
in the CC case. As explained above, the results indicate that the
surface concentration of lithium at this point became close to
the saturation level during the lithiation step causing the lithi-
ation cut-off limit to be reached earlier than in the CCCV case.
This is further supported by the changes in the shapes of the
lithiation curves as well as in the coulombic efficiencies seen
in Figures 1 and 3. Note also that a dramatic decrease in the
coulombic efficiency was found after about 290 cycles in the CC
experiments whereas no such effect was seen in the CCCV case.
As this sudden change in the coulombic efficiency suggests a
change in the general lithiation, the delithiation behavior could
be explained by elemental lithium deposition on the lithium
saturated silicon surface. Lithium plating may also explain the
rapid decrease in the lithiation potential seen between cycles
300 and 325 and the low coulombic efficiencies as such values
often are obtained!'” for lithium deposition and oxidation in
the present type of electrolyte. The large variation seen in the
CC coulombic efficiencies after the 350th cycle can most likely
be explained by the large uncertainties associated with the cal-
culation of ratios between two values both being close to zero.
It should be pointed out that lithium deposition on a lithium
saturated silicon electrode very well could take place at a poten-
tial higher than 0 V versus Li*/Li as the latter standard potential
merely refers to lithium deposition on a pure lithium electrode
using a 1.0 M Li* solution. On a silicon electrode saturated with
lithium, the deposition would be expected to take place at a
higher potential as the lithium activity in the silicon electrode
would still not be expected to be equal to unity.[

As indicated above, the standard cycling lithiation potentials
were generally more affected by the accumulation of lithium
in the electrode than the delithiation potentials (see, e.g.,
Figure 3A). This is, however, not unexpected as a high lithium
surface concentration should make a further lithiation more
and more difficult based on the shift in the equilibrium poten-
tial discussed above, and as the diffusion of lithium should
become less facile as the electrode surface becomes saturated
with lithium. The delithiation step would, on the other hand, be
expected to become more and more facile as the lithium con-
centration in the electrode is decreasing during this step. Once
the electrode surface becomes saturated with lithium, the exper-
imental results in Figure S3 in the Supporting Information,
nevertheless, clearly show that the overpotential for the delithi-
ation can become so large that the oxidation cut-off potential of
1.0 V versus Li*/Li is reached very quickly. This effect, which
most likely stems from a low lithium diffusion rate in the
electrode surface region, can therefore explain the decrease in
delithiation capacity seen when the electrode is becoming satu-
rated with lithium. The very low delithiation capacities seen for
the almost fully lithiated silicon electrodes (see Figures S3-S5
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in the Supporting Information) may then merely be ascribed
to the inability of the electrodes to comply with the employed
current densities as the electrodes clearly were full of lithium
that should be able to undergo oxidation. As previously dis-
cussed,®182021] the inherent asymmetry between the lithiation
and delithiation reactions should make the lithiation step the
rate-limiting step, in excellent agreement with the experimental
results discussed in Section 2.4.

2.2. Diffusion Controlled Capacity Losses for Lithiated Silicon
Electrodes

Based on the CC and CCCV cycling data combined with the
ICP-AES results, it is immediately clear that a significant
amount of lithium remained in the silicon electrode after the
cycling and that this phenomenon involved elemental lithium
diffusing into the silicon electrode. To study the influence of
the diffusion in more detail a lithiated composite silicon elec-
trode was subjected to a cycling protocol including open circuit
pauses after the lithiation steps (which was carried out using
the standard capacity limited cycling protocol described above).
This was done to provide more time for the lithium diffusion
process to proceed prior to the (constant current) delithiation
step. In the first experiment comprising three cycles, a three-
hour pause at the open-circuit potential (OCP) was employed
between the lithiation and delithiation steps. The duration of
the pause period was subsequently doubled after each experi-
ment until the pause was 768 hours long. As can be seen in
Figure S2 in the Supporting Information, the delithiation
capacity was found to decrease when the duration of the pause
was increased in good agreement with the behavior expected for
a diffusion controlled process involving a porous electrode.??l
The delithiation capacity was, thus, found to depend linearly on
the pause time raised to the power of 0.7. As indicated above,
plots versus the time raised to the power of about 0.7 have been
found to be appropriate for porous electrodes,??l whereas plots
versus the square root of time typically are seen for planar elec-
trodes. Unfortunately, it was still not absolutely clear that the
capacity loss was due to lithium diffusing into the electrode as
another possibility could involve a diffusion controlled dissolu-
tion of the SEI layer, although the latter phenomenon is very
unlikely to yield this type of capacity versus time plots with a
time scale extending up to 768 hours. The influence of SEI for-
mation on the capacity loss was, hence, further investigated as
is explained below.

While it is challenging to estimate the capacity consumed
by the SEI formation since this is superimposed on the sil-
icon lithiation process, the analysis of the CCCV data (see
Section 2.1 and Section S3 in the Supporting Information) indi-
cated a SEI dissolution rate of about 0.1 nm h™l. Complemen-
tary to this approach, potential step experiments were employed
to estimate the SEI dissolution rate in the absence and pres-
ence of the lithiation reaction. In these experiments, potential
steps to 0.5 or 0.01 V, followed by a 6.25-hour long pause at
the OCV, were first made until the capacities associated with
the potential steps were stabilized (see Section S3 in the Sup-
porting Information). The capacity consumed in the poten-
tial step to 0.5 V after the stabilization of the pulse capacity
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(which was about 0.6 mAh g cycle™! after 50 cycles) was then
assumed to represent the SEI dissolution. Analogously, the cor-
responding charge in the 0.01 V case (i.e., =2 mAh g! cycle™!
after 70 cycles) was assumed to be due to both lithium diffu-
sion and SEI formation. These stabilized pulse capacities yield
SEI dissolution rates of about 0.1 and 0.4 nm h~!. Note that in
the 0.01 V pulse experiment, the electrode should have become
saturated with lithium to a larger extent than in the CCCV
cycling as each deposition step was followed by a pause during
which the lithium should have had the time to diffuse further
into the electrode. As the potential steps to 0.01 V, therefore,
were expected to give rise to an overestimated SEI dissolution
rate, this estimate was instead based on the result of the 0.5 V
potential step experiments. The latter indicate that the SEI
dissolution rate was of the order of 0.1 nm h7, in good agree-
ment with the calculations based on the CCCV data. Based on
the latter SEI dissolution rate, it can then be deduced that the
capacity loss of about 3.9 mAh g™! seen during the first three-
hour pause in the experiment depicted in Figure S1 in the Sup-
porting Information mainly was due to lithium diffusing into
the electrode. As the capacity of 0.6 mAh g associated with
the abovementioned SEI dissolution rate would correspond to
about 15% of the capacity loss of 3.9 mAh g™!, about 85% of the
loss should hence have stemmed from the Li-trapping effect.
The latter value is in good agreement with the 80% obtained
based on the CCCV and ICP-AES data in Section 2.1. This fur-
ther supports the conclusion that the accumulated capacity loss
mainly stemmed from the lithium trapping effect.

In the previous Li-trapping study!® using a pure LP40 elec-
trolyte (i.e., 1 M LiPFg in EC:DEC 1:1), it was concluded that
the SEI dissolution rate was about 1 nm h™! and that =50% of
the charge lost on each cycle stemmed from lithium trapping
while 50% was caused by the SEI formation. The lower influ-
ence of the SEI effects seen here indicates that the use of the
LiTDI electrolyte also containing VC and FEC (see Figure 1) did
decrease the SEI dissolution problem significantly as intended.
While the influence of the SEI problem could be decreased with
the more optimized electrolyte used in this study, the results
clearly demonstrate that the main factor affecting the capacity of
the nanosilicon electrodes was the Li-trapping phenomenon. To
decrease the capacity loss for silicon electrodes significantly, it is
hence essential to decrease the influence of the trapping effect.
As discussed previously® this may be done by selecting experi-
mental conditions (e.g., very small particles immobilized on a
conducting matrix with a large surface area) during which a full
lithiation and delithiation of all particles can be attained. The
present results, however, also indicate that it should be possible
to slow down the increase in the lithium concentration in
the electrode by increasing the efficiency of the delithiation step.

2.3. Hard X-Ray Photoelectron Spectroscopy (HAXPES) Analyses
of Silicon Electrodes

The electrochemical and elemental analysis data strongly indi-
cate that silicon electrodes suffer from capacity losses due
to diffusion controlled lithium trapping and that the imbal-
ance between the lithiation and delithiation charges is further
increased by continuous SEI formation required to maintain a
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Figure 4. Si1s HAXPES spectra for a pristine silicon electrode (top image)
as well as lithiated and delithiated silicon electrodes (lower image) cycled
for 1, 25, and 50 cycles, respectively, using the standard constant current
approach described in Section 2.1.

constant thickness of the SEI layer. Although it is generally dif-
ficult to detect the trapped lithium using delithiated electrodes
that only have been cycled for a few cycles, it should be pos-
sible to detect the trapped lithium at later stages in an extended
cycling experiment. Figure 4 shows hard X-ray photoelectron
spectroscopy S1s spectra for a pristine silicon electrode as well
as a silicon electrode analyzed after the lithiation and delithi-
ation steps on the first, 25th and 50th cycles, respectively (the
latter electrode was cycled using the standard constant cycling
protocol discussed in Section 2.1). For the pristine electrode,
two distinct peaks were observed due to the presence of silicon
oxide and bulk Si, respectively. After the first lithiation, a new
peak due to the Li-Si alloy emerged at lower binding energies
(see the yellow Li,Si peak in Figure 4) in addition to the silicon
peak. In the spectra for the cycled electrode, the silicon peak
was denoted Li,Si to indicate that the electrode also contained
some residual lithium yielding a shift toward lower binding
energies.[?3] The latter shift should, incidentally, be coupled to
the shift in the redox potential of the electrode to lower poten-
tials expected for an increasing lithium concentration in the
electrode (see Section 2.1). After 25 and 50 cycles, the Li-Si
alloy peak had clearly increased in size, indicating a build-up
of residual lithium at the electrode surface that should not
be present in the absence of the lithium-trapping effect. The
latter is very important, as this is, to the best of our knowledge,
the first HAXPES evidence for the lithium-trapping effect. By
comparing the positions of the peaks in Figure 4 with those
reported in our previous work involving step-by-step lithiation
of silicon,?3! it can be seen that the spectra for the 25th cycle
match those previously obtained using a lithiation capacity of
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2000 mAh gL. In addition, the spectra for the 50th cycle sug-
gest a lithiation degree corresponding to a lithiation capacity
between 2000 and 4000 mAh g~. Here it should be noted that
the experimental data indicate that the silicon electrode should
have had a total capacity (i.e., lithiation capacity + accumulated
capacity loss) of 2055 and 2463 mAh g! after 25 and 50 cycles,
respectively. It can, therefore, be concluded that the HAXPES
results indicate that the lithium concentration in the electrode
increases during the cycling in agreement with the electro-
chemical data and the lithium-trapping hypothesis.

Based on the significant accumulation of lithium in the
electrodes indicated by the electrochemical data, the ICP-AES
results and in the HAXPES spectra for the lithiated electrode,
it could also be expected that the Li,Si peak should be seen in
the delithiated spectra. No such peak can, however, be seen in
these HAXPES spectra in Figure 4. While this could indicate
that the Li,Si concentration, within the about 30 nm thick sur-
face region probed in the HAXPES measurements, was too low
after the 6.25-hour delithiation step, this explanation is unlikely
since the spectra were recorded about seven days after the del-
ithiation experiment. There should consequently have been
sufficient time for lithium to diffuse from the internal parts of
the electrode to the (delithiated) electrode surface. However, as
this would generate a surface region in which all the probed
silicon atoms had analogous lithium environments only one
photoemission peak should be seen, in good agreement with
the experimental results. The small shift in the Li,Si peak
toward lower binding energies with increasing cycle number
hence constitute additional support for an increased lithium
concentration in the delithiated electrodes.

2.4. Asymmetric Rate Cycling

The results discussed in Section 2.1 indicate that the delithia-
tion step is inherently more facile than the lithiation step since
the lithiation continuously increases the lithium concentration
at the electrode surface. As such a behavior also was found by
Li et al.,?% the effect of asymmetric rate cycling on the capacity
evolution of the present nanosilicon composite electrodes was
studied using two types of experiments. In these experiments,
the lithiation was either carried out at a “high” (i.e., 1000 mA g!
or C/5 rate) or “low” (i.e., 50 mA g™! or C/100 rate) rate followed
by delithiation at a low or high rate for 25 cycles after which
the opposite conditions were applied for 25 cycles as shown in
Figure 5. In the discussion below, these two protocols will be
referred to as the “fast lithiation” and “slow lithiation” protocols,
respectively. With the fast lithiation approach (see Figure 5A) a
large capacity drop was seen on the first two cycles followed by
an increase during the subsequent eight cycles (most likely due
to an increase in the electroactive electrode area due to volume
expansion effectsl®)) after which the capacity dropped dramati-
cally to close to zero (i.e., =2 mAh g7!). A lithiation capacity of
about 3640 mAh g! (corresponding to about 95% of the first
cycle lithiation) was, however, still obtained immediately after
switching to the slow lithiation and fast delithiation protocol.
During the subsequent cycling, the capacity decreased almost
linearly with the cycle number to reach about 1200 mAh g™! after
50 cycles. The plot of the accumulated capacity loss versus the
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Figure 5. The lithiation and delithiation capacities as well as the accumu-
lated capacity loss as a function of the cycle number for two nanosilicon-
based half-cells subjected to asymmetric cycling. This cycling involved
A) fast lithiation and slow delithiation for 25 cycles followed by slow lithi-
ation and fast delithiation for another 25 cycles and B) slow lithiation and
fast delithiation for 25 cycles followed by fast lithiation and slow delithia-
tion for another 25 cycles.

cycle number, also included in Figure 5A, demonstrates that the
capacity loss on the first cycle was of the order of 500 mAh g!
and that the major increase in the accumulated capacity loss
was seen during the slow lithiation part of the cycling. The accu-
mulated capacity increase rate was thus clearly lower in the fast
lithiation case compared to the slow lithiation case. The results
obtained with the slow lithiation protocol (see Figure 5B),
hence, further support the asymmetric lithiation and delithi-
ation hypothesis as the results confirm that a slow lithiation
gives rise to higher capacities but also a rapidly increasing accu-
mulated capacity loss, while the capacity drops close to zero as
soon as fast lithiation is employed. The latter causes the lithium
concentration at the electrode surface to increase rapidly which
leads to an early termination of the lithiation when the lithia-
tion cut-off limit is reached. One interesting difference between
the behavior in Figure 5A and B is that there was a decrease in
the accumulated capacity loss when going from slow lithiation
to fast lithiation on cycle 26 in Figure 5B. The latter indicates
that the delithiation step is inherently faster than the lithiation
step which is in agreement with the findings of Li et AL?% and
the conclusions in Section 2.1.

The results in Figure 5, thus, show that the slow lithiation
protocol yields high capacities but also a rapid increase in the
accumulated capacity loss due to the fast delithiation step. To
minimize the accumulated capacity loss, the delithiation step
should therefore be longer than the lithiation step in good
agreement with the CCCV results discussed in Section 2.1.
Conversely, the fast lithiation protocol offers a more complete
delithiation (due to the longer delithiation step) but also low
capacities due to the rapid increase of the lithium concentration
at the electrode surface. The capacity of these silicon electrodes
was consequently limited by the lithiation step while the del-
ithiation step, albeit inherently faster than the lithiation step,
clearly was incomplete. As a result, the concentration of lithium
in the electrode gradually increased which slowly converted
the silicon electrode into a silicon electrode with (at least) the
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surface almost saturated with lithium. One way to slow down
this process is to employ the CCCV approach employed in
Section 2.1 in which the delithiation efficiency is increased via
the inclusion of controlled voltage delithiation pulses. As the
rate of the delithiation step should be limited by the diffusion
rate of lithium in the silicon electrode, controlled voltage rather
than controlled current pulses are best used to increase the
delithiation efficiency. A sufficiently slow lithiation step fol-
lowed by an even slower delithiation step should hence be used
to obtain a high capacity and to minimize the capacity loss due
to lithium trapping, respectively.

2.5. Capacity Loss Mechanisms

Even though the experimental conditions used in this study
were chosen to minimize the cycling capacity losses, it is imme-
diately clear from the experimental results that the adopted
strategy failed to solve this problem. The aim of the present
work is, therefore, to identify the main effect responsible for
the capacity losses and to address some important remaining
issues related to the lithium-trapping hypothesis using com-
plementary experimental approaches, including pulsed open
circuit experiments and ICP-AES and HAXPES analyses of
cycled electrodes. As mentioned in the introduction, several
phenomena are often used to explain the capacity decay gener-
ally seen for silicon electrodes. The most commonly discussed
phenomena will, therefore, be discussed below in the light of
the present experimental results.

While repeated volume variations giving rise to a loss of
active material is a frequently proposed explanation, this expla-
nation appears unlikely as nanoparticles are known to be able
to handle volume expansion effects without breaking.'? Pre-
vious scanning electron microscopy (SEM) investigations of
cycled silicon electrodes have likewise failed to detect any sig-
nificant cracking of the composite electrode or loss of the active
material.?¥ It is also not clear why volume expansion effects
would give rise to the diffusion-controlled capacity loss effect
described in Section 2.2, especially as the influence of the
volume expansion effects should have been very small during
the open circuit pauses used in this experiment. The experi-
mental data discussed in Section 2.1 are likewise difficult to
explain based on the volume expansion hypothesis as different
results were obtained with the same type of silicon electrodes
using two different cycling protocols only differing with respect
to an additional controlled voltage delithiation step applied on
every 10th cycle. The HAXPES results also indicate that no
highly lithiated phases remained in the surface region of the
electrode after the delithiation step, which could suggest that
parts of the electrode material had been made electrochemically
inactive during the cycling. Due to abovementioned points, it
can be concluded that a loss of active material due to volume
expansion effects is very unlikely to be the main reason for the
observed capacity losses.

In another commonly suggested capacity loss mecha-
nism it is assumed that a growing SEI layer gives rise to an
increased cell resistance that results in the cut-off values being
reached prematurely. As the latter gives rise to a decreased
capacity, much effort has consequently been made to optimize
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the properties of the SEI layer to circumvent this problem. One
major problem with this hypothesis is that it does not offer a
straightforward explanation for the significant amounts of
lithium found in the ICP-AES analysis of the cycled silicon elec-
trode. Another issue concerns the fact that the iR drop across
the SEI layer should affect both the lithiation and delithiation
potentials while the cycling curves in Figure 3A mainly show
an increased polarization during the lithiation steps (an effect
that incidentally may be explained based on the increasing
lithium concentration in the electrode). Analogous observations
regarding the shapes of the cycling curves were also discussed
in our previous publications.[?*?°] Moreover, it is not clear why
the capacity losses in Figures 1A,C were only seen after about
300 cycles given that the SEI is known to be formed during the
initial cycles. No experimental evidence was likewise found
suggesting an increasing thickness of the SEI layer as the elec-
trochemical and the HAXPES data indicate that the thickness
of the SEI layer remained approximately constant after the first
few cycles. The differences between the results in Figure 1
obtained with the two cycling protocols (and analogous cells)
is likewise difficult to explain on the basis of an increase in the
resistance of the SEI layer during the cycling. Here it should
also be pointed out that the mass transport related resistance of
the SEI layer with respect to the lithium deposition and oxida-
tion reactions, in fact, should be rather low as Li* ions readily
can pass through this layer. The corresponding mass transport
related resistance with respect to the reduction of the solvent
should, on the other hand, be significantly higher as the diffu-
sion of the solvent in the SEI layer should be slow. To exclude
a further reduction of the solvent at the interface between the
SEI and the electrolyte, the electronic conductivity of the SEI
layer must clearly be low enough. This means that with respect
to lithium deposition and oxidation reactions, the SEI layer can
consequently be regarded as a solid electrolyte layer. Given its
typical thickness of less than 20 nm it is then unlikely to give
rise to a significant iR drop even if one assumes that the Li*
mobility is much lower in the SEI than in the much thicker
electrolyte filled separator. This indicates that the present
capacity losses were very unlikely to be due to an increasing iR
drop caused by an increase in the thickness of the SEI layer.

A capacity loss due to the charge involved in the SEI forma-
tion can likewise be excluded since the present experiments
were made with half-cells containing lithium counter elec-
trodes.’l This effect can neither explain the differences seen
in Figure 1 for the two different cycling approaches, nor the
results discussed in Section 2.2.

As discussed in connection with the experimental results, the
capacity loss observed with the present nanosilicon composite
electrodes can, on the other hand, readily be explained based on
the recently proposed lithium-trapping model.®l In the latter,
the incomplete delithiation step is assumed to be caused by
lithium diffusing from the electrode surface toward the inner
parts of the electrode making a small part (i.e., less than 1%)
of the deposited lithium inaccessible during the delithia-
tion step, as is described in detail in Section 2.6. The cycling
behavior and capacity losses observed in the different experi-
ments using the present silicon electrodes are readily explained
by such a gradual build-up of the lithium concentration in
the electrode, which also was verified by the ICP-AES results
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obtained for the CCCV cycled electrode. Diffusion controlled
trapping of lithium in the electrode as previously proposed!®
is likewise in good agreement with the observed accumulated
capacity loss. This can be explained based on the charge associ-
ated with the deposition of the trapped lithium and the charge
needed to maintain a 20 nm SEI layer assuming a slow (i.e.,
about 0.1 nm h™') dissolution of the latter. The gradual satura-
tion of the electrode surface with respect to lithium can like-
wise explain the gradual decrease in the lithiation potential that
often is assumed to be caused by an increasing iR drop in the
SEI layer. Here it should be pointed out that the lithium trap-
ping capacity loss should be seen independent of whether the
experiments are carried out using controlled current or con-
trolled voltage methods. The latter is in excellent agreement
with previous results!®?® indicating that the time available for
the lithium diffusion depends on the voltage window employed
in controlled voltage cycling experiments. Another important
result is that the diffusion-controlled capacity loss seen during
the open circuit periods after the lithiation of the electrode dis-
cussed in Section 2.2, indicate that lithium is diffusing from
the electrode surface toward the inner part of the electrode as
a result of the concentration gradient formed during the lithia-
tion step. The CCCV results also clearly show that the trapped
lithium can be released if the time domain of the delithiation
step is extended, e.g., using a controlled voltage rather than

www.advenergymat.de

galvanostatic delithiation step. The inherent asymmetry
between the lithiation and delithiation steps, e.g., illustrated
by the fact that the delithiation step is inherently faster than
the lithiation step, is another consequence of the accumulation
of lithium in the electrode during the lithiation step. The lith-
ium-trapping model is, therefore, the only present model able
to explain the capacity losses seen in the present work as well
as in the previous work by Rehnlund et al.l®l This model will,
therefore, be described in more detail in the following section.

2.6. Lithium Trapping in Nanosilicon Composite Electrodes

In our previous work,® lithium trapping in silicon electrodes
was demonstrated to give rise to a fast capacity decay during
the first 100 cycles under full-capacity cycling conditions.
In the present case, a significant capacity loss was only seen
after about 300 cycles using capacity limited cycling involving
33% of the theoretical capacity. This difference, which merely
stems from the about three times lower accumulation rate of
lithium in the electrode, can be explained based on the sche-
matic illustration in Figure 6. Under full capacity cycling condi-
tions, the lower cut-off limit of 0.01 V versus Li*/Li is reached
when the lithium concentration at the silicon electrode surface
approaches the saturation limit. This gives rise to a lithium

- A. Potential limit (100 % Capacity)

B. Coulombic limit (= 33 % Capacity)

Current collector

Elaclode thickness

Lithiation Cycle1 De-lithiation

ELig

Li concentration profiles

Lithiation Cycle 100 De-lithiation

& &=Ly
{ Li, limiting Li, |
Cycle 300
D
&Ll =N
{ L, limiting Lj, |

nano-Si composite electrode
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Figure 6. Schematic representation of the lithium concentration profiles inside the silicon electrode during different stages of the cycling using
A) controlled voltage full capacity cycling and B) coulombic limited cycling protocol. The lithium concentration profiles are shown for the deposited
lithium (Lip in blue) and trapped lithium (Liy in yellow) while the arrows indicate the lithium diffusion directions.
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concentration gradient and hence diffusion toward the inner
parts of the electrode where the lithium concentration is lower.
During the delithiation step, the lithium therefore diffuses not
only toward the electrode surface where the oxidation takes
place but also toward the internal parts of the electrode. Even
though almost all of the deposited lithium is oxidized, this
phenomenon results in a small fraction of the deposited lithium
(i-e., less than 1%) to remain in the electrode, at least when the
delithiation time is similar to the lithiation time. The latter
is a result of the fact that, under constant current conditions,
the duration of the delithiation step is controlled by the time
during which the lithium diffusion rate toward the electrode
surface is able to support the applied current. On each cycle,
a small amount of lithium hence escapes oxidation during the
delithiation step in agreement with the gradual increase seen in
the accumulated charge and the ICP-AES results obtained after
the CCCV cycling experiment. As the lithium concentration in
the electrode gradually increases, the capacity of the electrode
becomes lower and lower as less and less lithium needs to be
deposited to reach the cut-off limit. The fact that the lithiation
potential decreases during the cycling can then be explained
based on a decrease in the lithiation equilibrium potential and
an increased lithium mass transport related resistance caused
by the fact that the diffusion rate of lithium should decrease as
the lithium concentration in the electrode increases.

During capacity limited cycling conditions there is likewise
a gradual increase in the lithium concentration in the electrode
but in this case the influence of the effect remains practically
invisible for many more cycles due to the fact that the full
capacity of the electrode is not used meaning that the lithium
trapping rate is lower. The delithiation step is, thus, still incom-
plete which results in a small amount of trapped lithium in the
silicon electrode. As the cycling continues, the electrode is ini-
tially able to store the designed amount of Liy (e.g., the amount
corresponding to 33% of the theoretical capacity for silicon)
without any interference from the Lit zone. However, at some
point (i.e., after about 300 cycles for the present 33% capacity
cycling), this changes and the capacity starts to drop in analogy
with the behavior seen during the full capacity cycling condi-
tions. It can, therefore, be concluded that the limited capacity
cycling approach merely prolongs the lifetime of the silicon
electrode at the expense of a decreased cycling capacity.

3. Conclusions

The results presented here clearly show that the capacity fading
seen for the present silicon nanoparticle-based electrodes,
which were cycled in half-cells containing lithium-metal counter
electrodes, was caused by a gradual increase in the lithium con-
centration in the electrode. The latter effect, which stemmed
from a small fraction of lithium being trapped in the electrode
on each cycle, is evident from the ICP-AES determination of
the lithium concentration in the cycled electrode (indicating a
final Li:Si mol-ratio of 3.28) and the calculations based on the
accumulated capacity losses seen in the experiments. While
the use of capacity limited cycling (using a cycling capacity of
1200 mAh g7!) allowed the cell to cycle 300 cycles, this effect
was merely due to a decreased lithium-trapping rate as less
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lithium was deposited on each lithiation cycle. The capacity loss
can be explained by the increasing lithium concentration in the
silicon electrode since less and less lithium would be needed to
be deposited to reach the preset lithiation cut-off limit during
the controlled current lithiation conditions. The underlying
problem is that during the delithiation step there will be diffu-
sion of lithium not only toward the electrode surface, but also
toward the inner parts of the electrode if the lithium concentra-
tion still is lower there. The latter means that a small fraction
(typically <1%) of the deposited lithium can become trapped in
the electrode upon each cycle, at least under symmetric cycling
conditions, i.e., when the durations of the lithiation and delithi-
ation steps are similar.

While the analyses of the accumulated capacity losses dem-
onstrate that about 80% of the capacity loss stemmed from the
lithium trapped in the electrode, the data also show that the
remaining loss (i.e., 20%) was caused by SEI formation due
to dissolution of the SEI layer at a rate of about 0.1 nm h~.
While the SEI formation affected the coulombic efficiency and
hence clearly also would affect the capacity of a full cell, the
SEI formation did not affect the capacity of the present silicon
electrode-based half-cells since the SEI charge was compen-
sated for by the lithium-metal counter electrode. While the pre-
sent results clearly demonstrate that lithium trapping is a very
important capacity-limiting phenomenon for silicon electrodes,
it is likewise reasonable to assume that the effect is present
also for other lithium-alloy forming electrode materials. As the
influence of the trapping effect is caused by lithium diffusing
in the electrodes and the obtained lithium concentration pro-
files, its influence should depend, e.g., on the lithiation and del-
ithiation times, the thickness of the electroactive material (i.e.,
the maximum lithium diffusion length), and the temperature.

The results also indicate that the mass transport resistance
in the silicon electrode increases as the lithium concentration
in the electrode increases. The latter effect is clearly most pro-
nounced at the electrode surface during the lithiation step,
which also means that an increase in the lithiation rate results
in a decreased capacity as the results also show that the capacity
of the silicon electrode is controlled by the lithiation reaction.
During the cycling, the silicon electrode, in fact, becomes more
similar to a lithium electrode as the concentration of lithium in
the electrode increases. As the lithiation potential should depend
on the activity of lithium in the silicon electrode, this effect
and the increased mass transport resistance shift the lithiation
reaction to a lower potential. The cut-off limit is then reached
faster, and the capacity consequently decreases. During the lithi-
ation step, the surface concentration of lithium should always
be higher than the lithium concentration in the internal part of
the electrode, causing lithium to diffuse into the electrode. If
the lithiation rate is too high or the lithium diffusion rate at the
surface of the electrode becomes too low, the electrode surface
would essentially become identical to that of a lithium-metal
electrode. This would result in the potential reaching the lithi-
ation cut-off limit, which is typically set to avoid lithium plating.

The comparison between the standard constant current
cycling protocol (CC) and constant current cycling with inter-
mittent constant voltage delithiation steps (CCCV) indicate that
the latter protocol gave rise to a significantly improved cycling
performance as some of the trapped lithium was released
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during the constant voltage delithiation steps. The latter results
demonstrate that it is possible to at least slow down the rate
of the capacity loss by increasing the efficiency of the delithi-
ation step, i.e., by using sufficiently long constant voltage del-
ithiation steps. While a frequent inclusion of such delithiation
steps should increase the lifetime and overall performance of
silicon electrodes significantly, such approaches may even pave
the way for regeneration of consumed batteries.

Stable capacities for silicon electrodes (as well as other
lithium alloy forming compounds) should be possible to obtain
if the delithiation charge can be made equal to the lithiation
charge on each cycle. The results presented here indicate
that this requires that the duration of the delithiation step is
made longer than that of the lithiation step. An alternative
approach could be to use electrodes in which a full lithiation
and delithiation can be obtained during each cycle. However,
this would most likely require the use of rather porous elec-
trode containing surface confined silicon nanoparticles, which
unfortunately would exhibit rather low volumetric capacities.
The CCCV approach presented in this work, therefore, seems
to constitute a more versatile strategy, particularly if the con-
stant voltage steps are used more frequently than in this work.
This proof-of-principle work, therefore, paves the way for new
approaches for the realization of silicon-based electrodes with
significantly extended lifetimes as well as methods allowing the
regeneration of degraded electrodes.

4. Experimental Section

The composite Si electrodes were composed of Si nanoparticles
(=100-200 nm), carbon black (CB) (Super P, Erachem Comilog), and
Na-carboxymethyl cellulose (CMC) (D.S = 0.90: MW = 700 000 g mol ",
Sigma Aldrich). The dry components were first mixed in a pH 2.8 buffer
solution containing KOH and citric acid (CA). Further mixing was then
carried out with a planetary ball mill (Retsch PM44) for one hour to
produce a homogenous mixture. The mixture was then bar-coated on a
20 um thick Cu foil and dried at 60 °C in air. The dry coating consisted
of 67% Si, 10% CB, 7% CMC, 14% CA, and 2% KOH. Circular electrodes
with a diameter of 20 mm were obtained by a Hohsen punching tool
resulting in an average Si mass loading of 1.0 mg cm~2 The reported
specific capacities and current densities were calculated using the mass
of the silicon in the electrodes. Prior to half-cell assembly, the electrodes
were dried in an argon-filled glovebox at 120 °C under vacuum.

Half-cells, sealed in a plastic-coated aluminum pouch under vacuum,
were assembled using a Solupor separator (DSM) and a Li foil counter
electrode. The electrolyte consisted of 0.6 m lithium 4,5-dicyano-2-
(trifluoromethyl)imidazolide (LiTDI) dissolved in dimethyl carbonate
(DMC) and ethylene carbonate (EC) (BASF selectilyte) with additions of
fluoroethylene carbonate (FEC) (Sigma-Aldrich) and vinylene carbonate
(VC) (Vinylene carbonate E, BASF). The volumetric electrolyte composition
ratio was 2:1:0.1:0.02 with respect to DMC, EC, FEC, and VC, respectively.

Galvanostatic cycling was performed using a Digatron BTS 600
galvanostat. The first cycle was performed with a current corresponding
to a current density of 48 mA g7 (Si) while the subsequent cycles
involved a current density of 192 mA g™' (Si). The lithiation capacity was
limited to 1200 mAh g=' (Si) (i.e., 1.2 mAh cm2 (Si)) while the lithiation
and delithiation cut-off limits were set to 0.01 and 1.0 V versus Li*/Li,
respectively. In the cycling involving the constant voltage steps (i.e., the
CCCV cycling), the voltage during the constant voltage pulse was fixed at
1.0 V and the oxidation current was measured until the current dropped
below 1 pA. The voltage pulses were employed after the first cycle and
then after every 10th cycle up till the 160th cycle, and subsequently after
every 20th cycle.
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To determine the self-discharge rate during the capacity limited
cycling procedure, a half-cell was first cycled according to the capacity
limited cycling scheme for 50 cycles to reach a stable performance.
The half-cell was, thereafter, lithiated using a capacity of 1200 mAh g™
(Si) after which the half-cell was allowed to rest under open circuit
conditions for a three-hour period. Subsequently, a standard delithiation
step was first carried out followed by two full standard cycles employed
to restore the normal function. This cycling scheme was then repeated
with a continuous doubling of the rest period until the latter reached a
length of 768 h.

To estimate the capacity consumed due to continuous SEI formation
as a result of SEI dissolution, a potential step cycling sequence was
applied. First, a constant current density (0.48 mAh g™' (Si)) was applied
until a cell voltage of 0.5 V versus Li*/Li was reached, where very little
lithiation of the silicon should take place. The latter cell voltage was
then maintained for 25 h followed by an equally long open circuit pause.
After this, another potential step to 0.5 V was applied but for 6.25 h
followed by an equally long pause. The 6.25-h potential step and 6.25-h
pause sequence was then repeated for 100 cycles. A similar potential
step scheme involving a cell voltage of 0.01 V was also used in another
experiment. In the latter case, the first potential step to 0.01 V was
followed by a 100-h pause at open circuit. After this, a potential step
to 0.01 V for 6.25 h was followed by an equally long pause, and this
procedure was then repeated for 100 cycles. Note that in the 0.01 V case
there should be both lithiation of the silicon electrode and SEI formation.

The asymmetric cycling protocol consisted of an initial cycle of “slow”
lithiation/delithiation at 50 mA g' for the first. Cycle 2-26 continued
with fast lithiation cycling at “high” (i.e., 1000 mA g~' or C/5 rate) and
slow delithiation at “low” (50 mA g™' or C/100 rate). The opposite
conditions were applied for the next 25 cycles with slow lithiation and
fast delithiation. In order to rule out any possible effect of which order
the protocol was applied, two identical cells were run with mirrored
asymmetric protocols.

The amounts of lithium present in the silicon composite electrodes
after CCCV cycling were determined as follows. The electrodes were
first washed three times in dimethyl carbonate (DMC) to remove traces
of the electrolyte. The electrodes were then carefully exposed to water
to extract most of the lithium. This gave rise to a vivid reaction (i.e.,
2 Li+2 H,0 =2 Li* + 2 OH™ + H,) and the formation of a brownish
gel-like precipitate, most likely containing the silicon particles and the
other components of the composite electrode. The copper current
collectors were removed, rinsed with MQ-filtered ultrapure water, and
subsequently dissolved in HNO; after which the amounts of lithium
in the solutions were determined as described above. The solutions
containing the precipitates were treated with 10% HNOj; and centrifuged
and the amounts of lithium in the supernatants were determined.
The precipitate was first digested until dryness three times using a
mixture of 3.0 mL of HNO; and 1.0 mL HF. Since this did not result
in a complete dissolution of the precipitate, the lithium determination
was carried out by introducing the slurry, most likely containing graphite
particles, directly into the ICP-AES instrument. As the graphite particles
were completely atomized in the plasma, the amount of lithium in the
precipitate could still be determined.

The HAXPES measurements were performed at the HIKE end station
at the KMC-1 beamline at the synchrotron facility BESSY Il operated by
the Helmholtz-Zentrum Berlin. The samples were opened in an argon-
filled glovebox, rinsed in DMC, and mounted on the sample holder using
conductive Cu-tape. Sample transfers to the analysis chamber were
made without air exposure. The Sils spectra were calibrated to place
the main oxide peak at 1843.6 eV except for the pristine Si electrode in
which case the position of the oxide peak was adjusted to 1844.4 eV.
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